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Abstract
One way to create a more circular system and reduce greenhouse gas emissions is by improving the
utilization of secondary streams, including sludge such as Fischer-Tropsch biosludge that is discarded
through the common practice of landfilling. Biochar, which has accumulated increased interest in re-
cent times, has significant potential for decreasing carbon emissions. This master thesis was set up
as an opportunity-based research project to understand the utilization of Fischer-Tropsch biosludge by
the hydrothermal carbonisation process and characterizing of its product phases. A central composite
surface response design was used to conduct experiments aimed at analyzing the impact of tempera-
ture and time on the characteristics of the phases. Three different levels of the factors have been used.
Three phases have been identified: a gas phase, an aqueous phase, and a biochar phase. The high
ash content and low surface area of the biochar made it difficult to determine a specific use case for the
biochar. Yet, the aqueous phase has low ash and possible potential for biogas creation by anaerobic
digestion. The gas phase is quantitatively not of significance. Stockpiling the biochar could seques-
trate carbon credits and more research can be conducted to find a post- or pre-treatment to improve
the biochar for a social-economically benefiting application.
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1
Introduction

Greenhouse gas (GHG) emissions must be reduced across many sectors in order to meet the United
Nations’ 2050 target. In terms of GHG emissions, incineration of sludge is considered the worst op-
tion, being around 2.5 times more polluting than reusing sludge as cement ingredient, which comes in
second last place at around 89 tonnes of CO2-equivalent per tonne sludge (Y.-C. Chen & Kuo, 2016).
unfortunately, incineration is the second method of disposal, and it is becoming more popular across
Europe. (EurEau, 2021; Fytili & Zabaniotou, 2008). After incineration, it is estimated that approximately
30% of the solids remain as ash (Fytili & Zabaniotou, 2008). These ashes are disposed of in landfills
where they can leach, and depending on the source of the sludge, it may be toxic due to the heavy
metals (HM) content (Fytili & Zabaniotou, 2008). Aside from emissions, landfilling sludge emits an un-
pleasant odour that pollutes the surrounding air and may attract vectors that can spread contagious
diseases (Garg, 2009).

Valorization of sludge can reduce the 1.57% of the total global GHG emissions Effluent Treatment
Plant (ETPs) are emitting, increase circularity and create revenue (Lawal et al., 2021; L. Lu et al.,
2018; Pandey & Prakash, 2019). Sludge can be utilised to create valuable products through sludge
treatment options, such as composting, anaerobic digestion, pyrolysis, and hydrothermal carbonization
(HTC) (Malool et al., 2022). These processes allow residual sludge to be converted into heat genera-
tion, carbon sequestration, absorbent, anaerobic digestion, or soil amendment products (Appels et al.,
2008; Masoumi et al., 2021). Nonetheless, one of the main challenges of using industrial biosludge
as feedstock is the high content of HM or other pollutants, such as Polycyclic Aromatic Hydrocarbons
(PAHs), which can have a negative influence on the environment when handled carelessly.

The goal of this thesis is to assess if hydrochar (HC) from industrial biosludge processed by HTC
complies with existing regulations and possesses the necessary characteristics to be used as a re-
source for applications in the energy storage and conversion field. To ensure that a product resulting
from the HTC process is sustainable and legal for commercial use, it is crucial to compare its chemi-
cal composition to relevant regulations and evaluate its overall characteristics. By doing so, one can
ensure that the product meets the necessary standards for safety, quality, and environmental impact.
If this conversion path is feasible, it could create opportunities for de-carbonizing industries by utilizing
industrial sludge in combination with HTC. This is an opportunity-based master thesis in which Shell
provides biosludge from a Fischer-Tropsch process as a feedstock, combined with the expertise of the
Process & Energy department and the Civil Engineering and Geosciences department from the TU
Delft.

1.1. Background
The Paris Agreement, signed by United Nations Framework Convention on Climate Change parties,
resulted in a commitment to reduce emissions, invest in clean technology, and eventually reverse cli-
mate change (UNFCC, n.d.). Using industrial residual streams for manufacturing new products will help
meet the Paris Agreement’s targets by increasing circularity (Padhye et al., 2022; The Goverment of
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2 1. Introduction

Japan, 2019). The circular economy is a production and consumption model involving sharing, leasing,
reusing, repairing, refurbishing, upcycling, and recycling existing materials and products (Geissdoerfer
et al., 2017). A potential residual stream is sludge obtained from ETPs, where standard processing
methods such as disposal or incineration consume energy, release harmful pollutants, and discard
valuable nutrients (Usman et al., 2012). Creating new valuable products from industrial sludge can up-
cycle sludge contributing to the circular economy, reducing ETPs emissions and waste, and creating
sustainable substitutes for current fossil fuel-derived products.

Industrial and municipal ETPs produce an increasing amount of biosludge worldwide, which requires
adequate processing or disposal to prevent detrimental environmental impact. Biosludge is the main
residual stream obtained from ETPs consisting of circa 98% water, biological material and nutrients
used in the treatment process (Mowla et al., 2013). It is estimated that the total wet amount of sludge
in Europe, the United States of America and China was 240 million tonnes during the period 2007-2013
(Gao et al., 2020). Zooming in on upcoming economies like China; wastewater treatment capacity has
more than doubled in the last decade, and sludge production is expected to increase by 15% per year,
addressing the need for better treatment of sludge (X. Zhang et al., 2022). This increasing amount of
sludge can harm the environment through CO2 equivalent emissions, polluting water or arable land if
not handled properly (W. Liu et al., 2021).

HC is produced by wet thermochemical conversion processes such as HTC and hydrothermal liquefac-
tion. Compared to dry thermochemical processes such as pyrolysis, HTC provides higher mass yields
using less energy input and less severe temperatures (Akbari et al., 2021; Heidari et al., 2019; L. Wang
et al., 2014). Also, dry conversion technologies create biochar (BC), which is chemically different from
HC.

By turning the increasing amount of sludge produced globally into a useful and profitable commod-
ity, HC products made from biosludge could support the circular economy. These HC products made
using HTC can play a pivotal role in four challenges:

1. (Re)storing carbon; reducing the atmospheric carbon.

2. Reducing landfilling and incineration; decreasing pollution.

3. Decrease energy use for disposal and drying of sludge; reducing energy usage of effluent treat-
ment.

4. Implementation as a valuable product and reusing resources; socioeconomic profit to gain.

These four points let industrial biosludge contribute to the transition from a carbon-based economy to
a more circular and sustainable economy by using HTC. Although HC is not widely available, it has
shown potential as a soil amendment, adsorbent, a solid biofuel, or in energy storage as a green carbon
alternative (Fang et al., 2018; Huezo et al., 2021; Monica et al., 2022; H. B. Sharma et al., 2021). Three
factors are critical in developing an environmentally friendly and commercially viable HC product:

(a) Compliance with regulation stated by authorities.

(b) Residual gas and aqueous HTC streams must cause fewer complications than the gained bene-
fits.

(c) It has to be economically profitable.

No institutes are setting regulations for HC, but two institutes are setting standards for BC, among them
the International Biochar Initiative (IBI) and European Biochar Certificate (EBC). These institutes aim
to limit the risks of BC usage (IBI, 2015; Schmidt et al., 2022). The EBC is a voluntary industry stan-
dard in Europa but is already obligatory in Switzerland for agricultural products (Schmidt et al., 2022).
Probably a similar regulation will become obliged for HC.

The biosludge used in this thesis comes from a gas to liquid (GTL) Fischer-Tropsch site from Shell.
The gas feedstock (syngas) results from the partial oxidation of natural gas and oxygen. Syngas is a
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mixture of carbon monoxide and hydrogen gas (Shell, 2022). This syngas is fed to a catalytic Fischer-
Tropsch reactor to produce a waxy mixture of paraffinic hydrocarbons. Following the Fischer-Tropsch
reactor, a hydrocracker unit cuts the paraffinic hydrocarbons into desired chain lengths, where the de-
sired product fractions vary by global market demand. These products are then distilled into marketable
oil products (F. Zhu et al., 2016). In addition, water is produced as a byproduct of the Fischer-Tropsch
process. This water is contaminated with hydrocarbons and it is treated in one of the largest ETPs of
its kind, capable of handling up to 45.000 cubic metres of water per day, equivalent to a city the size
of Delft (“Pearl GTL - overview”, n.d.). A Coagulation and a flocculation process using aerobic micro-
organisms to digest paraffinic hydrocarbons are used to clean the effluent. The biosludge consists of
the aerobic micro-organisms in combination with the coagulated particles.

Compared to municipal sludge, Fischer-Tropsch biosludge is not contaminated with pathogens, phar-
maceuticals, microplastics, mercury, PAHs, polychlorinated biphenyl, perfluorinated surfactants, poly-
cyclic musks, siloxanes, pesticides, phenols, nanoparticles, sweeteners, benzotriazoles, and personal
care products (Fijalkowski et al., 2017; B. Sarkar et al., 2019). Nonetheless, the GTL sludge is high in
HM concentration due to leaching of the catalyst, corrosion of process equipment, and dosing treatment
such as coagulants and micronutrients used in ETPs. High HM concentration can inflict environmental
harm and could not comply with IBI and EBC regulations.

1.2. Problem Statement
The standard practice for disposing of sludge is landfilling or dumping, which can have disastrous en-
vironmental consequences. For instance, in South Korea in 2005, 78% of the sludge was dumped in
the ocean due to policies that prohibited sludge landfilling (Buta et al., 2021; Chung et al., 2020). This
led to a major environmental disaster, causing severe marine pollution and raising concerns among
the society on wildlife and water quality (Z. Chen et al., 2021; Garg, 2009). As a result, new policies
were implemented in South Korea to restore sludge landfilling and significantly increase incineration
(Chung et al., 2020). These countermeasures prevented further environmental damage. However,
sludge incineration increased, releasing harmful pollutants such as CO2, CH4, and small amounts of
H2S (Marzbali et al., 2021). Additionally, landfilling practices increased, which does not contribute to
a more circular economy.

Currently, the focus is on minimizing sludge to reduce the costs of handling, transportation, heating,
and disposal, which can account for up to 50% of operating costs in ETPs (Appels et al., 2008). Due
to the high moisture content (over 80%) and biological nature of biosludge, dewatering this feedstock
mechanically is difficult or requires a significant amount of energy for vaporization. Reducing the cost of
sludge processing and creating a useful product simultaneously can increase circularity and contribute
to improving the environment.

1.3. Research Gap
Research on HC is getting more traction as it can play an important role in the 17 Sustainable Develop-
ment Goals stated by the United Nations (Padhye et al., 2022). In 2013, the search term ”hydrochar” in
Scopus returned 32 papers, while in 2022, it returned around 500 papers. This is because HC can be
produced from different feedstocks, using different operational conditions and used in a wide variety
of applications. But if we focus only on the search term ’hydrothermal carbonization sludge’ only 82
results were returned from Scopus in 2021.

Only a few studies have been conducted examining biosludge as a feedstock in combination with HTC.
An even smaller percentage of these topics focus on industrial sludge as a feedstock and none have
been reported on Fischer-Tropsch biosludge. Because HC is a complex product that differs depending
on feedstock in structure and chemical composition, the results of the limited research on comparable
sludge may differ. Furthermore, other metals may be present in greater concentrations in the sludge
than in municipal sludge, which may affect yield, morphology, and regulatory allowance. The industrial
origin of Fischer-Tropsch biosludge feedstock can provide new insights into the potential of the HTC
pathway on industrial biosludge.

https://www.scopus.com/results/results.uri?sort=plf-f&src=s&st1=hydrochar&sid=ed4a625725c9c93e0a0fd234e57fcf40&sot=b&sdt=b&sl=24&s=TITLE-ABS-KEY%28hydrochar%29&origin=searchbasic&editSaveSearch=&yearFrom=Before+1960&yearTo=Present
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1.4. Research Question
As pointed out in section 1.1, compliance with regulations, less harm than benefits, and the economics
favouring the process and product are necessary to produce a useful HC. Therefore the main research
question is stated as follows:

Can hydrochar be made from industrial Fischer-Tropsch biosludge
processed by HTC that complies with regulations and generates

socioeconomic benefits?

To answer this question two sub-questions have to be answered. The first sub-questions assess the
characteristics of the HC produced under changing process factors:

How does variation of temperature and residence time affect the
characteristics of hydrochar and the aqueous phase?

Secondly, from these characteristics and in combination with regulations, the most potential use cases
were selected for hydrochar by answering the question;

What are possible use cases for Fischer-Tropsch biosludge hydrochar?

1.5. Research Objective
The primary objectives of this research were as follows: (1) to provide a green method for upcycling
industrial biosludge into a useful product compared to its current pathway of landfilling and incineration,
(2) to produce a high-quality product that complies with regulations so that it can be allowed as a
functional product:

1. Provide a method for transforming industrial biosludge into high-value products, supported by
analytical data.

2. Determine the possible products that can be derived from HTC and ensure that they comply with
product regulations.

The industrial sector shares a common goal of building a more sustainable future. However, this sector
is often faced with the question of ”how to be sustainable” and ”how do all of these options compare?”.
It takes time to understand all the possibilities for processing industrial biosludge. This study presents
one technological option for utilizing sludge.

The second goal is to determine which product applications are suitable for HC and whether they
comply with regulations. While products may be sustainable, they could also have adverse effects on
the environment if the downsides are not addressed. Regulations determine which concentrations are
safe and which are not. Therefore, regulations are necessary to determine whether the HTC method
produces an environmentally friendly product from a complex and heterogeneous material.

The research objectives need to be defined scientifically to provide specificity. Thus, the following
specific objectives have been identified for this thesis;

(a) Determine the effects of temperature and residence time on HC; yield, HM concentrations, pH,
elemental composition, volatile mater (VM), fixed carbon (FC), ash, and leachability.

(b) Determine the effect of temperature and residence time on the aqueous phase parameters; chem-
ical oxygen demand (COD), pH, ammoniacal nitrogen, and HM concentrations.

(c) Compare the experimental results with characteristics stated in the literature and regulations to
qualitatively describe potential use-cases.
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1.6. Research Scope
This research project aims to contribute to more sustainable waste management practices by repur-
posing Fischer-Tropsch biosludge through an environmentally-friendly process, and by identifying po-
tential beneficial applications for the HC product. This is done by exploring the potential applications of
Fischer-Tropsch biosludge through the HTC process, resulting in the production of HC and an aqueous
stream. Although time constraints prevented the execution of use case tests, the characteristics of the
HC were analyzed to identify potential applications. Three possible applications were considered: soil
amendment, biocoal, and absorbent.

Figure 1.1 presents a synopsis of the research field, covering the path from biomass to product appli-
cation. The figure differentiates between various feedstocks, reaction parameters, characterizations,
and intended applications. The green-highlighted terms indicate the path that this thesis will cover
within the research field. Although non-highlighted options will be addressed from time to time, they
are outside the scope of this research. This is because different starting materials exhibit contrasting
HC characteristics after HTC, which can undermine the obtained results and create confusion within
the literature. A study on economics is not included in this figure as it is beyond the scope of this thesis.

Feedstocks
1. Non-lignocellulosic

(a) Food and
fruit

(b) Antibiotic
mycelial

2. Lignocellulosic

(a) Herbal tea
(b) Grain stillage
(c) Forrest

residue

3. Ash-rich

(a) Manure
(b) Sewage

Sludge

Reaction parameters
1. Temperature
2. Pressure
3. Time
4. Catalyst
5. Mass loading
6. Heating rate

Characteristics
1. Pore size
2. pH
3. Cation exchange

capacity
4. Higher heating

value
5. Water holding

content
6. Volatile

mater/fixed
carbon

7. Chemcial oxygen
demand

8. Surface structure

Application
1. Soil amendment
2. Biocoal
3. Catalyst
4. Absorbent
5. Biogas
6. Anodes

Figure 1.1: The hydrochar research space with some possible feedstock examples, different reaction parameters, product
characteristics, and possible applications. Where all the bold green words are the chosen feedstock, reaction parameters,

characteristics and application for this research.

Shell’s commitment to circular economy principles aims to reduce greenhouse gas emissions and
turn secondary streams into valuable resources. This research project aims to explore the potential of
Shell’s biosludge as a product instead of disposing of it in landfills. By repurposing biosludge through an
environmentally-friendly process, this research can provide a blueprint for sustainable waste manage-
ment to help reduce the carbon footprint of Shell’s operations and other industrial biosludge streams.

1.7. Research Method
To obtain state-of-the-art knowledge about biosludge, the HTC, process, HC applications, and regula-
tions; literature research was conducted. Before sample creation could start, an experimental design
was established, and samples were created and stored accordingly. Once the data was collected,
statistical analysis was performed to determine the effects of temperature and time on the chosen re-
sponse variables. Finally, the results were compared with existing literature on HC regulations. The
five deliverables of this project include a literature review, an experimental design, sample creation and
storage, data analysis, and a comparison with existing literature and regulations. By completing these
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deliverables, this research project aims to contribute to a better understanding of the potential applica-
tions of HC and to identify potential environmental implications. The aforementioned five deliverables
are listed:

1. Literature study.

2. Design of experiments.

3. HC, liquid and gas phase creation and storage of aqueous and HC phases.

4. Analysing the phases and examining the obtained data.

5. Find a use case by comparing results with literature and regulations.

1.8. Report Outline
This thesis consists of six chapters. The literature review in chapter 2 covers the difference between
HC and BC, the properties of the various HC phases, and how different parameters affect their char-
acteristics. The experimental setup, including materials, equipment, and procedures, is detailed in
chapter 3. The data obtained from the experiments and the discussion are presented and analyzed in
chapter 4. The conclusions are presented in chapter 5. Finally, recommendations for future work are
provided in chapter 6.



2
Literature Study Concerning Hydrochar

To understand how various biomass conversion technologies, differences in feedstock, and changes
in reaction parameters interact with each other, a literature review was conducted. Additional aspects,
such as regulations, HM, and BC for comparison with HC, are also explained in this chapter. Most of
the literature used in this study is based on sludge unless the feedstock is otherwise specified. The
contents of this chapter are summarized below:

1. section 2.1 describes the question needed to be answered from this literature study;

2. what distinguishes HTC as a more beneficial technology than alternatives in the field of biomass
conversion is covered in section 2.2;

3. sludge definition and composition is described in section 2.3 ;

4. the different regulations that HC has to comply are explained in section 2.4;

5. HC key parameters can be found in section 2.5

6. in section 2.6, BC and HC are compared;

7. parameters affecting the HTC process are described in detail in subsection 2.7.1;

8. metals are an essential part of this research and their behaviour and influence on the phases are
described in section 2.8;

9. finally, a conclusion is written in section 2.10.

2.1. Literature Study Outline
To ensure a focused literature study, it is essential to formulate clear research questions that guide the
investigation. In this study, the primary research question was broken down into several sub-questions
and sub-sub-questions to facilitate a systematic and comprehensive analysis. The structure of these
questions is depicted in Figure 2.1, which is based on the research space presented in Figure 1.1. By
addressing these questions, this study aims to provide a thorough understanding of the properties and
characteristics of the different phases of HC and their relationship with the process parameters.

7
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2.2. Conversion Technologies
Various methods are available for converting biomass into valuable products, such as BC, syngas, bio-
oil, and HC. HTC, hydrothermal liquefaction (HTL), and hydrothermal gasification (HTG) are effective
with wet feedstocks, while pyrolysis is suitable for dry biomass (Khosravi et al., 2022; Ronsse et al.,
2013). The composition of the end products is generally determined by the conditions in which these
procedures apply heating and pressurizing biomass. Table 2.1 summarizes the main operating param-
eters, feedstocks, and products for various hydrothermal and thermal processes, where HTC and slow
pyrolysis produce HC and BC, respectively. The primary product of HTC, which is produced in wet
conditions, is HC, whereas slow pyrolysis produces BC due to the dry and oxygen-free environment
(Khosravi et al., 2022).

Table 2.1: Thermal processes for converting biomass obtained from Khosravi et al. (2022)

Comparison of the thermal technologies for the production of hydrochar and biochar.
Hydrothermal treatments Pyrolysis

Hydrothermal
carbonization

Hydrothermal
liquefaction (HTL)

Hydrothermal
gasification (HTG)

Slow
pyrolysis

Intermediate
pyrolysis

Fast
pyrolysis

Flash
pyrolysis

Temp.(°C) 180-375 200-400 350-700 300-700 300-500 500-1000 400-1000
Time Minutes-hours 1-120 min 30s-30min Hours-weeks < 20 s < 1 min < 30 min

Pressure autogenous pressure
(2-6 Mpa) 10-25 MPa 20-50 Mpa 0.1 Mpa 0.1 Mpa < 5 Mpa < 0.5 Mpa

Main product Hydrochar Bio-oil Syngas Biochar Bio-oil Bio oil Syngas
Feedstock Dry Agricultural wastes, woody wastes, crop residue Agricultural wastes, woody wastes, crop residue

Wet Fresh vegetable wastes, sewage sludge, animal wastes, algae Fresh vegetable wastes, sewage sludge, animal wastes, algae

Reaction mechanism Hydrolysis, dehydration, decarboxylation, condensation,
polymerization, and aromatization

Dehydration, aromatization, decarboxylation, polymerization, intramolecular condensation,
and rearrangement reactions

Reference
Ilyas et al. (2019)

Kambo and Dutta (2015)
Z. Zhang et al. (2019)

Ilyas et al. (2019) Libra et al. (2011)
Kruse (2009) Z. Zhang et al. (2019) Funke et al. (2017) Lee et al. (2020)

Onay and Kockar (2003) Onay and Kockar (2003)

The HTC process is a hydrothermal process that operates under comparatively mild temperatures
(150-250°C) and with autogenous pressure using subcritical water as a medium to promote reactions
that favour the formation of HC from various types of biomass feedstock (Gaur et al., 2020; Malool
et al., 2022; Merzari et al., 2019). The subcritical water acts as a mild base and mild acid, and is
less polar compared to water solvent, which enables the conversion of the feedstock into organic com-
pounds, resulting in the formation of HC (Gaur et al., 2020). The process is well-suited for three types
of biomass feedstocks, namely lignocellulosic materials (such as grain stillage and herbal tea waste),
non-lignocellulosic materials (including food and fruit waste, and antibiotic mycelial residues), and ash-
rich materials (such as livestock manure and sludge) (Zhuang et al., 2022). The main advantage of
the HTC process is that it eliminates the need for pre-drying of wet feedstocks(Kambo & Dutta, 2015;
Merzari et al., 2019). Also, the HTC process is slightly exothermic and uncatalyzed process has ob-
tained yields ranging between 50-60% (Ekanthalu et al., 2021; Ischia & Fiori, 2021). After the process,
the resulting products can be separated into an aqueous phase, HC, and gas fractions, which are con-
sidered sterile (Reza et al., 2016).

Slow pyrolysis is typically carried out at atmospheric pressure, in the absence of oxygen, and at tem-
peratures between 300-700°C, although some studies have reported using temperatures up to 850°C
(Ronsse et al., 2013; Staf & Buryan, 2016). However, slow pyrolysis has a relatively low yield, typi-
cally around 30% on a dry weight basis (Akbari et al., 2021; Mohammadi et al., 2019; Reißmann et
al., 2018). Additionally, the feedstock must be pre-dried, which adds an energy-intensive step to the
process (Khosravi et al., 2022; Ronsse et al., 2013).

2.3. Sludge
The choice of feedstock is a critical factor that affects both the yield and quality of BC and HC. However,
the term sludge encompasses a broad spectrum of materials with vastly different chemical composi-
tions (D. C. Li & Jiang, 2017). Although terms such as activated sludge, anaerobic sludge, freshwater
sludge, digested sludge, primary sludge, secondary sludge, organic sludge, and waste activated sludge
(WAS) are used to describe sludge, their compositions can vary significantly depending on their source
and treatment (W. Wang et al., 2020; Y. Zhang et al., 2021). Different types of sludge can be ranked
based on their energy content as follows: biosludge > anaerobically digested sludge > paper mill sludge
> primary sludge (L. Wang, Chang, & Li, 2019). The specific benefits and challenges of different types
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of sludge depend on their origin and pre-treatment steps. This thesis primarily focuses on biosludge,
which is discussed in detail in subsection 2.3.1.

Previous studies showed significant variations in the elemental and proximate analyses of dry sludge,
as demonstrated in Table 2.2. In a literature review by Tasca et al. (2019), the main elements and
properties of sludge that underwent anaerobic digestion, primary sludge, or secondary sludge treat-
ments were analyzed. While some studies differentiated between primary and secondary sludge and
industrial sources, others did not. Secondary sludge was found to contain 13.9% oxygen (J. H. Zhang
et al., 2014), whereas Escala et al. (2013) reported a higher oxygen content of 31.99%. Biosludge has
a lower carbon content than primary sludge as bacteria have not yet converted compounds to CO2
(Merzari et al., 2019). This is likely to be the case for the studies of Hunsom and Autthanit (2013) and
Wen et al. (2011) that utilise textile industry sludge from India and municipal sludge from China, respec-
tively. Furthermore, primary sludge lacks bacterial flocs and microorganisms compared to biosludge
(Sun et al., 2021).

Table 2.2: Proximate and ultimate analysis of different sludge obtained from D. C. Li and Jiang (2017)

Reference elemental analysis (wt%) Chemical content (wt%) Proximate analysis (wt%)

C H O N S Protein Lipid Carbohydrate Moisture Volatile
Matter

Fixed
Carbon Ash

Ma et al. 2017 40.5 4.51 48.5 5.48 1.01 26.29 27.26 22.88 3.59 53.93 6.23 36.25
Xie et al. 2014 53.24 7.39 33.25 6.12 – – – – 4.53 68.57 16.42 15.01
Yu et al. 2016 25.27 4.2 16.23 3.05 – – – – 6.57 44.45 3.3 45.68
Wang et al. 2011 37.45 5.84 – 2.9 1.32 – – – – 45.62 7.12 46.41
Hunsom and
Autthanit 2013 68.69 – 29.05 – 0.3 – – – 9.53 60.5 5.57 20.4

Trinh et al. 2013 28 3.4 10.3 4 0.9 – – – 7.3 38 7.9 46.8
Xie et al. 2014 53.24 7.39 33.25 6.12 – – – – 4.53 68.57 16.42 15.01
Wen et al. 2011 66.7 9.2 14.3 9.3 0.5 – – – 6 49.4 30.7 13.9

The accurate quantification of N2O, CH4, and CO2 emissions from ETPs is an ongoing endeavour
that is crucial for assessing their environmental impact. While CO2 emissions from ETPs are typically
considered short-cycled and therefore not included in the overall GHG emissions calculation, the emis-
sions of N2O and CH4 must be carefully identified and quantified. (Kampschreur et al., 2009).

HM concentrations in sludge are highly dependent on the topographical origin and industrial processes.
Research conducted on sludge from China, Ireland, Italy, Russia, and Canada has revealed varying
concentrations of zinc, cadmium, copper, nickel, lead, chromium, molybdenum, and strontium (Gao
et al., 2020). For instance, Ireland and Italy have high lead shares in their HM matrix, while Ireland
and Russia have strontium traces in their HM matrix (Gao et al., 2020). In addition, specific industrial
processes are associated with particular HM appearance in sludge, as is shown in Table 2.3. Cad-
mium, lead, and mercury ions are the most harmful to living organisms, and petroleum refineries have
cadmium and lead in their wastewater, as shown in Table 2.3 (Tran et al., 2017). Furthermore, textile
mills, tanning industries, and power plant effluent typically have less complex HM matrix compositions,
containing only chromium, which is the main additive in stainless steel (Kamerud et al., 2013; Tran
et al., 2017). Where electroplating and metal surface modification processes account for most of the
amounts of lead, zinc, cadmium, nickel, and copper found in effluents (Tran et al., 2017).

2.3.1. Biosludge
Biosludge, also known as activated sludge or WAS, is a byproduct of the wastewater treatment pro-
cess using primary and secondary effluent treatment. Biosludge consists of carbohydrates, lipids, and
protein molecules (Khosravi et al., 2022). This widely used practice in the developed world involves a
two-stage process: aeration and sludge settlement (Scholz, 2006).

During the first stage, the wastewater is mixed with microorganisms, including bacteria, which are
aerated to promote their growth and ability to break down and remove solids from the effluent. This
process is known as activated sludge because the microorganisms become ”activated” and able to
perform their function effectively (Scholz, 2006).
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Table 2.3: Heavy metals found in industries (Tran et al., 2017)

Industry Al As Cd Cr Cu Hg Pb Ni Zn
Paper mills x x x x x x
Organic chemistry x x x x x x x
Allies, chlorine x x x x x x
Fertilizers x x x x x x x x x
Petroleum refinery x x x x x x x x
Steelworks x x x x x x x x
Aircraft x x x x x x
Glass/cement x
Textile mills x
Tanning x
Power plants x

In the second stage, the mixture is allowed to settle, and the floc structure of the microorganisms
coagulates and settles, resulting in the formation of biosludge. The clarified effluent stream obtained is
free of solid particles and can be used as clean water (Scholz, 2006). However, the biosludge stream
requires further processing to stabilize and reduce its volume before it can be safely disposed of or
used for other purposes.

Overall, the biosludge produced from the activated sludge process is the main byproduct of wastewater
treatment that requires proper handling and management to ensure environmental safety and sustain-
ability.

2.4. Regulations
The potential uses of HC derived from biosludge could be beneficial, but regulations exist to mini-
mize the risk of toxic elements entering the environment and food chain. However, currently, HC is
not covered under existing regulations, and there is a need to develop specific guidelines for its use
(Breulmann et al., 2017). In contrast, the IBI and the EBC have established regulations for the use
of BC in various fields, including EBC-Feed, EBC-AgroOrganic, EBC-ConsumerMaterials, EBC-Agro,
EBC-Urban, and EBC-BasicMaterials (Breulmann et al., 2017).

BC-Agro has specific limits for heavy metals, while EBC-AgroOrganic and EBC-Feed have even stricter
thresholds due to their use as organic soil amendments and cattle food, respectively. The IBI combines
the maximum allowed HM thresholds of multiple jurisdictions, including Australia, Canada, EU, UK, and
the USA (IBI, 2015). Certification of a BC product requires values of organic contamination, such as
PAHs, declaration of nutrient values for N, P, K, Mg, Ca, Fe, as well as physical properties, including
dry matter, salt content, bulk density, water holding capacity (WHC), pH, and electrical conductivity
(IBI, 2015; Schmidt et al., 2022).

In contrast, regulations and disposal methods for sludge vary significantly among different countries
due to their respective histories and policies. The maximum allowable content of HM in sludge disposal
varies between Germany and China, as shown in Table 2.4. Within the European Union (EU), there are
also significant differences, with France allowing concentrations of Zn, Cu, and Cd, to be up to 10 times
the amount that is allowed in the Netherlands (Inglezakis et al., 2014). Figure 2.2 shows the different
end uses of sludge around the world. Some countries, such as Germany and the Netherlands, have
banned the use of sludge in agriculture or landfill, leading to almost complete incineration of sludge
in the Netherlands (Buta et al., 2021). Recently, Germany also prohibited this application, and Swe-
den is considering doing the same, as a consequence of EU Directive 86/278/CEE (Buta et al., 2021).
However, such laws can lead to increased landfill or incineration practices, which are not sustainable
solutions.
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Table 2.4: Different Regulations on heavy metal application to land and in biochar.

Regulations Heavy metals (mg/kg)
As Cd Cr Cu Pb Hg Ni Zn Mo Co

China sewage sludge ordinance (2018)
A(farmland, gardenplot, pastureland) 30 3 500 500 300 3 100 1200
B(Otherland) 75 15 1000 1500 1000 15 200 3000
China organic fertilizer standard (2012) 15 3 150 50 2
German sewage sludge ordinance (1992) 900 800 900 8 200
German fertilizer ordinance (2015) 40 1.5 70 150 1 80 1000
USA 40 CFR Part 503 75 85 - 4300 840 57 420 7500
European Biochar Certificate V10.1 13 1.5 90 100 120 ‘1 50 400
International Biochar Standards V2.1 13-100 1.4-39 93–1200 143–6000 121–300 5-75 34-100 200-700 1-25 34–100

Figure 2.2: Different regulations impact the processing type of sludge as can be seen through the distinction of end-use. (1)
2016 data. (2) 2003 data. (3) 2019 data (Buta et al., 2021).

2.5. General Characteristics of Char, Hydrothermal Carbonization
Aqueous and Gas Phase

HC and BC, collectively referred to as ”char” in this section, have improved product characteristics com-
pared to sludge (Tasca et al., 2019). Char is more resistant to microbial activity that would otherwise
consume the biomass, resulting in slower decomposition and longer shelf-life (Wiedner et al., 2013).
Additionally, it contains less moisture, which increases its energy content and reduces transportation
costs. From a circular economy perspective, finding an application for a secondary stream is at the
core of its principles, and char has many potential applications, which are detailed in section 2.9. This
section provides an overview of the overall consistency of chars produced by biomass conversion tech-
nologies such as HTC and slow pyrolysis.

Char is composed of four fractions, in terms of proximate analysis:

1. FC

2. VM

3. Moisture

4. Ash

2.5.1. Fixed Carbon and Volatile Mater
The characteristics of FC and VM differ in their ignition point, structure, and chemical consistency, but
they coexist in char. Research by Tasca et al. (2019) on varying reaction severity, a combination of
retention time and temperature found that the ratio of FC and VM increases with increasing reaction
severity, as shown in Figure 2.3. The impact of severity in combination with HTC and sludge on FC
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and VM is discussed in detail in subsection 2.7.4. In this subsection, we distinguish VM and FC.

FC refers to the part of the char that remains as residue after VM, water, and ashes are removed
(D. K. Sarkar, 2015). It consists mainly of carbon, with a small percentage of oxygen, nitrogen, hydro-
gen, and sulfur, which are not removed during char burning (D. K. Sarkar, 2015). In the HTC process,
organic carbon reacts into stable carbon, increasing temperatures elevate the FC percentage (Ren
et al., 2017). The percentage of FC in char is important when using it as a fuel, and the choice of
combustion equipment is influenced by this factor (D. K. Sarkar, 2015). Char products with higher car-
bon percentages and lower moisture content are more solid. For example, bituminous (soft coal) and
anthracite (hard coal) contain more carbon and less water than peat and lignite (D. K. Sarkar, 2015).
These less solid fuels have a higher percentage of VM, which comprises more oxygen and nitrogen
than FC (Liang et al., 2022). FC is more stable than VM, making char with higher FC percentage per-
form better for long-term carbon sequestration (Islam et al., 2021).

Figure 2.3: Literature study comparing FC/VM ratio of three studies with increasing reaction severity, which is a combination of
temperature and time (Tasca et al., 2019).

VM influences the elemental composition of char and has a notable lowering effect on its peak temper-
ature (Maaz et al., 2021). It is easily accessible and improves combustion-promoting performance (Su
et al., 2022). However, a disadvantage of VM is that it has a lower energy density and releases less
heat during combustion (Liang et al., 2022; Su et al., 2022). Volatile compounds are highly biodegrad-
able, and VM has been linked to increased soil microbial activity, leading to increased mineralization
(Abel et al., 2013; Breulmann et al., 2017; Cervera-Mata et al., 2022; Ren et al., 2017; Taskin et al.,
2019). Furthermore, BC VM contains phenolic and aromatic compounds soluble in acetone, which
were not found in BC with low VM (Maaz et al., 2021).

2.5.2. Ash
After biomass combustion, the remaining non-combustible residue is known as ash (Benavente & Ful-
lana, 2021). Ash is composed of various elements, including Al, Ca, Cl, Fe, K, Mg, P, Na, S, Mn, Si,
and Ti, if present in biomass (Vassilev et al., 2017). The incineration of ash-rich feedstocks, such as
chicken litter, cow dung, and sewage sludge, can cause problems such as slagging, ash deposition,
fouling, and bed agglomeration. Nonetheless, the residual ashes can contain valuable phosphorus and
potassium contents useful as soil fertilizer ingredients (Maj et al., 2022; Ottosen et al., 2013).

Compared to lignocellulosic feedstocks, sludge has a higher ash content, which reduces its heating
value (Leng, Yang, et al., 2021). However, the use of HTC is highly beneficial in separating ash from
wet biomass. Water’s subcritical characteristics dissolve ash and mineral components. Particularly
alkali and alkaline metals dissolve into the aqueous phase and most phosphorus and HM are retained
in the HC (R. Wang et al., 2019; Wray, 2022). This technique has been demonstrated on a pilot scale
to be effective in removing ash from sludge and recovering valuable nutrients from the residual ash.
Ash content in sludge can reach up to 20% on a dry basis, and for HC, it can be as high as 44.6%
(Volpe et al., 2020; R. Wang et al., 2019).
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2.5.3. Dewaterability: Bound and Free Water
Water in plants and biological tissues is composed of bound and free water (Zang et al., 2021). In
Figure 2.4, a schematic view of free and bound water in bacterial floc structures is presented. Free
water consists of interspace water, which can easily be separated through sludge settling (Mowla et al.,
2013; D. Zhang et al., 2020). Floc water is trapped by the coagulated bacteria and can be separated
by mechanical drying such as centrifuging or compression (Mowla et al., 2013; D. Zhang et al., 2020).
Bound water, on the other hand, is more difficult to remove. Surface water is chemically bound or
hydrated to surface particles of cells within a floc, while hydration and intracellular water are closed
off by cell membranes (Mowla et al., 2013; D. Zhang et al., 2020). Methods other than mechanical
dewatering are required to separate bound water.

Figure 2.4: Free and bound for bacterial floc structers (D. Zhang et al., 2020)

Sludge’s high moisture content poses a disadvantage for processing, as it increases disposal and
transportation costs due to added weight (Mowla et al., 2013; Zhuang et al., 2018). Dewatering sludge
is an energy-intensive process as thermal heating requires a significant amount of energy due to the
latent heat needed for vaporization and mechanical techniques such as centrifuges, belt presses, and
filter presses can only reduce moisture around 35% (Mowla et al., 2013; L. Wang et al., 2014). The
mechanical techniques commonly used for dewatering are not effective at reducing bound water as
hydrothermal techniques are (Mowla et al., 2013).

Using HTC, Zhuang et al. (2018) found that the bound water content of sludge could decrease from
80.8% to 50%, with the sharpest decline (15%) noted between 180°C and 210°C (Gao et al., 2019;
Zhuang et al., 2018). The reduction in moisture content is primarily due to bound water becoming free
water. However, deinking sludge from the paper industry does not behave similarly to sludge in terms
of HC dewaterability, as its bound water slightly increases with temperature instead of decreasing (Gao
et al., 2019; Zhuang et al., 2018). This result is because paper sludge is composed of lignocellulose,
whereas sludge contains proteins and polysaccharides (Zhuang et al., 2018). Additionally, there is a
relationship between particle size and moisture content, where smaller particles store less moisture
(Zhuang et al., 2018).

The HTC reaction process has been found to enhance the dewaterability of sludge by breaking down
the floc structure, which releases bound water and improves the separability of moisture (Zhuang et al.,
2018). As a result, the bound water becomes free water, which increases the effectiveness of mechan-
ical dewatering methods. Three mechanisms have been identified that contribute to this improvement:
1) reduction of hydrophilic functionality, 2) destruction of floc, and 3) shrinking of solids and release of
volatiles, which helps to drive moisture out of the porous structure (Zhuang et al., 2022). Compared to
thermal drying, HTC is a non-evaporative dehydration process that retains more latent heat, leading to
significant energy savings (Zhuang et al., 2022).

Combining HTC and mechanical expression achieves up to 92% moist reduction (L. Wang, Chang,
& Liu, 2019). In a study by Deng et al. (2019), the combination of HTC, mechanical, and thermal dry-
ing resulted in 25-40% less energy consumption and 17-30% lower operating cost compared to only
thermal drying. Adding CaO in HTC was found to be effective for dewatering, with a higher influence
factor than temperature and residence time (Deng et al., 2019). One explanation for its effectiveness
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is that CaO causes extracellular polymer compounds to break down and sludge cells to release bound
water (Deng et al., 2019). L. Wang et al. (2014) demonstrated that HTC coupled with mechanical com-
pression is energetically superior to thermal drying, as mechanical drying cannot release bound water.
This is illustrated in Figure 2.5B, it is shown that thermal and electro-dewatering consume more energy
for the same desired moisture content.

Figure 2.5: a) HTC experiments coupled with mechanical pressure and the total energy consumption b) same results but
placed in the context of thermal drying and electro-dewatering (L. Wang et al., 2014).

2.5.4. Aqueous Phase
Inside the aqueous phase, proteins are dissolved which can form foams influenced by the length of
the proteins as shown in Figure 2.6 (Germain & Aguilera, 2014). These proteins are substantially
degraded into smaller components when temperatures increase to 240°C (Langone & Basso, 2020).
Understanding the aqueous phase will lead to an increase in circularity and it is necessary that this
stream may not have a worse environmental impact than the feedstock used.

The aqueous phase carbon content can contain up to 15% of the carbon feedstock, and COD be-
tween 10-80 g/L have been measured (Merzari et al., 2019; Reza et al., 2016). This carbon content
is rich in aromatic organic compounds and short-chain fatty acids like acetic and formic acids, where
acetic acid have been measured to take up to 6,2% of the Total Organic Carbon (TOC) (Langone &
Basso, 2020). A list of compounds from anaerobically digested sewage sludge HTC aqueous phase
and their main applications is shown in Table A.1. Even though it may contain toxic compounds like
phenol, 5-HMF, and furfural, up to a few grams per litre it is necessary to use the aqueous phase to
reduce waste and promote circularity (Gaur et al., 2020; Reza et al., 2016).

Figure 2.6: Four levels of foam; molecular, liquid film, gas cell, and continuous foam. Foam properties are influenced by the
lengths of proteins (Germain & Aguilera, 2014).
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2.5.5. Gas Phase
During the carbonization process, a small fraction (2%-5%) of the starting carbon is released into the
gas phase, primarily as CO2, resulting from decarboxylation (Heidari et al., 2019; Marzbali et al., 2021;
Zhuang et al., 2022). At temperatures above 250°C, the formation of carbon monoxide and hydrogen
can occur, which have been detected in low amounts from corn stover as a feedstock (Mohammed
et al., 2020).

To maximize the circularity of the process, it is important to utilize the gas phase. One possible ap-
proach, investigated by González-Arias et al. (2022), is to use reverse gas-water shift to convert the
CO2 and hydrogen in the gas into syngas. However, this strategy may not be economically viable
unless the price of syngas increases substantially (González-Arias et al., 2022; Kim et al., 2011). Al-
ternatively, the CO2 emissions from the gas phase can be offset through carbon capturing and storage
or compensated for through carbon credits.

2.6. Hydrochar Compared to Biochar
With the growing interest in BC, HC has also received significant attention. However, these two types
of chars differ in their physicochemical properties due to their distinct production processes (Masoumi
et al., 2021). This section aims to distinguish between the two manufacturing processes and their char
products to avoid confusion and ensure an understanding of the physicochemical characteristics that
set them apart.

In general, BC has a higher proportion of FC and a lower proportion of VM compared to HC (Y. Zhang
et al., 2021). Low temperature and short retention time pyrolysis can produce BC with a VM content
of up to approximately 48%, which is higher than some HC (34.1%, 240 °C, 1 hour) (Tarelho et al.,
2020; W. Wang et al., 2020). This difference in VM and FC has been linked with greater fungi activity
in soils for HC, while BC is better suited for long-term carbon sequestration (Breulmann et al., 2017;
Islam et al., 2021; Taskin et al., 2019).

The active sites on the surfaces of BC and HC differ, such as heteroatoms, oxygen-containing func-
tional groups (OFGs), sp2 carbon, defective sites, persistent free radical (PFR), and vacancies (J.
Wang et al., 2022). The lower temperature of the HTC reaction in HC results in a char product with
higher atomic H/C and O/C ratios than BC (Masoumi et al., 2021). This higher oxygen and hydrogen
content leads to HC with more OFGs and more active sites (Gasim et al., 2022). The surface of BC is
largely aromatic, while HC has more alkyl moieties on its surface chemistry (Gasim et al., 2022). BC
has a higher quantity of PFR than HC (Gasim et al., 2022).

Studies have shown that there are differences in surface morphology between HC and BC. For in-
stance,Gasim et al. (2022) reported that BC has a lower specific surface area (SSA) compared to
HC.(Y. Zhang et al., 2021) found that the SSA of HC derived from sludge is 2-3 times larger than that
of sludge-derived BC, mainly due to smaller pore radii. In contrast, (Abel et al., 2013) reported that BC
had a significantly higher surface area (up to 60 times) than HC by comparing two studies. However,
Y. Zhang et al. (2021) explained that the higher surface area of HC in sludge feedstocks is due to their
inherently high surface area and the effective pore construction facilitated by HTC.

The pH value of BC can vary from acidic values around 5 to alkaline values up to 8, where HC shows
more stable pH values around 5 (Jellali et al., 2022; Y. Zhang et al., 2021). The increase in pH can be
explained by the higher ash content in BC and the polymerization/condensation reactions that increase
the loss of carboxylic and hydroxyl groups during the pyrolysis process (Y. Zhang et al., 2021). The
pH value of HC decreases with increasing severity, because of the dissolution of acidic groups (Jellali
et al., 2022).

BC parameters are compared with HC in Table 2.5. The density of HC is not yet been written about
in literature. The difference in pH can be seen where HC is more acidic and BC can be acidic but
also alkaline, where its pH becomes more alkaline with increasing temperature. The yield of HC is
a magnitude of two higher than that of pyrolysis BC, while BC is made under more energy-intensive
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temperatures decreasing the GHG benefits (Akbari et al., 2021; Mohammadi et al., 2019; Reißmann
et al., 2018).

Table 2.5: Comparison between sludge derived HC, and sludge derived BC.

Hydrochar Biochar Temperature
increase ↑ References

Density
g/cm3 0.08-1.7 (Abel et al., 2013)

Specifiec
Surface area 3-17.30 340 BC↑HC↑ (J. H. Zhang et al., 2014)

Pore radius 18.20-20.27 64.59-90.32 BC↑↓HC↑ (Y. Zhang et al., 2021)
pH 4.4-5 5-8 BC↑HC↓ (Jellali et al., 2022; Y. Zhang et al., 2021)
Yield ∼60% ∼30% BC↓HC↓ (Akbari et al., 2021; Mohammadi et al., 2019)

Morphology Alkyl moieties Aromatic

2.7. Hydrothermal Carbonization Parameter Influences
The hydrothermal carbonization HTC process is influenced by several factors, including the feed-
stock, temperature, reactor, catalyst, pH, residence time, solid load, pressure, and hydrous condi-
tions (bound/unbound water) (Masoumi et al., 2021). Among these, temperature plays a particularly
significant role in driving various reaction mechanisms. During HTC and pyrolysis, a complex series
of reactions occur, such as polymerization, dehydration, and degradation. The reaction factors and
mechanisms are detailed in this section.

2.7.1. Reaction Mechanisms
Parameters such as temperature, catalyst or retention time have a significant effect on the underlying
reaction mechanisms driving the chemical conversion. In Figure 2.7 a schematic view of the reac-
tion mechanisms of non-lignocellulose biowaste is shown. The figure shows the different chemical
pathways; hydrolysis, dehydration, depolymerisation, decarboxylation, deamination, Maillard reaction,
rearrangement, cyclization, ring condensation and polymerization, where dehydration and decarboxy-
lation are the main reactions occurring (Merzari et al., 2019).

Decarboxylation and dehydration reactions release carbon dioxide and water, respectively, resulting in
deoxygenation. This deoxygenation reduces the polarity of the HC surface, which improves its dewat-
erability (Merzari et al., 2019). Both dehydration and decarboxylation have a negative heat of reaction,
which makes the HTC process exothermic (L. Wang et al., 2014). The decarboxylation reaction is il-
lustrated in Figure 2.8.

Non-lignocellulosic feedstocks, which comprise mostly proteins, undergo a different conversion com-
pared to lignocellulosic feedstocks such as wood, due to two important pathways. The first pathway
involves the self-arrangement of amino acids, while the second pathway involves the reaction between
amino acids and sugars. At high temperatures, proteins break down into their amino acid building
blocks, and some of these amino acids degrade further to form low molecular compounds such as
CO2, H2, alkanes, alkenes, alcohols (up to C5), aldehydes, amides, and carboxylic acids (Martins,
2003; Peterson et al., 2010).

Maillard reactions, also known for the dark brown colour and nutty smell of coffee, are an important
factor in food quality (Martins, 2003; Peterson et al., 2010). Reduced sugars and amino acids can react
through Maillard reactions, where an amine group from protein reacts with a carbonyl group in hydro-
carbonates, as illustrated in Figure 2.9 (Peterson et al., 2010). The Maillard reaction is not a single
pathway but a network of reactions (Martins, 2003). The final steps of the Maillard reaction produce
Melanoidin products that are high molecular weight heterogeneous polymers (Martins, 2003). This
reaction is able to produce both antioxidant molecules and toxic components (Martins, 2003). Higher
sugar content increases HC nitrogen uptake through the Maillard reaction (Leng, Yang, et al., 2021).
Maillard reactions dominate above 180°C, while processes at 160°C do not show any evidence of these
reactions (T. Wang et al., 2018).
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Figure 2.7: Reaction mechanisms of non-lignocellulose feedstock during HTC and separation between original phase,
transitional phase and amorphous phase (Zhuang et al., 2022).

Figure 2.8: Decarboxylation where can be seen that CO2 is formed, which deoxygenates the HC (“Decarboxylation |
OChemPal”, n.d.).

2.7.2. Temperature
Temperature is the most essential parameter for the HTC process as it has a significant impact on
the yield of HC but can also affect the process in both positive and negative ways (F. Li et al., 2022;
R. Sharma et al., 2020). Increasing temperature can lead to lower reaction time, and increased HC
carbon levels, as well as improved dewaterability, it also has the downside of decreasing HC yield by
releasing organic content into the aqueous phase (L. Wang, Chang, & Li, 2019).

At the start of the process, depolymerization has a stronger influence at lower temperatures, but as the
temperature rises, polymerization of shorter chains becomes more active (L. Wang, Chang, & Li, 2019).
Temperatures above 150°C improve biopolymer solubility, whereas above 180°C, polysaccharides and
proteins start to decompose (L. Wang, Chang, & Li, 2019). Different types of organic molecules, such
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Figure 2.9: A Maillard reaction where D-glucose reacts with glycine.

as carbohydrates, lipids, and proteins, depolymerize at different temperatures, with proteins being eas-
ier to hydrolyze than polysaccharides, followed by lipids (L. Wang, Chang, & Li, 2019).

Increasing temperature also leads to increased carbonization and pore development, but pore block-
age can occur at temperatures above 250°C, which is not beneficial for pore development (Khosravi et
al., 2022). Additionally, high temperatures above 200°C produce low-density HC with smaller particle
sizes, which can reduce water retention due to micropore blockage. However, increasing temperature
can also lead to lower yield, a decline in certain HC characteristics (such as H/C, O/C, and volatile
matter), and a decrease in the economy of the system (Deng et al., 2019).

Research has shown that there is a clear distinction between carbon-centred and oxygen-centred PFR
in hydrochar cooked at different temperatures. For example, cooking at 260-280°C increases carbon-
centred groups, which are more stable over the long term and HC made between 120-150°C obtained
more oxygen-centred groups (Y. Zhu et al., 2019).

Pressure can also affect the HTC process indirectly through gas injection or directly through temper-
ature control. According to Le Chatelier’s principle, increasing pressure can have a positive effect on
reaction speed by increasing the acidity and thermal conductivity of subcritical water (Zhuang et al.,
2022).

2.7.3. Residence Time
From an industrial standpoint, short residence time is preferable because it reduces energy consump-
tion and increases production, resulting in smaller equipment size and lower capital expenditure (CAPEX).
However, longer residence time can increase the severity of the HTC process, as discussed in more
detail in Section 2.7.4. It is important to note that there is currently a research gap in understanding
the influence of process duration over a long enough period to observe a turning point. Thus, more
research is needed to determine the optimal residence time for maximizing HC yield and quality while
minimizing energy consumption and equipment size.

2.7.4. Severity
Severity is a key factor in the HTC process, as it represents the combination of time and temperature
(Jeder et al., 2018). This relationship is described by Equation 2.1, where t stands for time and T for
temperature. In a study on the HC product from organic sludge, a linear relationship was observed
between the severity values of 4.13 to 5.90 and the VM, ash content, H/C ratio, and nitrogen content
of the HC, indicating that the severity factor could serve as a useful indicator for analyzing hydrochar
properties (W. Wang et al., 2020). Thus, understanding and controlling the severity of the HTC process
is crucial for optimizing HC yield and quality.

𝑅0 = 𝑡 ⋅ exp(
𝑇 − 100
14.75 ) (2.1)
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2.7.5. Solid Loading
The solid loading of the feedstock is the ratio of solid compared to water and it can have a significant
influence on the yield and carbon yield of the HC produced (Tasca et al., 2020). A lower amount of solid
content used results in HC with lower higher heating value (HHV) (Tasca et al., 2020). This is because
a higher solid content leads to a higher concentration of monomers in the liquid phase, which promotes
faster polymerization, resulting in the formation of larger molecules and a higher carbon yield (Tasca
et al., 2020). Furthermore, in the aqueous phase, the COD and ammoniacal nitrogen is increased with
increased solid loading (Aragón-Briceño et al., 2020).

2.7.6. Catalyst
To improve yields or desired HC and aqueous phase characteristics catalysts such as salts, HM, or
organics can be used (Djandja et al., 2023; L. Wang et al., 2023). Adding phloroglucinol to sludge
as a cross-linking agent for HC decreased ash content (25.7%) and improved carbon content (15.4%),
where the carbon content mainly improved the FC and the lower ash content comes from the increased
yield from 68.9% to 88.4% (L. Wang et al., 2023). Citric acid and FeCl3 have gained interest as they
have shown potential catalytic improvements. As Fe can improve active sites of HC by transforming
C-O into C-O-Fe groups (Djandja et al., 2023). Citric acids stimulate the hydrolysis of biopolymers,
carbonization, and dehydration resulting in HC formation with increased carbon content (Djandja et al.,
2023).

2.8. Heavy Metals and Fertilizer Elements
HM have been used for thousands of years, and overall improved society. However, some now dan-
gerous metals, such as lead, were consumed in high amounts in wine by the ancient Romans (Järup,
2003). Trace metals ingested or coming in contact with humans, animals, or the environment can have
devastating consequences. Far-fetched events like increased crime rates and the downfall of the Ro-
man Empire have been designated to HM contaminants, raising awareness of the risks on a civilization
level (Knapp, 2013; Lin-fu, 1982; Nriagu, 1983; Stilo, n.d.). Today, the health effects of HM are well
known, but contamination is continuing, and in some areas, it is even increasing (Järup, 2003). The
danger of HM for humans is mostly from chromium, lead, cadmium, mercury, and arsenic (Järup, 2003;
Tchounwou et al., 2012). For example, if mercury comes in contact with people, it can lead to dimin-
ished reproductive function, low birth weight, functional deficit, DNA damage, and more. (Ha et al.,
2017; Henriques et al., 2019; Tchounwou et al., 2012)..

During the HTC reaction, metals and heteroatoms can function as catalysts or activators for the py-
rogenic decomposition of biomass (D. C. Li & Jiang, 2017). Consequently, an increase in porous struc-
ture and defects can be beneficial for product characteristics, such as in areas like batteries, catalysis,
soil amendment, and absorption (D. C. Li & Jiang, 2017). However, HM can inhibit HC application in
soil, as they can inhibit microbial metabolism and consequently decrease the degradation efficiency
of other toxic organic components (Y. Lin et al., 2019). In this section, we will discuss the impact of
HM, the model that describes the toxicity of HM, and how different HM elements behave under HTC
conditions.

Overall, it is important to consider a range of factors when evaluating the environmental impact of toxic
substances, including their concentration, leachability, and distribution across different fractions of the
material. The BCR (European Communities Bureau of Reference) three-step sequential extraction pro-
cedure is able to show the toxicity of HM across five different fractions (Rauret et al., 1999; Yue et al.,
2017; Zhai et al., 2016). These fractions can be classified into five categories, namely exchangeable
(F1), bound to carbonates (F2), bound to iron and manganese oxides (F3), bound to organic matter
(F4), and residual (F5) (T. Liu et al., 2018; L. Wang, Chang, & Liu, 2019). Of these fractions, the F1,
F2, and F3 categories are more bioavailable and pose greater risks to the environment than the more
immobilized F4 and F5 fractions (L. Wang, Chang, & Liu, 2019). By taking a comprehensive approach
to risk assessment, it is possible to develop effective strategies for mitigating the impact of HM on the
environment and protecting the health of wildlife and humans.
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2.8.1. Heavy Metals
According to L. Wang, Chang, and Liu (2019), most HM are immobilized within HC, except for arsenic.
HMs such as Fe, Mn, Cu, and Zn show a linear increase with an increase in reaction severity in con-
centration within HC, while Cd, Pb, Hg, As, and Cr tend to increase in the aqueous phase (L. Wang,
Chang, & Liu, 2019). However, the total amount of HMs that went to the effluent was less than 30%
for Cr, 25% for Cd, Pb, Hg, As, Cu, and Zn, and 10% for Fe, Mn, and Ni, indicating that most HMs are
assimilated into the HC (L. Wang, Chang, & Liu, 2019).

HM are better stabilized into HC when the feed water is more alkaline (Zhai et al., 2016). The ac-
cumulation of Cr, Cu, and Zn in HM is due to their low solubility, which causes them to dissolve and
precipitate under subcritical conditions (Tasca et al., 2020; Zhai et al., 2016). Precipitation can be fur-
ther increased by using a more alkaline solvent (Zhai et al., 2016).

(H. Li et al., 2021) studied the fate of copper from algae during a HTL process and found that be-
tween 82.1–92.7% of the copper is retained into the HC. The dominant form of copper was CuS, which
accounted for 70.9% in the HC. HC created at lower temperatures had a higher capability of electron
acceptance than electron donation, making it more effective in reducing CuS2 to CuS.

2.8.2. Phosphorus
Phosphorus recovery has shown promising results in small-scale commercial plants, with recovery
rates reaching up to 95% and the phosphorus content in the HC can go up to 3.6 wt% (Lucian et
al., 2022; Wray, 2022). Increasing the temperature has been found to enhance phosphorus recovery
and promote its immobilization (Huezo et al., 2021; Khosravi et al., 2022; L. Wang, Chang, & Liu,
2019). The predominant form of phosphorus in the HC is Fe chemisorbed to the surfaces of Fe- and
Al-hydroxides, which may provide potential fertilizer value when applied to alkaline soils (Schneider &
Haderlein, 2016).

2.8.3. Morphology
HM have a significant impact on the surface morphology of carbonaceous products (Sangjumras et al.,
2018). The impact of various HM, such as Ag, Co, and Fe, have been researched in combination with
starch and these HM can alter the morphology of HC resulting in fibre-like, flower-like, and spherical
structures, respectively (Saadattalab et al., 2020). Furthermore, (Sangjumras et al., 2018) found that
the addition of Cu, Cd Fe, Ni, and Ba led to the formation of different nanoparticles on the surface of
pineapple leaf and corn stalk HC father further carbonization at 700°C, as is shown in Figure 2.10.

Figure 2.10: Corn stalk HC SEM images (500x) after carbonization process at 700 °C for 2 hours, where (a) copper nitrate (b)
cadmium nitrate (c) iron nitrate (d) nickel nitrate (e) barium nitrate catalyst have been added.
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2.9. Applications
HC could be implemented in many sectors, as a list of 55 different BC applications has been compiled
and includes areas such as animal farming, soil conditioning, the building sector, decontamination,
biogas production, wastewater treatment, metallurgy, cosmetics, energy, electronics, textile, medicine,
wellness, and food conservation industries (Schmidt & Wilson, 2014). As Schmidt and Wilson (2014)
suggest, BC is too valuable to be solely used as a soil amendment and should be utilized at least once
for other beneficial purposes (Schmidt & Wilson, 2014). HC also has multiple applications, including its
use as a solid renewable fuel, adsorbent, catalyst, supercapacitor, and as a soil amendment through
the use of activated carbon precursors (Calderon et al., 2021; Gasim et al., 2022; D. Liu et al., 2020;
Malool et al., 2022; Villamil et al., 2020). Using HC products before landfilling, incineration, or soil
amendments can contribute to circularity and reduce waste.

2.9.1. Catalyst
In a study by S. Zhang et al. (2020), a lignocellulose HC impregnated with Al for improved catalytic
activity was created for the isomerization of glucose to fructose, resulting in highly efficient catalytic
performance (33%) and selectivity (93%). Similarly, L. Yang et al. (2022) investigated the isomerization
of glucose to fructose and found that endogenous calcium-enriched HC water hyacinth demonstrated
similar yields (31%) and selectivity (89%), with calcium being suggested as the catalytic component.
Moreover, the use of sludge HC for the catalytic gasification of sludge has shown promising yields (Gai
et al., 2017).

The research conducted by Gasim et al. (2022) demonstrated that hydrochar can serve as an activa-
tor for persulfate, including peroxymonosulfate or peroxydisulfate, with specific surface area, porosity,
presence of oxygen functional groups, persistent free radicals, graphitization degree and aromaticity,
defective sites, and heteroatoms such as N, S, O, or B, being crucial factors for achieving effective
catalytic activity.

2.9.2. Soil Amendment
Land-use change, which encompasses activities such as biomass burning, deforestation, wetlands
drainage, conversion of natural ecosystems to agricultural land, and soil cultivation, is the second most
significant cause of anthropogenic GHG emissions, after the combustion of fossil fuels (Lal, 2004).
Between 2007 and 2016, land-use change was responsible for 23% of global anthropogenic GHG
emissions (Lam et al., 2021). This shift in land use, coupled with poor land management practices,
has resulted in the loss of more than half of the original carbon content in once fertile carbon-rich lands
(Lal, 2004). To sustain food production in a world where population growth is straining food supplies,
it is critical to replenish carbon-depleted soil. Carbon-to-soil sequestration is a promising approach to
both improve carbon-depleted soils and reduce emissions (Griscom et al., 2017).

In terms of CO2mitigation potential, BC has the most significant impact on agricultural lands and grass-
lands, as it can add more carbon to the soil, as shown in Figure 2.11 (Griscom et al., 2017). Revitalizing
carbon-depleted soils can improve crop growth, purify surface and groundwater, retain more water in
the soil, and stabilize ground temperatures (Lal, 2004). Adding, BC can help retain nutrients and agro-
chemicals in soil, which are essential for crop growth, and reduce runoff (“Biochar”, n.d.). The use of
BC as a soil amendment has received significant attention in recent years, following the discovery of
productive soil named ’Terra-Preta’ in the Amazon (Kambo & Dutta, 2015). Studies on biochar-rich
dark earth in the Amazon have further demonstrated the positive influence of BC on soil characteristics
and yields (Kambo & Dutta, 2015). Therefore, it is crucial to promote BC as a sustainable land-use
practice and implement carbon sequestration measures to mitigate the impact of land-use change on
climate change.

Water is a crucial component for plant life and carbonaceous structures, such as HC, can increase
the WHC of soils, thereby mitigating the impact of climate change-induced heat stresses (Khosravi et
al., 2022). The particle size and permeability of chars play a critical role in its ability to improve WHC,
with studies showing that HC and BC can decrease bulk density and increase porosity, leading to better
WHC (Abel et al., 2013; Khosravi et al., 2022). For example, a study by Abel et al. (2013) found that
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Figure 2.11: CO2 mitigation potential of natural climate solutions on different land-use types (Griscom et al., 2017).

BC added to sandy soils increased WHC by up to 16.3% when 2.5wt.% BC was added. Moreover,
HC amendment can increase the water-extractable carbon in soils, further enhancing soil health (Yue
et al., 2017). Furthermore, adding chars alone may not decrease runoff and evaporation. Studies have
shown that HCamendment does not necessarily improve wettability (Abel et al., 2013; Gupta et al.,
2015).

The morphology of the HC surface can affect soil characteristics. Generally, HC is hydrophobic be-
cause of the low quantity of polar groups on the surface. After implementation into the soil, these groups
become oxidized which leads to a more hydrophilic nature by creating carboxylic and phenolic func-
tional groups. This effect leads to better characteristics such as cation exchange capacity, WHC, and
nutrient retention capacity (Masoumi et al., 2021). Water-extractable carbon is higher in HC amend-
ment soils (Yue et al., 2017).

Healthy soil needs fungi biotica in the hummus to survive. The increases in WHC, because of the
hydrophobic character of HC, attributed to fungal colonisation (Abel et al., 2013). When this soil is
dried the pores still contain water where microbes can survive and thus decrease mortality (Ren et al.,
2017).

HM contamination in soil can disrupt the chemical cycle of soil microorganisms, which is a vital part of
soil health (Y. Lin et al., 2019). It has been proven that Ni, Cd, Pb, Cu, As, Zn, Cr, and Hg HMs are
toxic for soil microorganisms worldwide (Y. Lin et al., 2019). Unfortunately, these HMs accumulate into
HC (L. Wang et al., 2014). The impact of different HM concentrations on soil microbiology and their
combination is still not well known (Y. Lin et al., 2019). HC application to soil decreased oxidable and
residual fractions were acid soluble and reducible fractions HM content increased (Yue et al., 2017).
The change described to HM was released by HC decomposition. Comparing the bioavailability of HM
of HC with sludge in soil, sludge has a higher bioavailability (Yue et al., 2017). Preventing leaching and
disposing of HM is essential for society and the environment, and if not done correctly, it can end up
harming all life, including us.

PAHs can harm the soil biota and have to be below the specified threshold to reduce harm to the
environment (J. Wang et al., 2019). To decrease PAHs in HC, C. Wang et al., 2017 recommends firstly
a feedstock with low or no PAHs to be used in the HTC process. Secondly, using low temperatures as
this possibly creates lower toxic PAHs and fewer amounts of PAHs. However, char created with lower
temperatures creates easier decomposed char because of its higher VM and thus PAHs are more ac-
cessible (C. Wang et al., 2017). The presence of Cu could suppress the formation of PAHs, while Zn
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h!
Figure 2.12: This schematic provides an overview of the connections between primary biochar properties (depicted in the outer
circle), the soil processes they may affect (represented in the intermediate circle), and the soil biota (shown in the inner circle).
The strength of the connections is qualitatively estimated by the distance between circles. White arrows indicate the influence

of biochar properties on one another (Lehmann et al., 2011).

in contrast can increase the amount of PAHs in HC (Peng et al., 2017). Wiedner et al., 2013 showed
that the environmental risk of PAHs in hydrochar is minimum, but temperature and feedstock affect
PAHs significantly. Misuse combined with different legalisation can lead to PAHs into agrosystems as
possible pollution.

In contrast, On the surface, carboxyl, hydroxyl, and phenolic groups are abundant and serve as excel-
lent binding sites for heavy metals such as Cd (Ren et al., 2017). These surface groups absorb heavy
metals that are present in the soil, reducing their phytoavailability (Ren et al., 2017). Cd can be accu-
mulated by plants which cause the inhibition of plant growth and reduce the production of agricultural
products (Ren et al., 2017). Phytoavailable, the availability of an element to plants from the soil, of
Cd has been decreased with the implementation of HC (Ren et al., 2017). This has been linked to the
high amount of OFGs HC posses (Ren et al., 2017). Furthermore, Ren et al. (2017) showed that Cd
availability was decreased as Cd was increased from 22.85% to 50.36% in the oxidizable (F3), and
residual (F4) fraction.

Yin et al. (2022) showed that HC can improve lettuce growth in acidic soil, but also showed that crop
yield change depends on the feedstock as reed straw HC decreased lettuce yield in combination with
acidic soil.

2.9.3. Absorbent
HC can be used as an absorbent for chemicals in sectors such as the printing, dye industries, and
contaminated soil (Z. Lin et al., 2023; Maletić et al., 2022). Chemical interactions and acid–base, sur-
face active sites, and redox equilibria between adsorbents and adsorbates can all influence absorption
capabilities (Z. Lin et al., 2023). Research done by Z. Lin et al. (2023) showed that N-doped HC from
sludge had increased (2 times) absorptive capabilities for congo red compared with the not doped HC
control group. Also, they showed that the adsorption effectiveness depends on the pH of the congo
red solution (Z. Lin et al., 2023). Still, the poor porosity and low surface area limit the adsorption ca-
pacities compared to BCs (Z. Lin et al., 2023). Creating HC on different temperatures (190, 220, and
250°C) and with and without KOH treatment, Ferrentino et al. (2020) showed that the KOH treatment
combined with 250°C resulted in the highest absorption capacities. Wei et al. (2018) showed that the
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surface area (45.3 m2/g) of HC from municipal sewage sludge was improved (9x) compared to its feed-
stock. Compared to high-performance porous biochar produced from catalytic pyrolysis of peanut shell
the HC from Wei et al. (2018) had a 20 times lower surface area (979 g/m2) but its pore volume (0.382
cm3/g) is comparable (Wei et al., 2018; J. Yang et al., 2020). Furthermore,

2.9.4. Fuel
High concentrations of alkali and alkaline earth metals in biomass show undesirable behavior such as
fouling, slagging, klinker formation, and corrosion during combustion in the energy sector (Kambo &
Dutta, 2015). The amount of these metals is directly related to the fraction of ash from the char product.
Besides heavy industries, the burning of biomass produces ashes that contain HM, these can be used
in fertilizers but mostly are stored in landfills (Mierzwa-Hersztek et al., 2019).

Water containing biomass such as walnut shells, and coconut shell could be utilized as biofuels (Naderi
& Vesali-Naseh, 2021). Naderi and Vesali-Naseh (2021) increased HHV from 18.85 to 27.95 when op-
erating under optimal conditions found at 250 Celsius, 5 hour run time and 6:1 water solid ratio (85.7%).
The Thorwash project of TNO is used in an EU project and showed that fuel from paper mill biosludge
can increase fuel performance (Liang et al., 2022). sludge treated by HTC is advantageous for im-
proving dewatering, storage, and feedstock logistics but the combustion properties are not significantly
improved (Hansen et al., 2022). Furthermore, the HHV of fuel can be calculated with correlations using
elemental composition or looking at FC and VM (Sheng & Azevedo, 2005).

Pollution of 𝑁𝑂𝑥 is an environmental hazard and must be limited. As biomass contains nitrogen and
sludge has 5-10% nitrogen the potential danger of utilizing this feedstock as a fuel could lead to exten-
sive𝑁𝑂𝑥 emissions (Kulikova et al., 2022; T. Liu et al., 2017; Ozgen et al., 2021). This is in contrast with
different qualities of coals that range from brown coal to bituminous coal which have 0.6–2.0% nitrogen
content, dry ash free basis, respectively (Nelson et al., 1992; Shimizu & Toyono, 2007). Hansen et al.
(2022) showed that HTC decreases nitrogen content in sludge by 10-20%, which could lower 𝑁𝑂𝑥.

2.9.5. Battery
Qatarneh et al. (2021) and J. Wang et al. (2021), J. Wang et al. (2018) research hard carbon an-
odes from river driftwood, Phenolic resin, and reed straw-derived by HTC pre-treatment and pyrolysis
to show the potential use of HTC for hard carbon anodes. Hard carbon (non-graphitizable carbons)
materials, which have a good reversible capacity between 350-370 mAh/g, good coulombic efficiency
and long cycle life, are used for low-cost anode material in batteries (Goriparti et al., 2014). Z. Xu
et al. (2022) created two series of hard carbons from glucose where the first one was made by high-
temperature carbonization (i.e. pyrolysis) and the second series by hydrothermal pre-treatment fol-
lowed by high-temperature carbonization. The extra nanovoids and defects that arise from hydrother-
mal pre-treatment increased electrochemical performance in the second series. Also, the live cycle
assessment (LCA) showed that the HTC pre-treatment process significantly increased sustainability
impact, increase overall carbon yield improved carbon structure and morphology’s (Y. Xu et al., 2020).
A one-step synthesis method for HTC is unfavourable as is shown by Wan et al. (2020) who created
an anode that has a 2.5 times higher discharge capacity than without the pyrolysis treatment.

2.9.6. Anaerobic Digestion
Anaerobic digestion can be used to enhance the overall energy yield of the HTC process by utilizing
the aqueous phase. Nanou et al. (2020) demonstrated that the aqueous phase of HTC can be treated
through anaerobic digestion to produce biomethane, with a potential of generating 11 𝑚3𝐶𝐻4/𝑚3 efflu-
ent from a 2% dry matter sludge feedstock. Furthermore, production rates ranging from 166 to 237 ml
CH4 g/COD have been obtained (Cebi et al., 2022). HTC temperature influences the yield of effluent to
biogas through anaerobic digestion, where an increase in HTC process temperature decreases biogas
formation (Gaur et al., 2020; Merzari et al., 2019; Nanou et al., 2020). The increase in yield at lower
temperatures can be ascribed to short-chain fatty acids like acetic and formic acid (Gaur et al., 2020).
Higher reaction severity leads to more complex recalcitrant or inhibitory products that negatively influ-
ence the production of biogas. Some of these are; pyrroles, pyridine, ketone, alcohol, and pyrazine
(Gaur et al., 2020; Merzari et al., 2019).



26 2. Literature Study Concerning Hydrochar

HC additives to anaerobic digestion have shown improved hydrogenotrophic methanogenesis promot-
ing the reduction of CO2 to CH4 by a higher amount of H+ intermediates as HC has the ability to
facilitate electron transfer (DIET: direct interspecies electron transfer) (Rodriguez et al., 2021). Adding
HC show improvements in biogas creation by increasing alkalinity, increasing intermediates (acetic
acid and hydrogen), supplying nutrients, purifying the biogas by retaining part of the CO2, decreasing
the lag phase, providing microbial support and reducing the inhibition of high ammonium concentration
(Rodriguez et al., 2021). As an additive for anaerobic digestion the specific methane production rates
when adding HC (49.8%) outperforms BC (34.3%) (Shi et al., 2021).

2.10. Conclusion
With HTC, emissions can be decreased because it consumes less energy, has a higher yield than dry
thermal conversion methods, and does not require harsh reactor conditions. It is more justifiable to
use HTC than any other thermochemical process to convert high moisture content biomass to useful
products (Heidari et al., 2019). Hydrothermal treatment of high moisture biomass does, however, still
have certain limitations because the technology is not yet ready for industrial use.

There is no agreement in the literature regarding how the sludge is produced or where it comes from,
except for the occasional distinction between primary and secondary sludge. It is challenging to com-
pare HC through the elemental (CHNO) composition of sludge to another due to the wide variations in
their composition. Cultural differences may contribute to this difference; for instance, using toilet paper
may increase the lignocellulosic content of the sludge.

Every nation has different laws, some stricter than others. The regulations for BC, which is similar
to HC, are often given forth by two institutions, IBI and EBC. When a market for this material develops,
these laws will likely apply to HC as well as the char implication into soil. There are various grades
available with the EBC depending on the application field. Given that there are stricter rules for the
application in organic farming and as an addition to cow food, using EBC-Agro will be adequate for soil
implication and thus be used to benchmark results. Measuring the pH of the produced HC is necessary
to understand its possible impact as a soil amendment, as pH is one of the critical factors affecting soil
biota and vegetation (Lehmann et al., 2011). The EBC made a pH value mention obligatory (Schmidt
et al., 2022).

Reaction severity can be calculated by combining data like temperature and retention time. This combi-
nation can be used to evaluate how different feedstocks were treated. Less yield, more HM accumula-
tion, and a higher FC/VM ratio result from higher temperature and retention time, which also raises the
HHV. Additionally, more FC enhances the carbon stability, making less mass accessible to bacteria but
increasing the potential for carbon sequestration. A temperature of 180°C is the minimum temperature
for the decomposition of proteins and polysaccharides and the most notable decline in moisture content
happens at this temperature At least 180°C is necessary for dewatering the biosludge and starting of
important Maillard reaction. Where temperatures above 250°C could potentially block pore structure
Also, the region of HTL would be reached, creating an oil phase, subsequently increasing the number
of phases and, thus, the process complexity.



3
Materials and Methods

Seven steps can be used to organize the planning, carrying out, and analyzing of an experimental
campaign (Montgomery, 2013). The first step is to (1) recognize and state the problem; (2) a selection
of factors, levels, and ranges is needed to determine the boundaries and incorporate research time
constraints; (3) response variables selection is done to add to the boundaries and research time con-
straints. Multiple experiment designs are possible. Depending on the results of the experiments, (4)
a fitting experimental design is more time and resource-efficient; (5) carrying out the experiments and
how are essential. A (6) statistical analysis is required to determine how the input variables affect the
outcome. Finally, (7) conclusions and recommendations must be provided to interpret the data and ad-
vise on possible future experiments (Montgomery, 2013). This chapter describes points 2 to 4, where
chapter 4 shows steps 5 and 6. The analyses performed are explained in this chapter for repeatability.

3.1. Experimental Design
The experimental design considered time and temperature as factors in a central composite surface
response design. Each independent factor consists of three levels. For temperature, these levels are
set to 180, 210 and 240°C. The retention time was set to 2, 4, and 6h. On each temperature-retention
time point, HTC process is performed at least in duplicate and some points have beenmade in triplicate.
The analyses for characterizing HC, the aqueous phases, and the gas phase are shown in Table 3.1.

Table 3.1: Analysis performed on the produced phases and their units.

Analyses Units Analyses Units
Yields Hydrochar % Hydrochar ICP-OES mg/kg

Aqueous phase % Ultimate analysis %
Gas + residue % Proximate analysis %
Dry solid % BET 𝑚2/g

Aqueous
phase ICP-OES mg/kg Leaching

total organic carbon mg/L

Ammoniacal nitrogen mg/l Leaching ICP-OES mg/kg
Chemical oxygen demand g/l XRF %
pH -log([H+]) XRD Intensity

Gas HPLC % pH -log([H+])
Bomb Calorimetery MJ/kg

3.2. Material
From a GTL energy site, approximately 25 kg of centrifuged and sun-dried biosludge were sampled
and transported to the Red lab of civil Engineering TU Delft. The biosludge was refrigerated at 4°C.
The received sludge had a 43.4% humidity percentage. A 4838 Parr Reactor Controller in combination
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with a 1.5-litre stainless steel vessel non-stirred pressure vessel was used for HTC, from Parr USA. It
has no steering capacities.

3.3. Experiment Procedure for HTC
Three phases are produced by the HTC process: gas, HC, and an aqueous phase shown in Figure 3.1.
Understanding the challenges and potential random and systematic uncertainties in producing these
phases was crucial before analyzing them. This section will outline the HTC process in eight steps,
illustrated in Figure 3.2. Also, this section, has provided greater detail on potential errors to provide a
better understanding of the yield data.

WAS HTC HC

water

gas

Figure 3.1: Simple process diagram of the process, input, and products

First, the vessel was filled with the provided biosludge and demi water. The demi water was added after
loading the sludge into the vessel. A 20% solid/water mixture was created by mixing 353,4g of sludge
(43,4%moisture) with 646,6g of demi-water. The mass load of the vessel weights approximated 1000g.

The next step was preparing the vessel. To prevent gas from escaping and further oxidising the reactor
vessel was flushed with N2 and sealed with a lid. Pressure builds up when the gas relief valve was
closed during nitrogen venting. Nitrogen gas pressure build-up was expected not to affect the response
variables significantly.

Before the retention time begins, the vessel was preheated at an increment of 5°C per minute. When
the proper temperature was reached, a timer was set. Once the run was completed, the vessel was
cooled overnight outside the reactor jacket.

Collecting the phases and cleaning the vessel were the next steps. The HC and aqueous phase were
vacuum filtered using a 2-litre vacuum vial and a porcelain Buchner filter with Macherey-Nagel 85/70
(0,6μm) 150mm filter paper, from Germany. The vial and the Bucher filter are weighted, including the
parafilm and filter paper. The HM and aqueous phase mixture inside the large vessel was carefully
emptied into the Bucher filter under vacuum. The first mass to leave was mostly liquid. The vessel
was further scraped out to retrieve most of the sample. Some substance was lost because it was at-
tached to the vessel walls and scrapping spoon, lost by splattering, and process handling. This amount
was recorded as residue. The residual amount attached to the walls was calculated using the vessel’s
weight. The aqueous and HC yields are then measured by weighting, the Bucher filter, and the vial. To
identify the gas composition, a sample of gas from the vessel was taken before releasing the gas by
detaching the vessel cap. The vessel was weighed to determine how much mass was being released
as a gas.

Finally, the wet HC was dried at 105 °C overnight, the aqueous phase was stored, and the vessel
was cleaned. The process was repeated by the above-described experiment schedule, which was
summarized in Figure 3.2.

3.4. Analyses Methods
This section presents the methods used for analysing HC, aqueous and gas phase response variables.

https://www.mn-net.com/glass-fiber-filter-circles-mn-85/70-with-binder-retention-capacity-0.6-m-403012
https://www.mn-net.com/glass-fiber-filter-circles-mn-85/70-with-binder-retention-capacity-0.6-m-403012
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sludge and
demi water filling flush with nitrogen Pre-heating vessel retention time

2h/4h/6h

Gas sample
and gas measurement

extracting and filtering
HC and water

Measuring and storing Cleaning

Figure 3.2: Flow diagram of the steps necessary to create HC, aqueous and gas phases. These steps, possible errors, and
difficulties are described in section 3.3

3.4.1. Mass Yields
Themass yield, liquid, and gas yield have been analysed using eqs. (3.1) to (3.3). The residue was also
denoted during the process and calculated by Equation 3.4. The residue consists of residual product
inside the vessel, vessel cap, and spatula used to scrape the product, evaporated moisture during
vacuum filtration, and effluent splashes during the pouring of the product into the vacuum filtration
setup. Equation 3.5 calculates the total dry masses added into the vessel and how much of this was
recovered into the HC. The procedure to obtain the data used in eqs. (3.1) to (3.5) was described in
section 3.3. The data was shown in Figure 4.1.

𝑌𝑔𝑎𝑠 =
𝑀𝑎𝑠𝑠𝑏𝑒𝑓𝑜𝑟𝑒 𝐻𝑇𝐶 −𝑀𝑎𝑠𝑠𝑎𝑓𝑡𝑒𝑟 𝐻𝑇𝐶

𝑀𝑎𝑠𝑠𝑡𝑜𝑡𝑎𝑙
(3.1)

𝑌𝑙𝑖𝑞𝑢𝑖𝑑 =
𝑀𝑎𝑠𝑠𝑙𝑖𝑞𝑢𝑖𝑑 𝑎𝑓𝑡𝑒𝑟 𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 + 𝑌𝑠𝑜𝑙𝑖𝑑 ⋅ %𝑚𝑜𝑖𝑠𝑡 𝑠𝑜𝑙𝑖𝑑

𝑀𝑎𝑠𝑠𝑡𝑜𝑡𝑎𝑙
(3.2)

𝑌𝑠𝑜𝑙𝑖𝑑 =
𝑀𝑎𝑠𝑠𝑠𝑜𝑙𝑖𝑑 𝑎𝑓𝑡𝑒𝑟 𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 ⋅ (100 −%𝑚𝑜𝑖𝑠𝑡 𝑠𝑜𝑙𝑖𝑑)

𝑀𝑎𝑠𝑠𝑡𝑜𝑡𝑎𝑙
(3.3)

𝑌𝑙𝑜𝑠𝑠𝑒𝑠 = 100 − 𝑌𝑠𝑜𝑙𝑖𝑑 − 𝑌𝑙𝑖𝑞𝑢𝑖𝑑 − 𝑌𝑔𝑎𝑠 (3.4)

𝑌𝑑𝑟𝑦 𝑠𝑜𝑙𝑖𝑑 =
𝑆𝑖𝑛
𝑆𝑜𝑢𝑡

(3.5)

3.4.2. Hydrochar and Aqueous Phase pH
The pH of the aqueous phase and HCwas determined with aWTW™ inoLab™Multi 9430 IDS™Digital
Benchtop Multiparameter equipped with a SenTix® 94x electrode, from Xylem Analytics Germany.

Aqueous phase
For the aqueous phase characterization, each phase was stirred well before the measurement. This
was because the test runs showed that long-standing aqueous phase led to COD deviation at different
sample heights. The pH data was shown in Figure 4.15c. With respect to hydrochar pH, we used
the method described in Singh et al. (2017). A 5,0g dry HC sample was milled (4188 Maschrenweite
0,63mm) into a bucket. The sample was poured into a bottle, filled with 50mL of demineralised water
(5 times 10ml pipet), and it was shaken thoroughly. These bottles were stirred for 1 hour at 25°C. A
30-minute period of rest for the suspension took place. Then the pH was measured, and the pH sensor
was cleaned (Singh et al., 2017). The results of this analysis are shown in Figure 4.5.
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3.4.3. Ammonia and COD Hach Kits
Ammonia
The concentration of ammoniacal nitrogen in the aqueous phase was determined using a LCK 303
Ammonium kit from Hach. Ammoniacal nitrogen refers to the nitrogen in water that is in the form of
ammonia (NH3) or ammonium (NH4+) The samples were shaken before measurements took place.
The kit was used according to instructions supplied by Hach. Each aqueous sample was measured in
triplicate, where the average was used as the data point. The ammoniacal nitrogen data is shown in
Figure 4.15b.

COD
COD of the aqueous phase was measured using a test kit. The kit used was the TNTplus®824 kit from
Hach, with a range between 5-60g/l COD. Each aqueous phase was shaken before being measured
because test samples showed better accuracy. The test kit was tested according to method 10212
supplied by Hach. Every sample was measured in triplicate, with the average serving as the data
point. The COD data is shown in Figure 4.15a.

3.4.4. Inductively Coupled Plasma - Optical Emission Spectrometry
To obtain HM concentrations and elemental concentrations in the aqueous and HC phases, inductively
coupled plasma atomic emission spectroscopy (ICP-OES) was used. The acid mixture to make the
HM accessible can be found underneath. The vials’ lids are opened to let out any accumulating gas.
Otherwise, excessive pressure will cause the vial caps to pop off. Each aqueous and HC sample was
analysed in triplicate. The aqueous phase and HC ICP-OES data are shown in detail Figure A.1 and
Figure A.2, respectively. Were bar plots are shown in section 4.6.

Aqueous Phase
In a vial with two times 4.5ml of demi water, 1ml of 30% Aqua regia, and 0.1ml sample are added.

HC
For the HC samples, at least 0.1g was added to a vial, and 10ml of Aqua regia was added.

3.4.5. Ultimate Analysis
The carbon, nitrogen, and hydrogen part of the ultimate analysis was performed by an external com-
pany, Bureau Veritas, by ASTM D5291C standard. All samples are pre-dried for 24 hours at 105°C
before being analyzed. Because of budget constraints, only one sample of a time-temperature point
has been measured. The results obtained from Bureau Veritas are the averages of duplicate measure-
ments. The oxygen content was calculated by difference, as is shown in Equation 3.6 where the data
of Figure A.2r was used for sulfur.

Percentage of Oxygen = 100 − percentage of (C+H+ S+ N+ Ash ) (3.6)

3.4.6. Proximate Analysis
Moisture content of HC wet cake was available but not shown in this thesis because the values are inac-
curate because of vacuum filtration. Therefore, moisture was not used as each sample was measured
after drying at 105°C. The data obtained for proximate analysis was shown in section 4.3. FC was
calculated by Equation 3.7, where ash (A) percentage analysis was described underneath, M stands
for the moisture percentage, and VM stands for the volatile percentage. Furthermore, the VM was
determined with thermogravimetric analysis (TGA) as described below.

𝐹𝐶 = 100 −𝑀(%) − 𝐴(%𝑑𝑟𝑦) − 𝑉𝑀(%𝑑𝑟𝑦) (3.7)

TGA
To determine the VM, a TGA was used. This analysis was conducted on a TGA SDT Q600, from
TA instruments in Belgium. For sample preparation, an alumina crucible was filled with 17–20 mg of
sample. The program starts with nitrogen gas, heated at 10°C per minute to 110°C. The temperature
was held at 110°C for 10 minutes. Ramping up the temperature continues, from 10°C to 600°C. Here,
the temperature was held for 10 minutes. The gas was switched from nitrogen to oxygen. Finally, the
sample was burned isothermally at 600°C for 15 minutes. The data obtained was shown in section 4.3.

https://aquaanalytics-tekhnika.ru/assets/products/71/hach-lck303-ammoniy-metodika.pdf
https://www.hach.com/p-chemical-oxygen-demand-cod-tntplus-vial-test-uhr-5000-60000-mgl-cod-25-tests/TNT824
https://www.hach.com/p-chemical-oxygen-demand-cod-tntplus-vial-test-uhr-5000-60000-mgl-cod-25-tests/TNT824
https://www.hach.com/asset-get.download.jsa?id=55787619002
https://www.hach.com/asset-get.download.jsa?id=55787619002
https://tajhizkala.ir/doc/ASTM/D1506-15.pdf
https://www.tainstruments.com/wp-content/uploads/sdt.pdf
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Ashes
At 105°C, the dried HC was dried for another 24 hours. Ash analysis was performed with a Nabertherm
muffle furnace LV 15/11/P330, Germany, and according to the NREL/TP-510-42622 method. The sam-
ples are heated at 550°C for 1 hours. The ash analysis was done in triplicate in each experiment. The
ashes were stored for XRD analysis, as described in subsection 3.4.8.

3.4.7. Bomb Calorimetry
The nine HC samples that were also analysed by ultimate analysis were measured regarding their
heating value using a bomb calorimeter. For each measurement, a 1g sample was pelletized under
25 bars. Bomb calorimetry analysis was performed according to method supplied by Parr. The results
can be found in section 4.5.

3.4.8. XRD and XRF
Ruud Hendrikx of the TU Delft’s X-RAY Facilities Group performed the X-ray diffraction (XRD) and
X-ray fluorescence (XRF) analyses of the HC. The results are shown in section 4.9.

XRF
The XRF analyses are performed on the HC samples used for ultimate analysis and on the ashes of 9
other samples than those used in the ultimate analysis. This was because trial and error showed that
a high percentage of carbon was still in the ashes. Therefore, the samples are heated in a Nabertherm
muffle furnace L 15/12/B180 at 815°C for 2 hours before XRF analysis (Xing et al., 2016). The XRF
analyses are performed with a Panalytical Axios Max WD-XRF machine. The data obtained was pro-
cessed by SuperQ5.0i/Omnian software.

XRD
For XRD, a Bruker D8 Advance diffractometer Bragg-Brentano geometry and Lynxeye position sensitive
detector was used. The Bruker uses Cu Kα radiation, a divergence slit V12, a scatter screen height of
5 mm, and at 45 kV 40 mA. The sample spinning was on. Detector settings LL 0.19 W 0.06 where the
analysis was performed from Coupled θ -2θ scan 5° - 110°, with step size 0.041 ° 2θ, counting time per
step 2 s. The data was evaluated with Bruker software DiffracSuite.EVA vs 6.1.

3.4.9. Surface Area
Brunauer–Emmett–Teller theory (BET) determines the surface area and porosity. One sample per
temperature at 180, 210, and 240°C was analysed. These three samples all have a 4 hours retention
time. Each point was measured in duplicate. The machine used for this analysis was a Quantachrome
Instruments Autosorb IQ-XR-AG. Where 0,1 g was added into a 9mm glass rod. It was first desorbed
at 150°C for 120 minutes under a vacuum. Hold for 30 minutes with a vacuum. A filled liquid nitrogen
dewer controls the temperature when measuring absorption. Where helium was used to perform the
analysis.

3.4.10. Leaching of Heavy Metals and Total Organic Carbon
The leaching experiments are performed on one sample at 180-4, 210-4, and 240-4. The samples
have been prepared in duplicate. 1g of HC was grounded and put into a vial with 200ml of demi water.
This vial was agitated at 200 rpm. and 37°C. A 17ml sample was taken at 1, 2, 4, 6, 20, and 24 hours.
This was according to Yi et al. (2015). At each point, the total organic carbon was measured. This data
was shown in section 4.7. ICP-OES was used to determine the leaching of HM in the samples.

3.4.11. Gas Chromatography - Mass Spectrometry Biogas
From each run, a gas sample was taken. This was analysed with an Agilent Technologies 7890A Gas
chromatography Mass Spectroscopy (GC-MC) system. The results are shown in section 4.11.

https://www.nrel.gov/docs/gen/fy08/42622.pdf
https://www.parrinst.com/wp-content/uploads/downloads/2013/07/483M_Parr_Intro-to-Bomb-Calorimetry.pdf




4
Experimental Results and Discussion

In this chapter, the data obtained by the experiments described in chapter 3 are shown, explained,
and discussed. The data points obtained from the different analyses with the data regressions model
planes for the central composite designs are shown in this chapter. Underneath the figures, the sta-
tistical p-values of the overall model, the temperature (factor A) and time (factor B) are stated. P(B)
shows quantitatively how temperature is affecting the response variables, p(A2) shows quantitatively
that temperature exerts a quadratic effect on the response variable, and P(AB) shows that there is an
interaction between temperature and time with respect to the response variable. The data regression
model equations and ANOVA tables of the provided figures in this chapter can be found in Appendix A.

4.1. HTC Product Distribution
Figure 4.1 displays the mass yields of the HC, aqueous phase, and gas and losses phase as a function
of time and temperature. Figure 4.1a illustrates the mass yield of the HC obtained after the vacuum
filtration step. The HC yield decreases as temperature and residence time increase. Specifically, the
highest HC yield of 28.6 wt.% is attained at 180°C for 2h, while the lowest yield of 12.2 wt.% is ob-
tained at 240°C for 6h. The decrease in yield is primarily attributed to the thermal degradation of the
biosludge during carbonization. During HTC, the bound water in biosludge is transferred to free water,
and the solid HC becomes more hydrophobic, which decreases the amount of moisture and thus weight
(Figure 4.1a). Furthermore, results indicate that residence time has little impact on HC yield, with a
decrease of 1,3 wt.% between 180°C 2h and 6h. At 240°C for 6h and 180°C for 4h, a relatively large
standard deviation (SD) is observed due to experimental inaccuracy caused by the extended vacuum
filtration time (over 4h) compared to the typical 5-15 minutes for other samples.

(a) Wet solid yield in percentage.
P(overall)=<0,0001 P(A)=<0,0001, and

P(B)=0,0936

(b) HTC aqueous yield in weight percentage.
P(overall)=<0,0001, P(A)=<0,0001,
P(B)=0,3282, and P(A2)=0,0125

(c) Residue of each sample in percentages.
P(overall)=0,1298, P(A)=0,0543, and

P(B)=0,3660

Figure 4.1: Mass yields of the (a) HC, (b) aqueous phase, and the (c) gas plus losses with all p-values. Factor A represents
temperature and factor B represents time.

33
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The aqueous phase is the most abundant product obtained during HTC, as shown in Figure 4.1b.
The yield of the aqueous phase increases with increasing temperature, showing a statistically signifi-
cant linear and quadratic relationship. The aqueous phase yield mostly increases between 180°C and
210°C, with the highest yield of 76.3 wt.% obtained at 240°C and the lowest yield of 66.7 wt.% obtained
at 180°C. This is due to HTC being a non-evaporative dehydration process, where higher temperatures
intensify the removal of moisture, which results in higher fractions of process water. (Zhuang et al.,
2022). The steep increase in aqueous phase yield between 180°C and 210°C can be attributed to the
conversion of bound water to free water, releasing more aqueous fraction from the HC than at higher
temperatures between 210°C and 240°C. With respect to the gaseous phase, results indicate that as
temperature increases, the HC is thermally decomposed into gaseous compounds (Figure 4.1c).

The dry solid HC yield, from now on biochar (BC) yield, with respect to the dry input, is presented
in Figure 4.2. Between 50 wt.% and 60 wt.% of BC can be recovered for every gram of dry biosludge.
The results show a similar trend to that observed in Figure 4.1a, with the temperature being the primary
operational variable influencing the BC yield. The largest decrease in BC yield occurs from 180°C to
210°C between 8%-4% wt.%, while the BC yield between 210°C and 240°C decreases only by 1-2
wt.%.

Figure 4.2: BC yield per dry input. P(overall)=<0,0001, P(A)=<0,0001, P(B)=0,1698, and P(A2)= 0,0202

4.2. Ultimate Analysis
The ultimate analysis of the raw biosludge is presented in Table 4.1, which shows the percentages of
carbon, hydrogen, oxygen, and nitrogen. As can be seen from Table 4.1, the biosludge contains a high
amount of N (6.77 wt.%).

Table 4.1: Ultimate analysis of the raw biosludge (wt.% d.b.)

C H N O
Raw biosludge 45,67 6,41 6,77 41,15
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(a) Carbon content concentration (wt.%).
P(overall)=0,0936 P(A)=0,0952, and

P(B)=0,1193

(b) Hydrogen content concentration (wt.%).
P(overall)=0,3102 P(A)=0,3764, and

P(B)=0,2120

(c) Nitrogen content concentration (wt.%).
P(overall)=<0,0001, P(A)=<0,0001 and

P(B)=0,0334

(d) Oxygen content concentration (wt.%).
P(overall)=0,0974 P(A)=0,0434, and

P(B)=0,4961

Figure 4.3: Percentage of carbon, hydrogen, nitrogen, and oxygen content (wt.% d.a.f.). Factor A represents temperature and
factor B is the influences of time

The BC ultimate analysis is presented in Figure 4.3. The carbon content is shown in Figure 4.3a
where with increasing temperature and residence time, the HC becomes more carbonized and its car-
bon content is observed to increase. The carbon content varies between 49,8 wt.% and 53,5 wt.%,
which is an improvement of at least 4,29 wt.% from the raw biosludge. BCs above 50 wt.% carbon
content meet the requirements of the EBC to be considered as BC.

With respect to hydrogen (Figure 4.3b), the overall data regression model shows that an increase
in temperature and residence time increases the hydrogen content. The hydrogen content of BC at
180°C and 2h declined to 4,6 wt.% (180°C and 2h) from 6,4 wt.% in the raw biosludge after HTC. But,
as the temperature increased, the hydrogen content raised up to 5.8 wt.% for 240°C and 6h. Where
the data regression model shows content varying between 5,2 w.t% (180°C and 2h) - 5,8 w.t% (240°C
and 6h).

After HTC processing, the nitrogen concentration decreased to 5.4 wt.% at 180°C and 2h from 6.8
wt.% in the raw biosludge. With increasing temperature and time the nitrogen content was further re-
duced to 4.1 wt.% at 240°C and 6h. Processing with HTC reduced nitrogen content between 22 wt.%
(180°C and 2h)-40wt.% (240°C and 6h), double the average amount of 10-20% nitrogen reduction re-
ported in literature for primary sludges (Hansen et al., 2022). This could differ because the nitrogen
content of the raw biosludge (secondary sludge) has over double the amount of nitrogen content com-
pared to primary sludge (Hansen et al., 2022; Kulikova et al., 2022). Furthermore, comparing BC with
conventional coal, the amount of nitrogen is at least more than double that of bituminous coal (<2,0%)
and compared to brown coal (>0.6%) at the minimum seven times higher (Nelson et al., 1992). When
used as a fuel, this could lead to more 𝑁𝑂𝑥 emissions, which must be considered to weigh the environ-
mental impact in the context of fossil fuel alternatives.
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Figure 4.3d shows that oxygen content in BCs decreases with temperature and residence time. The
oxygen content of the starting material includes ashes, where the oxygen contents shown in Fig-
ure 4.3d, have been calculated by distracting ash content. Because of this, the oxygen contents can not
yet be compared. The figure indicates that the oxygen content of BCs linearly decreases from around
12 wt.% at 180°C to approximately 10% at 210°C and 7% at 240°C. Out of the nine BC samples, six
samples are in agreement with the regression model, while three points at 210°C 6h, 240°C 4h, and
240°C 6h could be considered outliers.

4.3. Proximate Analysis
Figure 4.4 shows the proximate analysis including VM, FC, and ash data from the BC samples in
figs. 4.4a to 4.4c. The moisture contents of the BCs are not shown because of the thermal drying.

(a) Volatile mater of HC. P(overall)=0,0004,
P(A)=0,0002, P(B)=0,0459

(b) Fixed carbon content of HC.
P(overall)=0,0007, P(A)=0,0003, and

P(B)=0,2199

(c) Ash content concentration.
P(overall)=0,0005, P(A)=0,0001, and

P(B)=0,9313

Figure 4.4: Proximate analysis showing volatile matter, fixed carbon, and ashes of the BC samples.

As observed in Figure 4.4a, temperature and residence time have a significant impact on the VM
content of BCs. The VM content of BCs lies between 50-41 wt.%, where the highest VM content is
observed at 180°C 4h (50,53 wt.%.) This measurement is statistically the greatest outlier by DFFITS
and cook’s distance. The opposite trend is observed for FC content, where an increase in temperature
and residence time rises FC content. Figure 4.4b shows that the averageFC content ranges between
21.1-25.9 wt.%.

Figure 4.4c shows that the ash content increases with temperature. On the other hand, it is observed
that the residence time does not impact ash concentration. The 6h BC samples at 180°C had 27.2 wt.%
ash, at 210°C 29.7 wt.% and at 240°C 32.1 wt.%, which is an increase compared to dry biosludge (17,0
wt.%). literature reported ash content in dry-based biosludge can have 21 wt.% and BC ash percent-
age of up to 40 wt.% have been measured (Paiboonudomkarn et al., 2023; Volpe et al., 2020; R. Wang
et al., 2019). in a study by Vassilev and Vassileva (2009), 37 coals from various locations around the
world were analyzed and categorized based on their type and ash content. The results showed that the
average ash content among these coals was 19.8 wt% (Vassilev & Vassileva, 2009). The ash analysed
showed an average of 30 wt.% ash content which in coal terms would be categorized as an high-ash
containing coal (Vassilev & Vassileva, 2009). with The three oxygen content measurements that did
not correspond with the regression model are all BCs with a higher amount of ash content which could
explain the variance in Figure 4.3d.

4.4. Hydrochar pH
In Figure 4.5 the pH of the BC is presented as a function of the HTC residence time and temperature.
According to Lehmann et al. (2011), the mineral ash content in BC is positively correlated with its pH,
such that biochars with higher ash content tend to be more alkaline. As shown in Figure 4.4c, the
mass percentage of ash in the BC increases with HTC temperature, which can result in a more alkaline
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pH (Figure 4.5). However, the surface chemistry of BC is more complex. For example, Zhuang et al.
(2018) reported that the hydrochar contains more acid groups, such as COOH and OH, with increas-
ing temperature, and it becomes more hydrophobic. Nevertheless, the decarboxylation of the COOH
carboxylic acid groups can lead to a less acidic hydrochar (Roslan et al., 2023). Jellali et al. (2022)
showed that increasing the time from 0.5 h to 1 h at 250°C can decrease the pH of BC, with a decrease
in pH from 6.0 to 5.5.

The presence of the residence time-temperature interaction term results in a decreasing pH along
the 180°C 2-4-6h line and an increasing pH at the 2-4-6h line at 240°C. It is still inconclusive how the
AB factor causes this behavior.

Figure 4.5: Hydrochar pH. P(overall)=<0,0001, P(A)=<0,0001, P(B)=0,0593, P(AB)=0,0027, P(A2)=0,0178, P(B2)=0,0496

The results presented in Figure 4.5 confirm literature findings of Lehmann et al. (2011). Where at
240°C, the BC with the highest amount of ash (Figure 4.4c) reports a more alkaline pH than samples
at 180°C. The sample with the lowest ash content has the most acidic pH at 180°C and 6h. The pH of
the BCs made at 180°C and 2, 4, and 6h corresponds to the pKa of short-chain fatty acids produced
by HTC, like acetate (4.76), propionate (4.9), and n-butyrate (4.82) (K. Zhu et al., 2021).

4.5. Bomb Calorimetery
The analysis conducted on the heating value HHV of BCs is presented in Figure 4.6a. The results
indicate that the average HHV range for BCs falls between 21.9-23.5 MJ/kg, which is comparable to
the higher end of the HHV for sub-bituminous coal (IEA, n.d.). It is worth noting that an increase in
temperature and residence time leads to an increase in the HHV of BCs, as demonstrated by the trend
observed in Figure 4.6a. These results are also in agreement with the increase in C content at the
expense of O reported in figs. 4.3a and 4.3d. Furthermore, the average HHV of BCs is 14% higher
than that of raw biosludge (19.8 MJ/kg).

The energy content graph resembles the inverse of the oxygen content (Figure 4.3d), which is most
evident on the 240°C axis. The decreasing oxygen content increases the HHV, as does the increase
of carbon content (Sheng & Azevedo, 2005).

Figure 4.6b presents the HHV per dry input. As can be observed, the HHV per dry input is outweighed
by the low amount of BC yield produced at higher temperatures and residence time. The most interest-
ing finding in Figure 4.6b is that low temperature and low residence time BCs might be more attractive
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when used as fuels than BCs with higher C content produced at higher temperatures. However, it
is important to note that these findings were based on a HHV perspective, assuming that all moisture
was evaporated. A lower heating value perspective and energy balance analysis would provide a more
accurate assessment of the dewatering potential of the HTC process, as compared to thermal drying.
Such an analysis might even contradict the aforementioned conclusion. In addition, the dry BC yield
that is lost ends up mostly in the aqueous phase from which energy can be utilized through anaerobic
digestion improving energy recovery.

(a) Hydrochar energy content. P(overall)=0,1843, P(A)=0,1052,
P(B)=0,3773

(b) Hydrochar energy content per kg of input material.
P(overall)=0,1317, P(A)=0,0796, and P(B)=0,2894

Figure 4.6: (a) HHV of HC samples and (b) the HHV multiplied with the dry solid yield.

4.6. ICP-OES Analysis
The elements detected by ICP-OES have mostly ended up in the BC. Al, B, Ba, Ca, Cl, Co, Cr, Cu,
Fe, K, Mg, Mn, Na, Ni, Sr, Zn, P, S, Si, and Mo were detected in the aqueous and HC phases. In this
section, the HM regulations have been coupled to the data and subsection 4.6.1 shows the ICP-OES
data in detail, as does subsection 4.6.2 for the ICP-OES data of HC. The surface response models of
each elemental varying with time and temperature factors can be found in Appendix A.

Eight HM species are under regulation by the EBC namely; Pb, Cd, Cu, Ni, Hg, Zn, Cr, and As, where
Cu, Ni, Cr and Zn have been found in the biosludge, the aqueous phase, and HC (Schmidt et al.,
2022). The IBI also takes Mo into account (“Biochar”, n.d.). Table 4.2 shows that Co concentration
is between 4 and 5 times higher than the highest allowing regulations, from IBI. Cr concentration is
2-3 times higher than EBC regulation thresholds for customer products and Cu is 7-8 times higher.
Ni concentration for some samples is within regulations. The amount of Zn is a factor between 22-29
higher than regulations.

4.6.1. Aqueous Phase
The elements detected by ICP-OES in the aqueous phases are shown in Figure 4.7, where Figure 4.7a
shows the elements Ca, Fe, K, Mg, Na, Cl, S, and Si that range between 35-3500mg/kg and Figure 4.7b
shows the elements ranging between 0.2-200 mg/kg, which are Al, B, Co, Cr, Mn, Ni, Sr, Zn, P, and
Mo. Overall it can be seen that HM concentration is significantly reduced compared to the original
biosludge and that with increasing time and temperature, the concentrations are declining further. Only
the alkali metals K and Na are showing an increase with time and temperature for the aqueous phase.
Cl is detected because of the aqua regia used to dissolve the HMs.
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(a)

(b)

Figure 4.7: Logaritmic plots of aqueous phase elemental concentration where (a) are the elements ca, Fe, K, Mg, Na, Cl, S,
and Si obtained within the range of 35-3500mg/kg and (b) are the elements Al, B, Co, Cr, Mn, Ni, Sr, Zn, P, and Mo in the range
of 0.2mg-200mg/kg. The results are received by ICP-OES and from left, to right the samples 180°C-2h, 180°C-4h, 180°C-6h,

210°C-2h, 210°C-4h, 210°C-6h, 240°C-2h, 240°C-4h, 240°C-6h are shown for each element.

4.6.2. Biochar
The high amount of ash shown in Figure 4.4c consists of different elements, where Fe, Ca, Mg, Mn Zn,
P, and S takes up most of the ashes as shown in Figure 4.8a. The elements below 1300mg/g shown
in Figure 4.8b are Al, B, Ba, Co, Cr, Cu, K, Na, Ni, Sr, Si, and Mo. Figure 4.8 shows that all elements
are influenced by temperature except for Ba, B, S, and Ni, which shows no trend at all, where more
detailed figures with statistical values are provided in Figure A.2. Time is only significant for Mg, as can
be seen in Figure A.2i. Furthermore, Si concentration is clearly decreased at the 240°C samples. For
the aqueous phase, similar decrease is noted, which goes against the law of conservation of mass.
Ash analysis has not shown such behaviour, as is further elaborated on in section 4.9. The element
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Ba and Cu are only detected in the HC, which shows that these HM are completely transferred to the
HC phase.

(a)

(b)

Figure 4.8: Logaritmic plots of BC elemental concentration where (a) are the element concentrations of Ca, Fe, Mg, Mn, Zn, P,
and S within the range 2000-16000mg/kg and (b) are the element concentrations of Al, B, Ba, Co, Cr, Cu, K, Na, Ni, Sr, Si, and

Mo in the range of 30mg-1800mg/kg. The results are received by ICP-OES and from left to right the samples 180°C-2h,
180°C-4h, 180°C-6h, 210°C-2h, 210°C-4h, 210°C-6h, 240°C-2h, 240°C-4h, 240°C-6h are shown for each element.
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4.7. Leaching of Heavy metals and Total Organic Carbon
Figure 4.9 shows the TOC leaching from 180°C, 210°C, and 240°C HC, each with a residence time
of 4h. The three samples analysed all exhibit the same leaching profile with increasing time. The
180°C sample leaches around 80 mg/L more than the 210°C sample and around 180 g/L more than
the 240°C sample. Showing that higher temperatures create more stable HC because of the further
carbonized structure. The leaching results also indicate that higher temperatures lead to less leaching
of organic content which could be a reason for the lower pH at lower temperatures as shown in Fig-
ure 4.5. Furthermore, there appears to be no further leaching of TOC between 20 and 24 hours, which
could implicate that after 24h more leaching will not occur.

Figure 4.9: Leaching of TOC for three samples made on 180°C, 210°C, and 240°C in combination with 4h residence time.

While the VM of the 180°C HC sample is higher (17%) than that of the 240°C HC sample, it is not
enough to account for the increase in TOC leaching from 51 mg/L to 177mg/L. This may be attributed
to the fact that the hydrophobicity of HC increases with temperature, resulting in less soluble carbon
and reduced TOC leaching levels in combination with samples created at higher temperatures. Addi-
tionally, the hydrophobic nature of HC may lead to lower moisture content through mechanical drying,
resulting in energy savings.

A TOC of around 50 mg/L is in the range (0.1-59.4 m/L) of 400 groundwater samples from 8 Euro-
pean Union countries but is higher than the median of 2.7 (Gooddy & Hinsby, 2008). Also, the quality
of the organic carbon that has leached is not determined, which could be a hazard. Filtering water with
a faster flow rate could result in lower TOC concentrations. Furthermore, the leaching of TOC could be
decreased by washing as precipitated short-chain fatty acids are the most abundant leached TOC.

Elements that have leached from the HC in the water have been detected by ICP-OES as the total
amount of elements is shown in Figure 4.10. Corresponding with TOC higher amounts of elements
are detected at the 180°C sample but after 4h the 240°C samples show similar leaching, whereas the
210°C sample was around 10 mg/kg lower after 24h compared to the 180°C and 240°C samples. One
should expect that comparable ranking with TOC would occur but the 240°C sample leaches more
than the 210°C sample and shows similar leaching with 180°C. The total leaching per hour (mg/h)
decreased in all samples over time and stabilization occurs at the 210°C and 240°C samples but the
180°C total leaching between 20 and 24h is 0,82 compared to 0.95 between 6 and 20h.increases with
The ICP-OES data, shown in Table A.3, shows that the HM content consist of around 60% SO4 and
circa 30% is contributed by Ca for the three samples at 240°C. The last 10% can be contributed to Al,
B, Co, Cr, Cu, Fe, K, Mg, Mn, Na, Sr, Zn, PO4, SO4, Si, and Mo.
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Figure 4.10: Leaching of elements, detected by ICP-OES, for three samples made on 180°C, 210°C, and 240°C in combination
with 4h residence time.

4.8. Absorption
BET analysis was conducted on three BC samples produced at 180, 210, and 240°C with a residence
time of 4 hours. As shown in Figure 4.11, the surface area of the biochar ranged from 7-3.5 m2/g,
with higher temperatures resulting in lower surface area. This trend can be attributed to pore collapse
caused by the higher pressure in the HTC process, which is consistent with the BET analyses of J. H.
Zhang et al. (2014) findings; 8,7 m2/g at 190°C 6h and 5.4 m2/g at 260°C 6h.
Freshwater sludge derived BCs has shown higher porosity with a surface area of around 100 m2/g,
which had high ash (>60 wt.%) content (Y. Zhang et al., 2021). Literature describes that high ash
content leads to lower porosity and higher carbon content increases porosity (Leng, Xiong, et al., 2021).
Pyrochar from lignocellulosic feedstocks can have even higher BET values, reaching up to 500 m2/g,
while pyrochars from sludge feedstocks typically have values up to 100 m2/g (Leng, Xiong, et al.,
2021). The high ash percentage is clogging the micropore structure leading to lower surface areas. The
median surface area across multiple studies summarized by Leng, Xiong, et al. (2021) is approximately
25 m2/g.

Figure 4.11: BET surface area analysis of a 180, 210, and 240°C sample all with a residence time of 4h.
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4.9. XRD of Biochars and XRF of Biochar Ashes
XRD analyses of the samples are shown in Figure 4.12. The sample created on 180 and 2h shows no
significant peaks, where from 180 and 4h and all samples with more sever reaction conditions show
clear peaks. This could indicate that the biosludge at 180 degrees 2h is not carbonized The XRD anal-
ysis revealed the presence of three crystal structures: anhydrite, graphite H2, and hydrogen calcium
phosphate in BC, which are shown in Figure 4.13.

Figure 4.12: XRD data with from low to top; 180-2, 180-4, 180-6, 210-2, 210-4, 210-6, 240-2, 240-4, and 240-6 samples.

Figure 4.14 shows the XRF analyses of the BC ashes as weight percentage. Here it can be seen
that Fe2O3, ZnO, P2O5, and CaO take up around 90% of the ashes. Fe2O3 is the most abundant
substance found in the ashes, accounting for around 64% of the ashes. P2O5 is a common fertilizer
component and with around 15% ash content it could be recycled from the ashes. Cl is detected twice
in nine samples which account for lower than <0.3% of the ash content. The SiO2 content in the ashes
does not show the sharp decline obtained from the ICP-OES data analysed in subsection 4.6.2.



4.10. Aqueous Phase Analysis 45

(a) Anhydrite orthorhombic crystal structure
where the blue circles represent 𝐶𝑎2+ and the
yellow triangle shows (𝑆𝑂4)2− which is in a

tetrahedral arrangement (“13 Crystal
Structures – Mineralogy”, n.d.)

(b) Structure of graphite-2H, which consist of
only carbon atoms (Vlahov, 2021)

(c) hydrogen calcium phosphate, where the
green spheres represent calcium, the red
spheres phosphate, and the white spheres

hydrogen (B. Q. Lu et al., 2020)

Figure 4.13: Crystal structures revealed by XRD; anhydrite, graphite-2H, and hydrogen calcium phosphate

Figure 4.14: Ash content of the HC determined by XRF.

4.10. Aqueous Phase Analysis
To assess the potential usability of the aqueous phase for anaerobic digestion, qualitative characteri-
zation by measuring three key parameters: COD, pH, and ammoniacal nitrogen have been conducted.
The results of these analyses are presented in Figure 4.15. The results indicate a decrease in COD
with increasing temperature, while the ammoniacal nitrogen concentration increases. The pH of the
aqueous phase also increases from acidic to alkaline regions. The high COD value shows potential
for utilization by anaerobic digestion, but high ammonia concentration could inhibit biogass production
(Cebi et al., 2022; Krakat et al., 2017).
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(a) Chemical oxygen demand of the aqueous
phase in g/L. P(overall)=<0,0001
P(A)=<0,0001, P(B)=0,0165, and

P(A2)=0,0096

(b) Ammonia concentration of the aqueous
phase in mg/L. P(overall)=<0,0001,
P(A)=<0,0001, P(B)=0,0025. and

P(A2)=0,0175

(c) pH of the aqueous phase.
P(overall)=<0,0001, P(A)<0,0001,
P(B)=0,0003, and P(A2)=0,0004

Figure 4.15: Chemical oxygen demand, ammoniacal nitrogen concentration, and pH of the aqueous phase

Foam formation was observed in the aqueous phase, particularly at lower temperatures (180°C and
210°C). This could be due to the presence of proteins and fatty acids in the aqueous phase (Atrafi &
Pawlik, 2017; Germain & Aguilera, 2014). At 240°C 2h a small amount of foam and at 4h and 6h no
foam could be seen. At longer residence time proteins have longer be exposed to sub-critical water,
which hydrolyses the proteins in shorter molecules. Further investigation is needed to determine the
molecules causing the foam formation.

Figure 4.16: Foam development of stored aqueous samples after shaking. Thick foam can be seen on the left, created at
180°C. When moving to the right, 210°C and 240°C samples are shown. These have less foam.

The COD amounts observed in the experiments (ranging from 90 to 110 g/L) are higher than those
reported in the literature, but consistent with high solid load experiments (Merzari et al., 2020). The
high COD concentration in the effluent may be beneficial for biogas production, as it provides a rich
substrate for anaerobic microorganisms.

The increase in ammoniacal nitrogen concentration observed in Figure 4.15b can be attributed to the
decrease in HC nitrogen concentration observed in the ultimate analysis (see section 4.2). Other HTC
research have shown ammoniacal nitrogen content ranges between 0.4-1.0g/l, but high solid loading
(15.0%) experiments have shown values between 2.70-6.9g/L (Merzari et al., 2020). The increase in
pH at higher temperatures may have shifted the ammonium/ammonia equilibrium towards ammonia,
leading to an increase in ammoniacal nitrogen concentration. However, 90% and 99% of the ammonia
will be ionized at pH 8.25 and 7.25 (25°C, 1 ATM), respectively (Lang et al., 1998). No decrease in am-
moniacal nitrogen is seen so no significant amount of volatile ammonia gas escaped from the aqueous
phase.

The pH increase observed in the aqueous phase may be due to the extraction of HM into the BC.
There is a strong relation between pH and iron ions, where iron is oxidized to become ferric hydroxide,
also known as rust, which causes the pH to become more alkaline (Saadattalab et al., 2020). Fig-
ure 4.5 and Figure 4.15c are showing similar pH values (around 5) at 180°C, which is because of the
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short chain fatty acid for example; acetate (4.76), propionate (4.9), and n-butyrate (4.82) (K. Zhu et al.,
2021). The pH increase to alkaline regions let HM favour the HC as acidic water improves the solubility
of HM (Metzger, 2005).

4.11. Gas Phase Analysis
Qualitative measurements of the gas phase are presented in Figure 4.17. The gas samples were found
to contain only N2 and CO2, despite the gas chromatography being able to measure CH4, O2, and
H2. The first sample analysed did show traces of CH4, but as no other samples contained any amount
of CH4, this is likely a measurement error. The SD observed is high, which may be due to singular
measurements, and deviation would likely shrink if gas samples weremeasured in duplicate or triplicate.
section 4.11 showed a higher concentration of CO2 in the gaseous phase at longer and higher residence
times and temperatures, which could indicate that the fatty acids have been decarboxylated. A strong
odour was detected when the vessel was vented, suggesting the presence of volatile molecules in the
gas sample. The high amount of ammonia detected, shown in section 4.10, could also contribute to
the strong odour, as ammonia is well-known for its pungent smell.

(a) CO2 percentage in the gas. P(overall)=0,2986,
P(A)=3107, and P(B)=0,2033.

(b) N2 percentage in the gas. P(overall)=0,2975,
P(A)=0,30921, and P(B)=0,2029.

Figure 4.17: Qualitative gas analysis

4.12. Optimization
To ensure the accuracy of the models created by the central composite design, an optimization pro-
cess was carried out, and the two samples produced were analyzed for their elemental composition
by ICP-OES, their yields, and CHNO compositions. The optimization aimed to maximize the dry solid
yield, C/N ratio, and HHV, while minimizing O/C and H/C ratios, as well as the content of Ni and Zn.
The optimized conditions were at 240°C and 6 hours, and duplicate samples were produced according
to the same method as previous samples.

The response variables were then analyzed, and the results are presented in Table 4.3. The aque-
ous and solid BC yield met the expected values, and the ICP-OES data for Ni, Sr, S, and Mo were also
within the 95% predicted interval. Whereas Ni and Mo have no model as their corresponding trends are
straight planes along the axis of time and temperature, leading to values inside of the 95% prediction
interval. K and S are showing higher values than the previous data. Most other elements are slightly
below the lower end of the 95% predicted interval, which could be because of precision error. The
CHNO responses fall inside of the 95% prediction intervals.

It is worth noting that the ICP-OES results are at least 10% lower, which will not lead to any con-
centrations passing regulatory thresholds. Furthermore, in Figure 4.4c the deviation for ash could also
be up to 5 wt.%. A combination of uncontrollable factors and a lower ash content could lead to falling
outside of the 95% prediction interval. Determining the ash could lead to a better understanding of the
accuracy of these ICP-OES responses. The CHNO trends are based on only nine points where the
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p-values showed that there was a large uncertainty. Nonetheless, the CHNO values fall within the 95%
prediction interval showing that the data can be used to model desired CHNO values.

Table 4.3: Model confirmation where the yields, CHNO, and HC ICP-OES are shown. The bold numbers are the numbers not
in range of their 95% prediction interval.

Response
variables

Predicted mean
± deviation

Data mean
± deviation

Calculated
error (%)

Aqueos phase 75,4 ± 1,0 74,1 ± 0,2 -1,8
Hydrochar 16,7 ± 1,9 21,2 ± 0,3 27,1
Gas+losses 9,7 ± 4,5 4,7 ± 0,1 -51,1
Biochar yield 50,7 ± 1,5 51,6 ± 0,8 1,9

C 52,7 ± 1,1 50,8 ± 0,2 -3,6
H 5,8 ± 0,3 5,4 ± 0,04 -7,9
N 4,0 ± 0,1 4,1 ± 0,03 3,0
O 37,5 ± 1,1 39,7 ± 0,1 6,0
Al 1246,8 ± 69,4 894,0 ± 4,0 -28,3
B 95,9 ± 6,1 56,5 ± 1,5 -41,1
Ba 75,7 ± 4,4 66,0 ± 1,0 -12,9
Ca 26712,3 ± 1247,0 23364,0 ± 265,0 -12,5
Co 437,9 ± 21,2 346,5 ± 28,5 -20,9
Cr 181,8 ± 5,2 163,5 ± 2,5 -10,0
Cu 534,2 ± 24,2 446,0 ± 33,0 -16,5
Fe 155228,0 ± 7314,1 111389,0 ± 2008,0 -28,2
K 309,1 ± 125,5 1870,0 ± 151,0 505,0
Mg 4132,4 ± 156,2 3154,5 ± 134,5 -23,7
Mn 2919,3 ± 146,7 2468,5 ± 101,5 -15,4
Na 518,9 ± 140,5 887,5 ± 46,5 71,0
Ni 123,1 ± 76,6 56,0 ± 10,0 -54,5
Sr 335,2 ± 16,2 332,5 ± 0,5 -0,8
Zn 5418,3 ± 222,7 4461,5 ± 199,5 -17,7
P 30142,0 ± 1561,8 25224,4 ± 1770,5 -16,3
S 18636,8 ± 741,9 17467,2 ± 4310,5 -6,3
Si 30,7 ± 25,0 176,5 ± 7,5 474,3
Mo 414,8 ± 18,1 413,5 ± 1,5 -0,3
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4.13. Mass Balance
In Figure A.3, a dry-based mass balance on the organic CHNO content is presented. The CHNO anal-
ysis data from the 240°C 6h samples in section 4.2 were combined with a gas phase set at 4 wt.% with
only CO2 as its composition. N2 gas is assumed to balance out as it can be assumed the detected N2
was the N2 used for flushing the vessel. The data for the aqueous phase is calculated by distracting
the BC and gas phase from the feedstock. In Figure A.3 a mass balance on the organic CHNO content
is shown which incorporates moisture content.

For the C content around 58 wt.% is contained in the BC and 39,5 wt.% went into the aqueous phase.
During the process, CO2 is created through decarboxylation, which accounts for only 2.5 wt.% of the
total carbon balance, but 7.2 wt.% of oxygen. The decrease of BC nitrogen content and the amounts
of aqueous phase ammoniacal nitrogen in Figure 4.3c and Figure 4.15b are further addressed by Fig-
ure 4.18 where 2/3 of the total nitrogen went to the aqueous phase, while only 1/3 remained in the BC.
The separation of H is even, with the aqueous phase having a slightly higher amount (5,6 wt.%) than
the BC.

Figure 4.18: Mass balance of the HTC process at 240°C and 6h on a dry basis. The wt.% are normalized between brackets.

m:100% dry biosludge
C:45,7 wt.% (100%), N:6,8 wt.% (100%),
O:41,2 wt.% (100%), H:6,4 wt.% (100%)

Gaseous phase m:4%
C:27,3 wt.% (2,4%), N:0 wt.% (0%)
O:72,7 wt.% (7,2%), H:0 wt.% (0%)

HC m:51,3%
C:52,0 wt.% (58,4%), N:4,2 wt.% (33,5%),
O:38,0 wt.% (47,3%), H:5,8 wt.% (46,7%)

Aqueous phase m:44,7%
C:40,1 wt.% (39,2%), N:10,3 wt.% (66,5%),
O:42,0 wt.% (45,6%), H: 7,6 wt.% (53,3%)
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Conclusions

During the HTC process, three fractions are produced: HC, an aqueous phase, and a gas+losses
phase. The yields obtained for the BC and aqueous phases were statistically significant, providing
useful information about the process streams. However, the method used to quantify the yield of the
gas phase was found to be inaccurate, and a gas bag would be required for more precise measure-
ments. Additionally, while N2 and CO2 were measured during degassing, the presence of a distinct
odor suggests that other volatile compounds may also escape from the vessel. However, the gaseous
phase would be considering a small amount of the mass streams (<5%). Despite these limitations, the
response variables have provided valuable insights into the different phases produced during the HTC
process and have helped to answer the main research question:

Can hydrochar be made from industrial Fischer-Tropsch biosludge that
complies with regulations and generates socioeconomic benefits?

The ICP-OES analyses of the aqueous and BC phases show that HTC effectively concentrated HMs
into the BC, making the aqueous phase a relatively clean stream. However, the BCs derived from
Fischer-Tropsch biosludge contains amounts of Cr, Cu, Ni, Zn, and Mo, which exceed the thresh-
olds for most BC applications. Because of this only EBC-BasicMaterials BC products can be made
under regulations, leading to disallowing on consumer applications such as BC soil amendment. EBC-
BasiCMaterials are materials used in a controlled environment where they cannot harm the environ-
ment or end-user, such as building materials, road construction asphalt, electronics, sewage drains,
and composite materials like skis, boats, cars, rockets (Schmidt et al., 2022).

The HTC process results in a more carbonized product which makes it suitable for long-term carbon
sequestration by landfilling or adding it to construction materials. However, there are other potential
applications that could extend the lifespan of the material. For example, BC can be used as an ab-
sorbent for removing contaminants from water or as a catalyst for chemical reactions After usage in
these kinds of fields, carbon sequestration or incineration for green energy could be applicable, further
extending the utility of the material.

The surface area of BC by HTC is significantly lower compared to alternative feedstocks combined
with pyrolysis and pre- and post-processing would be necessary to create a suitable material. This is
due to the high ash content and the HTC high-pressure withholding pore development. Catalyst and
absorbent materials will be a difficult field of application without pre- or post-processing.

the aqueous phase produced during the HTC process has a high amount of COD combined with a
low amount of HMs, which presents potential for biogas creation through anaerobic digestion. How-
ever, the high amount of ammoniacal nitrogen present in the aqueous phase could inhibit anaerobic
digestion. This can be overcome by reducing the solid loading and using a suitable bacteria family.

The HHV of BC, corresponds to the HHV of sub-bituminous coal, indicating that BC could be utilized
as a carbon-neutral biofuel. The higher N content compared to fossil-fuel sub-bituminous coal could
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lead to more NxOx emissions, and this needs to be taken into account to get a correct comparison of
the co2-equivalent emissions. Furthermore, after using BC for heat generation, the high ash content
will not be beneficial for the processing of the BC biofuel.

To conclude, the applications of BC as an absorbent or soil amendment without pre- or post-processing
could not be adding social-economic benefit thus an extra step would be necessary before a useful
product can be created. The aqueous stream is showing potential to be further utilized decreasing the
dry solid biosludge by almost half (average 46,5%). The FC content of BC enhances its shelf-life and
makes it suitable for carbon sequestration in building materials or storage. A stockpile of BC can be
created for use in the near future as a more specific application for this kind of BC is identified through
further research.

The effects of temperature on the characteristics of the phases produced through the HTC process
have been investigated, and the results are summarized in Table 5.1. Increasing the residence time
from 2h to 4h or 6h has only a minor effect on the response variables, indicating that longer residence
time may not have any significant benefits from a processing perspective.

Table 5.1: Trend of the response variables by increasing the temperature factor, where + stands for an increase and - for a
decrease in the corresponding response variable.

Analyses Change Analyses Change
Yields Hydrochar - Biochar HM +

Aqueos phase + Alkali metals -
Gas+ Residue + C +
Dry solid - H +

Aqeuos phase HM - N -
Alkali metals + O -
Ammoniacal nitrogen + FC +
COD - VM -
pH + Ash +

Gas N2 + BET -
CO2 + TOC -

Biochar HHV + pH +
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Recommendations

For each use case, this chapter provides recommendations for further experiments and analyses that
can be conducted to improve the confidence of product application, the economics and environmental
impact.

According to the ICP-OES analysis, the application of a soil amendment for Fischer-Tropsch biosludge
is not feasible due to high concentrations of Cr, Cu, Ni, Zn, and Mo exceeding regulatory thresholds.
However, potential solutions such as pre- or post-treatment, modifying the Fischer-Tropsch process, or
changes in regulations may result in HM concentrations that comply with regulatory limits. To achieve
a more circular system, upgrading the BC to a material with excellent absorption properties for filtering
HM could lead to a soil amendment BC that surpasses regulations. Figure 6.1 illustrates this possi-
bility, where the BC is separated into a filter and fertilizer product stream. The filter helps reduce the
concentration of HM in the sludge. After use, the filter is incinerated to produce heat for upgrading the
BC into a filter. This process results in a minimal ash stream, which can potentially be recycled in the
effluent treatment process.

Figure 6.1: A systematic view of the implication of BC as a soil amendment coupled with an absorbent made from the same BC
product.

A literature study about possible pre and post-treatments coupled with lab work and ICP-OES anal-
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ysis of the BC samples will show a trade-off between different treatments to reduce the HM. Following
positive results, the development of a Fischer-Tropsch biosludge soil amendment could be undertaken.
Caution has to be addressed as pre- and post-treatments, such as filtering, alter the sludge and thus
affect the BC product. Nonetheless, when passing regulation, it will not provide a guarantee for effec-
tiveness as a soil amendment. Another option is to perform a BCR three-step sequential extraction
procedure determining the accessibility of HM and to test leachability in soils to show and convince
regulation institutes that no harm could possibly be inflicted. Finally, changes in the Fischer-Tropsch
production process could decrease HM content of Cr, Cu, Ni, Zn, and Mo. The following are recom-
mendations for use as a soil amendment:

1. Perform a BCR three-step sequential extraction.

2. Perform literature research on pre- and post-treatment processes to create an allowable BC.

3. Look into the combination of soil, BC, and plants with long-term studies.

To understand the absorption pathway, different upgrading technologies have to be researched together
with BET, IR-spectroscopy, and SEM analyses to obtain knowledge about surface morphology, how
porous the structure is, and what kind of characteristic surface groups are available. Moreover, a use-
case test comparing Fischer-Tropsch biosludge BC to off-the-shelf alternatives shows if this can be a
promising product application or not. Recommendations for the end user as an absorbent are stated
below:

1. Perform BET, IR-spectroscopy, and SEM analyses on upgraded BC.

2. Compare absorption capabilities in test cases with off-the-self alternatives.

3. Perform economic analysis on absorbent products.

Studies have reported promising results for anaerobic digestion of the aqueous phase by HTC. The lab
work in this thesis has shown that the HTC process produces a low HM aqueous phase with most of
the HM contained in the BC. In this thesis, the BC phase was considered the primary stream and the
aqueous stream as secondary. However, by interchanging the two, the HTC process can be viewed
as a HM decreasing anaerobic digestion pre-treatment removal technology. Moreover, BC can be uti-
lized to enhance biogas production by promoting hydrogenotrophic methanogenesis and increasing
the specific methane production rates, thereby reducing the residence time and potential the CAPEX
of an anaerobic digestion system (Shi et al., 2021). A systematic view of this process is presented in
Figure 6.2.

To perform a comprehensive economic analysis of anaerobic digestion coupled with the HTC, it is
essential to obtain accurate and reliable data on the potential biogas yield from the aqueous phase.
Additionally, further characterization of the aqueous phase can enhance our understanding of the chem-
ical composition and molecular structures available for biogas production. Based on a rough estimate,
a biogas yield of around 4 million m3 per year can be achieved from 55,000 dry tons of aqueous phase
with a COD of 100g/L and a solid loading of 20%, assuming a yield of 200 ml/g COD (Cebi et al., 2022).
However, it is crucial to note that the actual biogas yield may vary depending on various factors, such as
operating conditions, feedstock characteristics, and digester design. To better understand anaerobic
digestion coupled with the HTC process, four recommendations are made:

1. Anaerobic digestion tests to determine possible biogas yield.

2. Perform GC-MC to determine how the composition of the aqueous phase is altered by tempera-
ture and time.

3. Perform an economic and environmental analysis to determine if a HTC anaerobic digestion is a
possible pathway.

4. Add BC to anaerobic digestion to understand the benefits and downsides of this additive.
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Figure 6.2: Systematic view of HTC process where the primary stream is the aqueous phase used in anaerobic digestion to
produce biogas and BC is added to enhance biogas production. The digestate secondary stream of the anaerobic digestion is

recirculated through the HTC process.

If BC can be used as a product to extend its use-life, it will eventually reach its end-of-life, which requires
disposal. There are three ways to dispose of it: landfilling, which is the current method for biosludge,
incineration for energy generation and recycling valuable elements from the ashes and recycling the
end-of-life product through HTC. The most circular option allows for a closed system by recycling the
used product. The second option utilizes the BC for its energy and reuses the ashes, and the land-
filling option is, from a circular perspective, the least desirable as it would contaminate soil and slowly
degrade, emitting GHG.

For incineration, the analysis has indicated that BC correspondswith the higher range of sub-bituminous
coal. Since the ash compositions have been identified, it is possible to recover important components
to increase circularity. Disadvantages of BC biofuel (high N and ash content) have to be assessed
to understand its operational and environmental impact. The energetic benefits of the HTC process
would be determined from a lower heating value perspective combined with a filter press and energy
consumption study. To better understand BC as a fuel three recommendations are made:

1. Perform burning tests to understand fuel performance and slagging, and fouling.

2. Compare these results with alternatives and include exhaust gas analysis to determine their CO2
equivalence impact.

3. Research on ash recirculation and separation to obtain critical raw elements.

With advancements in technology readiness and increasing research in recent years, HTC has be-
come a viable option for converting biosludge into useful products, which can promote the circularity of
Fischer-Tropsch industries. By utilizing HTC to create products from biosludge generated by Fischer-
Tropsch industries, there is potential for significant environmental benefits. However, it is important to
conduct social-economic and life-cycle analyses to evaluate the economics and impact of HTC prod-
ucts. Therefore, comprehensive economic studies on the data generated in this thesis are required to
determine the potential business case for the product applications, their environmental benefits, and
possible profits.





Appendices

57





A
Raw Data, Statistics, and Model

Equations
In this appendix data from analytic equipment, raw material and samples can be found in this appendix.

A.1. Aqueous Phase Literature
Table A.1: Molecules identified from anaerobically digested sewage sludge HTC process water and their main possible

application (Langone & Basso, 2020).

Compound Application
1-Methyl-4-nitromethyl-4-piperidinol Production of antitumor agents and products involved in the treatment of cardiovascular diseases

1-Methyldodecylamine Preparation of N,N,N,N,N,N- trimethyldodecylammonium bromide
1-Phenethyl-piperidin-4-ol -
1-Propanol, 2-amino- Organic syntheses (e.g, Schiff base ligands)

2,5-Pyrrolidinedione, 1-ethyl- Organic syntheses
2,5-Pyrrolidinedione, 1-methyl- Organic syntheses, as well as in some industrial silver-plating processes

2-Butanamine, (S) Production of some pesticides
2-Cyclopenten-1-one, 2,3-dimethyl- -
2-Cyclopenten-1-one, 2-methyl- -

2-Heptanamine, 5-methyl- -

2-Propanamine
Production of some herbicides and pesticides including atrazine, bentazon, glyphosate;
agent for plastics; intermediate in organic synthesis of coating materials, pesticides,

plastics, rubber chemicals, pharmaceuticals and others; additive in the petroleum industry
3-Aminopyridine Synthesis of organic ligand 3-pyridylnicotinamide.

3-Buten-2-one, 3-methyl-, dimethylhydrazone -
3-Cyclohexene-1-carboxaldehyde, 4-methyl- -

4-Fluorohistamine Organic syntheses

Acetic acid Production of cellulose acetate for photographic film, polyvinyl acetate for wood glue,
and synthetic fibers and fabrics; descaling agent, used in the food industry, in biochemistry

Benzoic acid, 2,4-dihydroxy-, (3-diethylamino-1- methyl)propyl ester -
Dimethylamine Dehairing agent in tanning, in dyes, in rubber accelerators, in soaps and cleaning compounds; agricultural fungicide
dl-Alanine Food and pharmaceutical industry; plating chemicals and animal feed

Formic acid phenyl ester Used for palladium-catalyzed carbonylation of aryl, alkenyl and allyl halides; used as a reagent for the formulation of amines
Hydrogen chloride Used in cleaning, pickling, electroplating metals, tanning leather, and refining and as an agent for producing a wide variety of products

Methylpent-4-enylamine -
Phenethylamine, p-methoxy-.alpha.-methyl-, (.+/-.)- -

Phenol Precursor to many materials and useful compounds; used to synthesize plastics and related materials; production of polycarbonates,
epoxies, Bakelite, nylon, detergents, herbicides such as phenoxy herbicides, and numerous pharmaceutical drugs.

Phenol, 4-methyl- Production of antioxidants, e.g., butylated hydroxytoluene
Pyrazole, 1-methyl-4-nitro- -
Tetrahydro-4H-pyran-4-ol -

A.2. Model Equations
The equations of each model shown in this work are shown in Table A.2.
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Table A.2: Model equations expressed as factors, where A represents temperature and B represents time.

Element Figure A B AB A^2 B^2
Phosphorus Figure A.2m +27449,13 +2212,52 +480,34
Sulfur Figure A.2r +17369,14 -183,86 -185,14 +614,95 +1021,72
Silicon Figure A.2n +122,86 -36,87 -7,12 -48,13
Molybdenum Figure A.1q +414,76
Zinc Figure A.2q +5052,69 +321,11 +44,49
Strontium Figure A.2p +312,16 +20,34 +2,71
Nickel Figure A.2k +123,10
Sodium Figure A.2o +820,63 -280,45 -21,24
Manganese Figure A.2j +2622,06 +254,41 +42,80
Magnesium Figure A.2i +3227,89 +647,73 +139,96 +116,79
Potasium Figure A.2l +316,13 -99,86 -2,63 +95,44
Iron Figure A.2h +1,393E+05 +14041,87 +1929,22
Copper Figure A.2g +510,78 +21,82 +1,54
Chromium Figure A.2e +160,33 +12,87 +2,87 +5,70
Cobalt Figure A.2f +398,87 +38,20 +0,7948
Calcuim Figure A.2d +24469,55 +1846,65 +396,05
Baruim Figure A.2b +72,93 +1,32 +1,49
Boron Figure A.2c +88,39 -0,1001 +1,74 +5,86
Alluminium Figure A.2a +1118,03 +95,38 +33,33

A.3. ICP-OES
A.3.1. Aqueous Phase
Figure A.1 shows the concentrations of the HM found in the aqueous phase samples. Where Fig-
ures A.1a to A.1l, A.1n and A.1q have a significant overall model and Figures A.1o and A.1p do not
have a significant model. On the data of nickel no possible model could be determined by the software,
because data is random. For the influence of time, only Cr, Mn, and S are significantly altered by time
and S contains an exponential time factor, as is shown in Figures A.1e, A.1h and A.1m. HM concen-
tration increases with temperature for the alkali metals; K and Na shown in Figures A.1j and A.1o.

At Al, Co the limitations of ICP-OES can be noted as higher temperature and time can lead to con-
centrations under the detection limit of 1 mg/kg, as shown in Figures A.1k and A.1q. Co and P de-
creasing exponential with temperature to around the detection limit. At Figure A.1q, strange behaviour
can be seen as the concentration of Mo decreases with the temperature from 180°C to 210°C. The
concentration starts to increase with the temperature from 210°C to 240°C. Overall a decrease in HM
concentration with increasing temperature can be seen. Where N does not show any influence with
change in temperature or time.

A.3.2. Hydrochar
The high amount of ash showed in subsection 3.4.6 consist of different HM. Where Fe, Ca, Mg, Mn
Zn, P, S takes up most parts and Al, B, Ba, Co, Cr, Cu, K, Na, Ni, Sr, Si, and Mo contributed <0.1% to
the ash matrix. In Figure A.2 can be seen that all elements are influenced significantly by temperature
except for Ba, B, S, and Ni, which shows no model at all. Time has significant influences only for Mn,
as can be seen in Figure A.2i.

In the starting material, the concentration of Fe is below 10% and this is increased to around 12.5% at
180°C and further increases to above 16% at 240°C. Fe makes up a high mass percentage of the HC,
as is shown in Figure A.2h. The second element is P which contributes 2-3%.

A.3.3. Leaching
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Table A.3: ICP-OES data from the leaching experiment in mg/kg.

Temp-
Time Hours Al B Ca Co Cr Cu Fe K Mg Mn Na Sr Zn PO4 SO4 Si Mo

180-4 1 0,015 0,125 33,445 0,18 0,01 0,04 1,44 2,055 2,66 1,285 2,25 0,305 0,71 0,435 77,765 0,22 0,08
180-4 2 0,015 0,13 37,42 0,205 0,01 0,03 1,58 2,17 2,77 1,465 2,385 0,34 0,83 0,485 83,57 0,25 0,095
180-4 4 0,03 0,145 40,425 0,26 0,015 0,045 2,155 2,38 2,99 1,71 2,545 0,36 1,135 0,93 88,375 0,31 0,12
180-4 6 0,03 0,145 41,505 0,285 0,02 0,04 1,435 2,365 3,11 1,84 2,59 0,365 1,385 0,745 89,405 0,35 0,13
180-4 20 0,06 0,17 45,05 0,43 0,02 0,075 2,49 2,73 3,68 2,245 2,96 0,385 2,53 1,44 94,13 0,51 0,175
180-4 24 0,045 0,175 47,245 0,435 0,02 0,075 1,155 2,695 3,765 2,225 3,185 0,395 2,57 1,175 96,475 0,54 0,185
210-4 1 0,005 0,08 32,4 0,085 0 0,01 0,255 1,435 1,875 0,805 1,755 0,29 0,32 0,235 63,27 0,195 0,045
210-4 2 0 0,095 39,83 0,12 0,01 0,005 0,21 1,715 2,17 1,04 2,045 0,365 0,41 0,39 77,46 0,245 0,06
210-4 4 0,005 0,105 42,495 0,155 0,01 0 0,395 1,82 2,31 1,2 2,15 0,38 0,585 0,31 80,935 0,305 0,075
210-4 6 0 0,11 44,31 0,185 0,01 0 0,4 1,93 2,425 1,275 2,205 0,395 0,7 0,915 83,655 0,345 0,09
210-4 20 0,01 0,135 47,865 0,31 0,01 0,02 0,4 2,14 2,935 1,615 2,48 0,42 1,455 0,83 89,66 0,48 0,135
210-4 24 0,01 0,135 47,945 0,325 0,01 0,02 0,31 2,16 2,945 1,605 2,5 0,415 1,525 0,77 89,86 0,495 0,145
240-4 1 0 0,04 33,5 0,02 0 0 0,06 1,19 1,06 0,445 1,21 0,33 0,115 0,585 60,15 0,12 0,04
240-4 2 0 0,05 41,11 0,03 0 0 0,055 1,33 1,235 0,56 1,34 0,405 0,125 0,875 73,59 0,145 0,06
240-4 4 0,005 0,065 49,14 0,04 0 0 0,09 1,46 1,5 0,72 1,635 0,48 0,16 1,195 87,145 0,195 0,085
240-4 6 0 0,07 49,925 0,06 0 0 0,11 1,535 1,615 0,785 1,695 0,48 0,215 1,41 87,835 0,23 0,1
240-4 20 0,005 0,09 53,57 0,12 0 0 0,095 1,725 2,05 1,005 1,975 0,495 0,465 1,205 93,95 0,315 0,15
240-4 24 0,005 0,095 53,845 0,135 0 0 0,09 1,685 2,095 1,03 2,095 0,5 0,5 0,475 95,095 0,33 0,16

A.4. Dry Sludge
Table A.4: Elemental analysis supplied by Shell of the sludge

Metal mg/kg Metal mg/kg Metal mg/kg Metal
Aluminium 508.6 Copper 252.9 Potassium 2358 Zinc 1766 mg/kg
Barium 49.74 Iron 59110 Calcium 10360 Phosphorous 17210 mg/kg
Boron 68.67 Lead 32.5 Magnesium 1410 Arsenic <20 µg/kg
Cadmium <0.5 Manganese 976.4 Sodium 2701 Selenium <20 µg/kg
Chromium 76.63 Molybdenum 206.4 Strontium 160.2
Cobalt 142.2 Nickel 26.11 Vanadium <0.5

Sample date Temperature-time Al B Ba Ca Co Cr Cu Fe K Mg Mn Na Ni Sr Zn P S Si Mo
29-jul 240-4 1130 80 68 25078 479 169 563 144759 3642 2636 386 53 307 5842 27296 18604 30 402
1-sep 180-4 980 90 71 20576 346 143 495 115854 375 2433 2173 1135 153 268 4718 23509 17252 97 382
6-sep 210-6 1289 113 67 397 151 504 128422 18317 2500 559 199 302 5059 26289 16263 108 385
9-sep 210-2 1118 86 75 24847 422 160 546 139432 488 3114 2695 972 66 306 5378 27720 17789 174 420
12-sep 210-6 1149 91 78 25046 376 167 484 147304 222 3515 2829 875 51 315 4919 29592 17324 99 432
15-sep 180-4 1044 87 73 22521 360 148 491 125985 494 2612 2369 1050 60 309 4743 25258 17642 106 417
16-sep 180-4 1022 84 80 23362 392 144 535 119918 186 2272 2318 901 93 284 5120 23420 18268 100 409
19-sep 240-2 1120 95 70 24563 440 167 532 148957 3633 2774 535 12 320 5232 28876 18276 74 430
20-sep 210-4 1110 91 70 23443 407 157 538 137148 370 3112 2638 905 33 304 5248 27463 17593 118 407
21-sep 210-4 1056 91 72 23687 403 160 488 140473 3238 2611 727 127 316 4840 28137 17787 89 431
22-sep 240-6 1250 96 80 29035 431 185 553 160827 386 4132 3010 754 107 336 5450 30829 19743 55 397
23-sep 240-4 1407 89 81 27787 397 178 494 162969 127 4112 3108 687 245 361 5121 31714 17434 41 410
28-sep 240-2 1148 90 70 26112 420 161 524 142936 70 3603 2680 583 186 323 5165 27510 17831 4 403
29-sep 210-4 1097 96 75 25292 390 162 479 148465 3404 2781 696 182 317 4847 29071 17752 130 444
3-okt 240-6 1197 92 76 26947 443 185 537 159000 4117 2961 530 145 353 5381 30660 18352 21 414
4-okt 180-2 997 94 66 22207 351 150 473 120873 476 2608 2244 1287 256 288 4536 24358 19762 103 423
5-okt 180-2 1003 95 70 22951 356 149 477 125671 530 2567 2346 1188 156 296 4622 24896 19473 116 415
6-okt 4-240 1188 89 75 24341 464 169 549 147037 3722 2741 447 58 331 5548 28126 17209 40 394
12-okt 210-2 1115 95 73 24807 368 162 489 146770 3181 2751 729 242 318 4833 29113 17076 142 434
13-okt 180-6 1010 91 67 22818 364 141 494 127303 244 2592 2359 996 144 277 4902 25006 17474 92 410
17-okt 180-6 1082 99 76 23971 371 156 483 136224 443 2832 2582 1270 327 4647 28069 19352 160 451
Orignal Orignal 327 64 23 9151 167 56 174 45554 327 1402 828 1282 119 99 1603 7818 11507 58 171

A.5. Mass Balance
During the HTC process molecules will be dehydrated to form water, which is not incorporated as this is
boiled-off by the thermal drying step. Without the drying step the HCwill still contain water. In Figure A.3
a mass balance on the organic CHNO content is shown which incorporates moisture content and the
data of the samples at 210°C and 4h is used and nitrogen in the gas phase is not neglected. The mass
balance simulates biosludge at a 20% solid loading, where the CHNO data of biosludge (Table 2.2)
is added with 80% water and the resulted HC fraction is derived by adding 50% moisture to the data
obtained from the ultimate analyses (Figure 4.3). In Figure A.3 it can be seen that the HC has a higher
O and H content because of the water.
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Sample date Temperature-time Al B Ca Co Cr Fe K Mg Mn Na Ni Sr Zn Cl P S Si Mo
29-jul 240-4 0 15 390 1 1 275 553 116 8 719 1 3 0 184 5 2848 29 2
1-sep 180-4 3 15 566 8 4 2813 491 303 57 709 0 4 2 176 148 3620 128 2
6-sep 210-6 1 15 560 2 3 1430 523 186 22 714 1 5 0 180 19 3280 116 0
9-sep 210-2 2 15 546 3 3 1486 509 196 25 693 0 4 1 169 25 3203 108 1
12-sep 210-6 1 15 630 2 3 1378 514 187 22 705 1 4 0 178 17 3249 100 0
15-sep 180-4 4 16 468 5 4 2332 550 272 44 710 1 4 1 181 81 3533 134 1
16-sep 180-4 5 16 637 8 4 3007 495 298 58 700 2 5 1 177 235 3569 131 2
19-sep 240-2 0 15 485 1 2 719 536 135 15 715 0 4 0 193 9 2998 68 1
20-sep 210-4 2 15 531 2 4 1503 527 187 23 720 1 5 1 190 37 3320 126 0
21-sep 210-4 2 15 555 2 3 1382 525 190 23 718 4 0 188 23 3346 120 0
22-sep 240-6 1 16 398 1 1 637 545 108 11 737 1 3 0 198 31 2823 96 4
23-sep 240-4 2 15 551 1 2 1030 519 132 18 703 0 5 0 176 63 2895 112 2
28-sep 240-2 0 15 512 1 2 701 678 137 15 721 3 4 0 174 8 2975 80 1
29-sep 210-4 2 15 557 2 3 1495 527 188 23 716 0 5 0 187 30 3311 135 1
3-okt 240-6 0 15 353 1 1 378 515 105 9 697 2 3 0 178 8 2760 50 3
4-okt 180-2 6 15 602 7 4 2732 484 282 53 680 2 5 2 158 246 3296 120 2
5-okt 180-2 3 16 509 7 4 2330 480 292 52 701 1 4 1 168 98 3381 131 2
6-okt 210-4 1 14 477 1 1 674 509 126 14 699 0 3 0 171 18 2841 70 1
12-okt 210-2 3 14 538 3 4 1788 498 215 30 686 1 5 1 162 53 3190 130 1
13-okt 180-6 7 16 574 6 5 2838 489 282 47 694 1 6 1 162 199 3455 139 1
17-okt 180-06 9 16 688 7 5 3070 500 300 52 701 3 6 1 164 282 3565 144 2

Orignal 327 64 9151 167 56 45554 327 1402 828 1282 119 99 1603 7818 11507 58 171

[HTML]FFFFFFDate [HTML]FFFFFFTemperature-time N2 Co2 O2 Ch4
29-jul 240-4 22,68362 77,1961 0,044603 0,075682
1-sep 180-6 22,15822 77,84178 0 0
6-sep 210-6 2,283361 97,71664 0 0
9-sep 210-2 2,336733 97,66327 0 0
12-sep 210-6 2,313034 97,68697 0 0
15-sep 180-4 2,957139 97,04286 0 0
16-sep 180-4 19,24774 80,75226 0 0
19-sep 240-2 2,53043 97,46957 0 0
20-sep 210-4
21-sep 210-4 1,96322 98,03678 0 0
22-sep 240-6 2,699483 97,30052 0 0
23-sep 240-4 1,768653 98,23135 0 0
28-sep 240-2 3,057982 96,94202 0 0
29-sep 210-4 2,144301 97,8557 0 0
3-okt 240-6 2,458176 97,54182 0 0
4-okt 180-2 36,85574 63,14426 0 0
5-okt 180-2
6-okt 240-4 31,19183 68,80817 0 0
12-okt 210-2 28,87996 71,12004 0 0
13-okt 180-6 2,68634 97,31366 0 0
17-okt 180-6 42,79265 57,20735 0 0
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(a) Calcium liquid concentration.
P(model)=0,0049 P(A)=0,0022 and

P(B)=0,8157

(b) Aluminium liquid concentration.
P(overall)=<0.0001 P(A)=<0,0001 and

P(B)=0,5760

(c) Baron liquid concentration.
P(overal)=0,0349 P(A)=0,0255 and

P(B)=0,2106

(d) Cobalt liquid concentration.
P(overall)=<0,0001 P(A)=<0,0001,

P(B)=0,4611, P(A2)=<0,0001

(e) Chromium liquid concentration.
P(overall)=<0,0001, P(A)=<0,0001,
P(B)=0,3030, and P(AB)=0,0175

(f) Iron liquid concentration.
P(overall)=<0,0001P, (A)=<0,0001, and

P(B)=0,8985

(g) Manganese liquid concentration.
P(overall)=<0,0001, P(A)= <0,0001,
P(B)=0,1235, and P(A2)=0,0001

(h) Magnesium liquid concentration.
P(overall)=<0,0001, P(A)=<0,0001,
P(B)=0,0154, P(AB)=0,0043, and

P(A2)=0,042

(i) Phosphorus liquid concentration.
P(overall)=0,003 P(A)=<0,0001, P(B)=0,6421,

and P(A2)=0,0043

(j) Potassium liquid concentration.
P(overall)=0,0389, P(A)=0,0176, and

P(B)=0,4370

(k) Zinc liquid concentration.
P(overall)=<0,0001 P(A)=<0,0001, and

P(B)=0,1466

(l) Strontium liquid concentration.
P(overall)=<0,0215 P(A)=<0,0064, and

P(B)=0,9933

Figure A.1: HM concentration in aqueous phase samples measured by ICP-OES



64 A. Raw Data, Statistics, and Model Equations

(m) Sulfur liquid concentration.
P(overall)=<0,0001 P(A)=<0,0001,

P(B)=0,3153, P(AB)=<0,0001, P(A2)=0,0011,
P(B2)=0,0117, and P(AB2)=0,0165

(n) Silicon liquid concentration.
P(overall)=0,0001, P(A)=<0,0001 and

P(B)=0,9771

(o) Sodium liquid concentration.
P(overall)=0,0620 P(A)=0,0391 and

P(B)=0,1743

(p) Nickel liquid concentration. Model
insignificant

(q) Molybdenum liquid concentration.
P(overall)=<0,0001, P(A)=0,3434,

P(B)=0,0651, P(AB)=0,0009, P(A2)=<0,0001,
and P(A2B)=0,0034

Figure A.1: Heavy metal concentration in water samples measured by ICP-OES
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(a) Aluminium HC concentration.
P(overall)=0,0002, P(A)=<0,0001, and

P(B)=0,1021

(b) Barium HC concentration.
P(overall)=0,3099 P(A)=0,2815 and

P(B)=0,2434

(c) Boron HC concentration.
P(overall)=0,1590, P(A)=0,9522,
P(B)=0,3201, and P(B2)=0,0492

(d) Calcium HC concentration.
P(overal)=0,0001 P(A)=<0,0001 and

P(B)=0,2880

(e) Chromium HC concentration.
P(overall)=<0,0001, P(A)=<0,0001,
P(B)=0,0657, and P(AB)=0,0047

(f) Cobalt HC concentration.
P(overall)=<0,0001, P(A)=<0,0001, and

P(B)=0,8943

(g) Copper HC concentration.
P(overall)=0,0123, P(A)=0,0034 and

P(B)=0,8216

(h) Iron HC concentration.
P(overall)=<0,0001, P(A)=<0,0001, and

P(B)=0,3563

(i) Magnesium HC concentration.
P(overall)=<0,0001, P(A)=<0,0001,
P(B)=0,0071, and P(AB)=0,0413

(j) Manganese HC concentration.
P(overall)=<0,0001, P(A)=<0,0001, and

P(B)=0,3090
(k) Nickel HC concentration. Model of Nickel

not significant

(l) Potassium HC concentration.
P(overall)=0,0920, P(A)=0,0437,
P(B)=0,9550, and P(AB)=0,0968

Figure A.2: Heavy metal concentration in HC samples measured by ICP-OES
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(m) Phosphorus HC concentration.
P(overall)=0,0002 P(A)=<0,0001, and

P(B)=0,2842

(n) Silicon HC concentration.
P(overall)=<0,0001, P(A)=0,0001,
P(B)=0,3216, and P(A2)=0,0007

(o) Sodium HC concentration.
P(overall)=<0,0001, P(A)=<0,0001, and

P(B)=0,5942

(p) Strontium HC concentration.
P(overall)=0,0137 P(A)=0,0062, P(B)=0,8873,

and P(AB)=0,0808
(q) Zinc HC concentration. P(overall)=0,0002,

P(A)=<0,0001 and P(B)=0,4825

(r) Sulfur HC concentration. P(overall)=0,0217
P(A)=0,3705, P(B)=0,3856, P(AB)=0,0257,

and P(A2)=0,0090

Figure A.2: Heavy metal concentration in HC samples measured by ICP-OES

Figure A.3: Mass balance of the HTC process at 210°C and 4h with moisture.

m:100% biosludge (20% solid loading)
C:9,15 wt.%, N:1,36 25.%,
O:79,35 wt.%, H:10,17 wt.%

Gaseous phase m:3%
C:25,11%, N:8%
O:66,9%, H:0%

HC m:24%
C:25.4%, N:2.4%,
O:63,8%, H:8,4%

Aqueous phase m:73%
C:3,1%, N:0,8%,
O:85,0%, H:11,1%
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