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Abstract

This research work started in 2020 and the place of research has been the
Laboratory of Energy Technology at the Faculty of Science and Engineering of
Abo Akademi University.

In the context of circular bioeconomy, the process integration refers to
inserting a valorization process into the existing waste-generating sectors.
Especially, the wastes related to population growth and human activities are
challenging to process due to being high-volume, dilute streams.
Hydrothermal processes are suitable for this kind of waste streams. There is a
research gap as these waste wet biomass feedstocks are not effectively
processed, thus highlighting the need for an innovative solution in this area.
The main goal of this research project is to contribute to sustainability
transformation to the circular economy. This contribution is achieved through
comprehensive research on the most economically and technologically viable
processes for biorefineries.

The objective of this research is to develop biorefinery integration concepts
enhancing the energy and resource recovery from the waste streams, thus
achieving circularity in the waste-generating sectors. Especially, high-volume,
dilute aqueous wastes introduce challenges regarding recovery. This kind of
wastes can be processed most effectively through hydrothermal processes:
using water as the reaction media and not requiring energy-demanding drying
or evaporation step. The case studies in this research included the integration
of hydrothermal processes with biogas plants.

The biorefinery concepts should be developed following the desired products
or recovery needs and the biomass waste. Furthermore, the operational
aspects can be addressed through novel biorefinery concepts combining the
hydrothermal processes effectively. The investigation on the operational
aspects of supercritical water gasification and hydrothermal liquefaction
highlighted the safety issues, long-term operational issues, and an operational
aspect affecting the economic performance. The main solution is proposed as
selecting the conditions to minimize these issues. Meanwhile, this research
proposed new process integration concepts to address the operational aspects
and to improve the economic performance as well as improving the mineral
and nutrient recovery. One of the proposed processes is hydrothermal
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carbonization of digestate followed by supercritical water gasification of the
aqueous effluent, integrated with biogas plants. The other is hydrothermal
liquefaction of sewage sludge, hydrothermal carbonization of digestate and
supercritical water gasification of the aqueous effluents.

The research proposed here is well in line with the strategic research profile
in Technologies for a Sustainable Future at FNT, AAU. This research
contributes to the Sustainable Development Goals proposed by the United
Nations and in particular it contributes to the SDG-7. Affordable and Clean
Energy; SDG-12: Responsible Consumption and Production and SDG-13:
Climate Action.
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Sammanfattning

Detta forskningsarbete startade 2020 och forskningsplats har varit
Laboratoriet for energiteknik vid Abo Akademis naturvetenskapliga fakultet.
[ samband med cirkuldr bioekonomi avser processintegration att infoga en
valoriseringsprocess i de befintliga avfallsgenererande sektorerna. Sarskilt
avfallet relaterat till befolkningstillvixt och maéanskliga aktiviteter ar
utmanande att bearbeta pa grund av att det innebér stora volymer, utspadda
strommar. Hydrotermiska processer ar lampliga for denna typ av
avfallsstrommar. Det finns en forskningslucka eftersom dessa vata
biomassaravaror inte behandlas effektivt, vilket visar pd behovet av en
innovativ 16sning pa detta omrade.
Huvudmalet med detta forskningsprojekt ar att Dbidra  till
héllbarhetsomvandling till den cirkuldra ekonomin. Detta bidrag uppnas
genom omfattande forskning om de mest ekonomiskt och tekniskt
genomforbara processerna for bioraffinaderier.
Malet med denna forskning 4r att utveckla koncept for
bioraffinaderiintegrering som forbattrar energi- och resursatervinningen fran
avfallsstrommarna och pa sa satt uppna cirkularitet i de avfallsgenererande
sektorerna. Stora volymer, utspadda vattenhaltiga avfall innebar speciellt
utmaningar nar det giller atervinning. Denna typ av avfall kan bearbetas mest
effektivt genom hydrotermiska processer: med vatten som reaktionsmedium
och kraver inte energikravande torkning eller forangningssteg. Fallstudierna i
denna forskning inkluderade integrationen av hydrotermiska processer med
biogasanldggningar.
Bioraffinaderikoncepten bor utvecklas efter onskade produkter eller
atervinningsbehov och biomassaavfallet. Dessutom kan de operativa
aspekterna hanteras genom nya bioraffinaderikoncept som kombinerar de
hydrotermiska processerna effektivt. Undersokningen om de operativa
aspekterna av superkritisk vattenférgasning och hydrotermisk kondensering
lyfte fram sdkerhetsfragorna, langsiktiga operativa fragor och en operativ
aspekt som paverkar det ekonomiska resultatet. Den huvudsakliga 16sningen
foreslds vara att vilja forutsiattningar for att minimera dessa problem.
Samtidigt foreslog denna forskning nya processintegrationskoncept for att ta
iX



itu med de operativa aspekterna och for att forbattra den ekonomiska
prestandan samt forbattra dtervinningen av mineraler och néringsdamnen. En
av de foreslagna processerna ar hydrotermisk forkolning av rotrest foljt av
superkritisk vattenférgasning av det vattenhaltiga avloppsvattnet, integrerat
med biogasanldggningar. Den andra ar hydrotermisk kondensering av
avloppsslam, hydrotermisk forkolning av rodtgas och superkritisk
vattenforgasning av de vattenhaltiga avloppsvattnet.

Den forskning som foreslas har ligger val i linje med den strategiska
forskningsprofilen inom Technologies for a Sustainable Future vid FNT, AAU.
Denna forskning bidrar till de hdllbara utvecklingsmal som foreslagits av FN
och i synnerhet bidrar den till SDG-7. Prisvard och ren energi; SDG-12:
Responsible Consumption and Production och SDG-13: Climate Action.
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1. Introduction

The United Nations defines sustainable development as 'the development that
meets the needs of the present without compromising the ability of future
generations to meet their own needs.[1,2] Sustainable development and
sustainability have never been a critical global concern as in recent years.
Sustainability relies on three pivotal pillars: environment, economy, and society.
Consequently, sustainable development goals (SDGs) are designed by the United
Nations to mitigate the overreliance on fossil fuels, environmental preservation,
and socioeconomic development.

Human activities coupled with current energy technologies put the environment
and the future of human civilization in danger. The human activities affecting the
nature include processes like extracting and processing raw materials and fossil
fuels, energy production, agricultural and industrial activities as well as
transportation. Renewable energies and novel energy technologies can mitigate
adverse consequences such as greenhouse gas (GHG) emissions. Renewable
energies are considered roughly emission-free energy resources including solar,
hydro, wind, and biomass. However, it is crucial to note that these sources also
have some effects, and their negative impact is different from one technology to
another. For instance, geothermal power plants emit lower GHG compare to
traditional power plants; however, the CO; emission needed to be evaluated case
by case since some plants emit almost 14 times higher than solar and wind
power plants [3,4]. Therefore, three main changes need to be considered to
achieve sustainable development in the energy sector: substitution of fossil
fuels, emission reduction, and energy efficiency enhancement.

Assessment of renewable energy development in the European Union [5]
indicates that the energy transition in Europe has a fast pace. According to
recent statistics, renewable energies provided 29% of the worldwide electricity
generation in 2020, a substantial increase from 18% recorded in 2009 [6]. The
EU electricity production derived from renewables demonstrated noticeable
growth from 21.18% in 2013 to 38.16% in 2018 [7]. However, there is more
capacity for renewable energy production in the future.

Furthermore, renewable energies have an important role in decarbonization of
energy production, thus reducing carbon dioxide in the environment.
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Decarbonization of the energy system is essential to reduce the emission and
also meet the emission target outlined in the Paris Agreement [8]; a target
regarding the substantive contribution of renewable energy resources.

Aligned with the research profile of Technologies for a Sustainable Future, Abo
Akademi University and the Faculty of Science and Engineering strive to develop
pioneer innovative methods and technical solutions that support and promote
the transition toward sustainable production and energy supply within the
framework circular economy concept. Finland is one of the countries with the
highest renewable energy resources. In a noteworthy achievement, Finland
achieved the top position in the UN Sustainable Development Goals (SDGs) for
the first time in 2021, and again in 2022. [9]. Finland reaffirmed its leadership
in the annual global ranking of sustainable development. This underscores
Finland's steadfast commitment to sustainability. Therefore, the most
significant endeavor is needed to sustain, reduce climate change, and improve
more sustainable consumption and production patterns.

The current linear economic model operates on the take-make-dispose principle
(Figure 1-1). In this model, significant amounts of pollutants and waste are
generated, and a product is treated as waste after utilization. This approach
leads to environmental problems and endangers human well-being [1].

Extraction Transformation ~{ Distribution Consumption | *| Disposal

Figure 1-1. Linear (non-cyclic) economic model

In contrast, the circular economy (CE) represents a paradigm shift, focusing on
the efficient utilization of resources, increasing materials’ lifecycle, recycling,
and decreasing the negative impact on the environment (Figure 1-2). In a CE
framework, the lifespan of resources and materials increases, i.e. the materials
are active in the economy as long as possible. There is no exclusive definition for
CE butaccording to Kirchherr et al. [10], CE is “an economic system that replaces
the ‘end-of-life’ concept with reducing, alternatively reusing, recycling and
recovering materials in production/distribution and consumption processes”.
In fact, CE is an essential element and pivotal component for moving towards
sustainable development and a sustainable future.



Produce

Reuse Use

Circular economy

Recycle Reduce

Repair

Figure 1-2. Circular economy concept

The key principles of the CE are the 3Rs; reduce, reuse, and recycle which are
the bases for waste management processes [11]. This approach not only
decreases waste disposal in landfills but also mitigates the environment
extraction, by increasing the material life cycle. In other words, effective waste
management and minimizing waste are the key for moving towards the CE.

Bio-based products have a central role and can provide several advantages in
the circular economy or more accurately circular bioeconomy. The circular
bioeconomy concept represents flawless integration of bioeconomy and circular
economy principles in which bio-based resources are the primary raw material.
This paradigm provides an efficient system for by-products and waste materials
to transform into value-added products such as biofuels, biochemical, and
biomaterials [12]. In this system, the biorefinery concept emerges as a
pioneering concept and can be defined as an integration of different processes
capable of producing biofuels and electricity from biomass [13]. Biorefinery is
the foundation for accomplishing the SDGs and the transition to the bioeconomy.
Biorefineries use a variety of bio-based raw materials and generate minimum
waste. These features reduce strain on the environment and are important
elements in the circular bioeconomy. Research and investigation on biorefinery



ideas also provide a holistic view for decision-makers, resulting in economic,
social, and environmental advantages.

Biomass is considered any organic matter used to produce energy, which comes
from a living organism by photosynthesis or from animals. It is formed by the
interaction between air, carbon dioxide, water, sunlight and soil with plants and
animals [14]. Biomass materials are divided into two main groups: wood and
non-wood. The classification of different types of biomass is depicted in Figure
1-3 [15]. Both biomass categories come from forestry, agricultural, and urban
wastes. Woody biomass constitutes trees, root leaves, and bark and their major
components are lignin and carbohydrate. This form of biomass is converted to
electricity and heat by combustion or other conversion processes. Herbaceous
biomass is a non-woody part of the plant that remains after the growing season,
including seeds crops, grains, or by-products of food processing. Aquatic
biomass encompasses emerging plants, macroalgae, and microalgae, regarded
as a resource for third-generation biofuels. It is noteworthy that animal and
human waste were used as fertilizers traditionally; however, it is currently not
possible to use these wastes directly due to pollution and environmental
regulations. Therefore, further processes are needed to convert these waste
products into valuable chemicals.

Biomass
classification

|

Human and animal

Woody Herbaceous Aquatic Biomass mixture waste

Figure 1-3. Biomass classification

The main components of woody biomass are cellulose, hemicelluloses and lignin
while non-wood biomass contains a diverse array of components such as lipids,
proteins, extractives, starches, sugars, hydrocarbons, water-soluble substances.
In addition, biomass also contain ash, a small amount of alkali, alkaline, and
traces of heavy metals [16]. Biomass waste resources are the center of this work,
representing renewable energy sources with zero carbon emissions, positioning



as the fourth energy source globally. The solar energy saved in biomass can be
recovered by combustion or via fuel production processes effectively.

1.1. Biomass conversion technologies

Waste biomass feedstock is converted to value-added biochemicals and biofuels
via diverse methodologies including thermochemical, biochemical, and
physicochemical technologies [17,18]. Several factors affect selection of the
conversion method such as type, characteristics, the quantity of the feedstock,
the final form of product, desired type of energy, adherence to environmental
policies, and economic conditions.

Thermochemical conversion encompasses four main processes: combustion,
pyrolysis, liquefaction (hydrothermal), and gasification (Figure 1-4) which
employ chemical processes and heat to achieve primary products [19]. The
biochemical conversion method includes two main processes employing
microorganisms to convert biomass into liquid or gaseous fuels: anaerobic
digestion (AD) producing biogas, and fermentation for ethanol production. The
physicochemical method can be applied as a mechanical pretreatment including
pulping, extraction, or hammer mill to separate lignin [20].

Thermochemical conversion methods have higher efficiencies and lower
reaction times compared to alternative approaches. Moreover, the non-
biodegradable organic compounds, such as lignin, are decomposed via
thermochemical methods [21].

Thermochemical
processes

Combustion pyrolysis Hydrothermal Gasification

Figure 1-4. Thermochemical conversion methods

Thermochemical conversion methods can also be classified as thermal and
hydrothermal processes. Hydrothermal processes are suitable technologies for
5



converting wet biomass feedstock to biofuels; these processes include
hydrothermal carbonization (HTC), hydrothermal liquefaction, (HTL), and
hydrothermal gasification or supercritical water gasification (HTG/SCWG). The
superiority of these processes is due to omitting the costly drying pretreatment
since these technologies handle biomass slurries with 10-30% of solids [22]. As
an example, almost 60% of the total cost results from the required energy for
the dewatering of sludge before thermal processes [23]. Hydrothermal
processes require external energy to heat up the feedstock up to the reaction
temperature, after a heat exchange with the reactor outlet. This energy
requirement can be covered through combustion of small part of the product or
from the excess heat of the integrated process (if any), compromising the district
heat or combined heat and power (CHP) production depending on the reaction
temperature. Despite this energy requirement, hydrothermal processes are
more energy efficient than thermal processes because of higher product quality
and occurring at lower temperatures [24,25].

The treatment of wet biomass feedstock can be in subcritical or supercritical
water; therefore, hydrothermal processes can be divided into three processes
based on the process condition and severity. HTC process occurs in subcritical
conditions at 180-280°C temperature and under autogenous pressure, the main
product is hydrochar similar to low-rank coal. HTL occurs at intermediate
temperatures (280-375 °C) and results in biocrude oil production. HTG/SCWG
occurs at temperatures higher than 375 °C and the final product is syngas. Figure
1-5 briefly illustrates the main product of each process and the product
applications.
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Figure 1-5. Hydrothermal processes and their applications

Hydrothermal methods are the most promising conversion routes for biofuel
production; however, some operational issues prevent the industrialization of
the mentioned processes, e.g. corrosion, char formation in HTL and SCWG,
reactor plugging in SCWG due to solid deposition, and catalyst deactivation
[24,26-28]. Meanwhile, the studies on hydrothermal processes briefly discuss
the operational issues while investigating the impacts of conditions through
experiments or simulations and feasibility assessments. Similarly, the review
articles usually mention the operational aspects briefly while investigating the
feedstock types, reaction mechanisms, catalysts, and the impacts of reaction
conditions. Therefore, there is a need for the study and investigation of these
processes: deeper investigations of the operational issues and the solutions
addressing these issues.

1.2. Process integration for circular bioeconomy

Biomass feedstock can be categorized into first and second generations. First-
generation biomass includes edible feedstock (e.g., sugarcane and food crops)
that conflict with food production as well as requiring land and water usage, thus
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introducing issues regarding environmental sustainability. On the other hand,
second-generation biomass includes waste biomass material. Unlike the first
generation, waste biomass is a more sustainable resource that contributes to a
circular bioeconomy. It not only minimizes competition with food resources but
also addresses the problems related to pollution and landfilling of wastes.

In the context of circular bioeconomy, the process integration refers to inserting
a valorization process into the existing waste-generating sectors, i.e., utilizing
the waste stream as a feedstock for further chemical production or energy
recovery. Especially, the wastes related to population growth and human
activities are challenging to process due to being high-volume, dilute streams,
e.g., digestate streams of biogas plants. Hydrothermal processes are suitable for
this kind of waste streams.

There is aresearch gap as these waste wet biomass feedstocks are not effectively
processed, thus highlighting the need for an innovative solution in this area.
Furthermore, effective processing methodologies have great importance in the
regional context. For instance, Stormossen in Vaasa and Gasum in Turku provide
a compelling case study. These companies’ biogas plants process waste biomass
including sewage sludge, agricultural crop, manure, and food waste in different
digesters. The integration of hydrothermal processes offers multiple advantages
to these biogas plants. The regional investigations of such integrations not only
address local waste challenges but also serves as a practical model for broader
adoption in similar contexts internationally, contributing to sustainable
practices and a circular bioeconomy.

Another aspect of process integration is constructing the optimum process
concept for valorizing the waste streams: addressing weaknesses of an
individual process, selecting the optimum reaction conditions, and combining
the process options to maximize productivity and minimize operational issues.
Hence, the efficiency of processes is synergistically enhanced. Integration of
processes can create a robust system to mitigate challenges and optimize
resource recovery while producing energy and multiple products.



2.Objectives

The main goal of this research project is to contribute to sustainability
transformation to the circular economy. This thesis strives to expand the
knowledge in the field of sustainability by addressing crucial aspects related to
biorefineries. This contribution is achieved through comprehensive research on
the most economically and technologically viable processes for biorefineries. As
mentioned earlier, biorefineries represent integrated processes that use bio-
based raw materials, minimize waste generation, and produce diverse products.
This concept reduces strain on the environment, and it is a fundamental element
in the circular economy. This research aims at addressing the challenges of
chemical and energy recovery on aqueous waste streams. Therefore, the scope
is to investigate hydrothermal conversion technologies including SCWG, HTL,
and HTC to develop innovative biorefinery concepts.

The objective of this research is to develop novel biorefinery concepts to
reach a sustainable, circular bioeconomy.

The research questions include:

e Determine the target products based on the feedstock and recovery
needs

e Develop process concepts benefitting the strengths of conversion
technology while addressing the weaknesses of each

e Selection of optimum reaction conditions from both the productivity and
techno-economic viewpoints

Figure 2-1 illustrates the connections of articles regarding the need for
circularity in biomass sectors and the objective of this dissertation. Paper I
investigated the operational issues of SCWG and HTL and their possible
solutions. There were only a few studies investigating the operational issues as
the main scope despite the impacts on techno-economic performance. From the
operational viewpoint, Paper I demonstrated the need for novel process
concepts empowering the strengths of each hydrothermal conversion and
addressing the weaknesses.



Paper II investigated the impacts of reaction conditions in SCWG of glycerol
through experiments in a tubular reactor. This paper illustrated the necessity of
process configuration enhancing the heat and mass transfer. In addition, this
paper also determined the various sets of conditions can result in similar
hydrogen productivities. Therefore, the reaction conditions should be selected
also considering the techno-economic aspects.

Paper Il and Paper IV simulated the HTC process integrated with biogas plants,
referring to the need for biogas plants to valorize digestate wastes. Paper III
introduced a methodology to select optimum conditions, utilization of
experimental results for obtaining the simulation data, and process simulation
of HTC of agricultural residue digestate. Paper IV simulated co-HTC of food
waste and sewage sludge digestates by selecting the optimum conditions and
utilizing the experimental results as introduced in Paper III. Paper IV also
simulated co-HTC of digestates followed by SCWG of aqueous effluent to
increase the recovery.

Paper V proposed a novel biorefinery concept for biogas plants in case of
capacity increase. In the case of a biogas plant processing sewage sludge; the
integration concept is HTC of digestate, HTL of extra sewage sludge, and SCWG
of the aqueous effluents of HTC and HTL. This concept is a multi-product process
with optimum conversion of wastes and addressing the operational issues.
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Figure 2-1. Objectives of the thesis and the roles of articles

Biorefinery

In summary, this doctoral dissertation significantly contributes to the field by
advancing the understanding of hydrothermal conversion technologies,
proposing innovative biorefinery concepts, and emphasizing the importance of
operational considerations in achieving a sustainable, circular bioeconomy. In
addition, this dissertation investigates the process simulation and economic
aspects by using experimental data: prioritizing the usage of characterization
data, thermodynamic models, and selection of optimum conditions from the
economic viewpoint. The systematic exploration of diverse aspects and the
integration of findings across multiple papers underscore the comprehensive
and impactful nature of this research endeavor.
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3. Theory

This section explains the process chemistry of the thermochemical conversion
methods in detail. Hydrothermal processes occur in excess water at high
pressure and temperature, and water acts as a reaction medium and reactant.
Therefore, it is important to study the properties of water as the reaction
medium in subcritical and supercritical conditions. On the contrary, operational
cost increases in these conditions due to high temperature and pressure. After
illustrating the water properties, this section introduces each hydrothermal
process and thermodynamic models used in process simulations.

3.1. Water properties and processes chemistry

Water thermo-physical characteristics undergo significant changes in different
conditions. In normal conditions, water acts as a polar solvent and dissolves
most inorganic salts. However, organic compounds and gases are insoluble or
slightly soluble. High polarity of water is attributed to hydrogen bonds that are
dissociated in high temperatures and pressures. The critical point of water is
374 °C and 22.1 MPa. Water phase diagram is depicted in Figure 3-1 [29].

At subcritical and supercritical conditions, water characteristics change
significantly including dielectric constant, density, viscosity, ion product,
thermal conductivity, dissolution performance, and diffusion coefficient. The
dielectric constant shows the liquid polarity and can be defined as absolute
permittivity of a substance to the absolute permittivity of free space. Water
dielectric constant is around 78.4 at ambient condition that is poorly miscible
with gases and hydrocarbons; however, it is a proper solvent for polar materials.
The ion product (Kw) of water can be explained as the production of the two
concentrations of acid H30* and basic OH-ions dissociated from water (with the
unit of (mol/L)?). It significantly changes around water critical point and the
amount of H* and OH- ions increases which is favoring hydrolysis reaction
[30,31]. Supercritical water (SCW) has low viscosity, a low dielectric constant,
and a reduced amount of hydrogen bonds. [20,32].
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Table 3-1 provides a comparative analysis of water characteristics in normal
and supercritical conditions [31].

Therefore, water-dissolving ability changes in supercritical conditions, and both
organic and inorganic matters are soluble and convert water to an ideal reaction
medium with low mass transfer resistance. However, it is noteworthy that the
solubility of salt decreased in supercritical conditions which resulted in
corrosion and plugging problems. Moreover, operational challenges increase
due to the high temperature and pressure.
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> Point
7]
]
S
o Ice
0.006 —/ Triple Point “\POT
0.00 0.01 100.00 374.00
(Critical
Temperature)

Temperature (°C)

Figure 3-1. water phase diagram [29]

Equation 3-1 explains the water diffusion coefficient (D) which is the
Stokes-Einstein relationship, where k is the Boltzmann constant
(1.3806503.10-23 J/K), T is absolute temperature (K), n is dynamic viscosity of
solvent, and r radius of molecule assumed as spherical (m) [31]. Low viscosity
in subcritical and supercritical conditions results in higher molecular mobility
and diffusion coefficient.

_ kT
B 6myT

Equation 3-1
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Table 3-1. Water characteristics at different conditions

Water properties Normal Subcritical Supercritical
T (°C) 25 350 450
P (MPa) 0.1 25 25
Density (Kg/m3) 997.45 625.45 108.98
Dielectric constant (-) 78.5 14.87 1.75
lIonic product (mol/L)2 14 11.55 18.14

Table 3-1 listed some water properties in normal (25°C), subcritical (Tc<374°C),
and supercritical (Tc>374°C) conditions. The density and dielectric constant
decrease with the temperature and in contrast, ion production increases. It

clearly shows that supercritical water acts as a non-polar organic solvent and a
perfect reaction medium in hydrothermal gasification. Figure 3-2, Figure 3-3,
and Figure 3-4 depict density values, the dielectric constant, and the specific
heat of water in various temperatures and pressures [33].

Dielectric constant (-)

—a—0.1MPa 1MPa

500 600

Temperature (K)

—0—2MPa 5MPa —&—10MPa —@—20MPa —@—30MPa —&—70MPa

Figure 3-2. The dielectric constant of water as a function of temperature at
different pressures
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Figure 3-4. Variation of the specific heat at constant pressure for water. Left: 24
MPa, Right: 36 MPa.

3.2. Hydrothermal processes

Hydrothermal processes include hydrothermal carbonization, hydrothermal
liquefaction, and supercritical water gasification that are conducted at high
pressure and temperature in which water acts as a reaction medium.

3.2.1. Hydrothermal carbonization

Hydrothermal carbonization simulates the natural coalification process of the
biomass feedstock under relatively moderate conditions compared to
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hydrothermal liquefaction and supercritical methods. It is also known as a wet
torrefaction that can destroy the pathogenic bacteria in the biomass feedstock
without the disadvantages of dry torrefaction [34]. The reaction condition is
under moderate pressures (2- 10 MPa) and temperatures (120- 250 °C), and the
reaction period is 15 min- 4 hours. Process residence time and temperature are
influential parameters in the HTC process. Higher temperatures can increase
aromatization and polymerization reactions while the residence time controls
the extent of carbonization. The HTC process results in the production of
hydrochar (solid product), process water (liquid product), and a minor amount
of gas product. Hydrochar, a versatile product, can be used as a biofuel,
absorbent, or fertilizer [35,36].

The overall HTC process mechanism consists of chemical hydrolysis,
dehydration, decarboxylation, condensation, and polymerization reactions for
converting organic waste to hydrochar [37,38]. However, the mechanism is
influenced by the feedstock type and composition of lignocellulosic and protein-
containing organic waste [39]. For a visual representation, Figure 3-5 depicts
the HTC mechanism and the resulting products of different steps of the process.
In the hydrolysis stage, water is in the sub-critical region, functioning as a non-
polar solvent and reacts as a catalyst in the reactions. The presence of water in
this condition facilitates hydrolysis at low temperatures by reducing the
activation energy levels for bond cleavage. At high temperature and pressure,
the degree of ionization is high causing water to dissociate into basic and acidic
ions (hydroxide ions (OH-) and hydronium ions (H3z0+)) that have both basic and
acidic characteristics. According to Kannan et al. [38], biomass coalification is
accelerated in subcritical conditions, emphasizing the influential role of water in
promoting the hydrolysis stage of the process.

Following the hydrolysis process, the biomass feedstock undergoes
decarboxylation and dehydration processes to eliminate water and carbon
dioxide. In this stage, the pH decreases due to the production of organic acids
including lactic, acetic, levulinic, propionic, and formic acids [40]. Hydronium
ions are the catalysts for this stage resulting from the acid production.
Intermediates formed in the hydrolysis step undergo decarboxylation and
dehydration that leads to a reduction in oxygen-to-carbon (0/C) and hydrogen-
to-carbon (H/C) ratios, and the formation of H,0 and CO- [38]. In the next step,
the intermediates undergo condensation and polymerization processes
accompanied by Maillard reaction.
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Figure 3-5. HTC mechanism and products (adapted from [38])

Lignocellulosic biomass is composed of cellulose, hemicellulose, and lignin. In
the HTC process, the first affected component is hemicellulose, a branched
short-chain polymer. Hemicellulose starts to hydrolyze at a temperature of 180
°C and breaks down into monosaccharide units (fructose, glucose, galactose,
etc.) and polysaccharides. Cellulose is a linear polymer connected by a single
thread and hydrolyzes at temperatures higher than those required for
hemicellulose. Contrary, only a small amount of lignin dissolves at higher
temperatures due to its complex and highly branched polymer structure. The
remaining undissolved part participates in a solid-solid reaction and transforms
into hydrochar [39].

There are two separate pathways in the HTC process of non-lignocellulosic and
protein-base biomass for hydrochar formation. The conversion process of
polysaccharides is the same as hemicellulose while the pathway is quite
complicated for the proteins. Initially, the proteins undergo depolymerization,
resulting in polypeptides and oligomers such as tetramers, trimers, and dimers.
The reaction between the linear polypeptide and cyclic polypeptide is reversible
and by enhancing the reaction condition, both convert into amino acids. Amino
acids are involved in two main routes: 1) decarboxylation, producing amines
and COz, and 2) deamination yielding organic acids and NH4*. The Maillard
reaction occurs also between amino acids and reducing sugars. Lipids
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decompose into glycerol and fatty acids gradually during the HTC process. As
the process proceeds, fatty acids undergo hydrolysis, dehydration and
decarboxylation processes which result in the formation of the hydrochar.

The HTC process is influenced by different parameters including temperature,
residence time, feedstock composition, pressure, and the presence of a catalyst.
Since HTC is an exothermic process, temperature has a significant role in the
HTC process, directly affecting the hydrochar yield. At low temperatures,
macromolecular compounds undergo hydrolysis, leading to intermediates
production. As the temperature increases, the polymerization of small
molecules accelerates. On the other hand, only a small fraction of organic matter
undergoes hydrolysis at low temperatures, remaining in the solid phase. As the
temperature increases, the solid production (hydrochar yield) decreases while
the liquid and gas products increase. Moreover, the carbon content of hydrochar
increases with temperature while oxygen and hydrogen contents decrease. This
shift upgrades the fuel properties of the hydrochar. In addition, the hydrochar
yield decreases significantly with temperature when operating at temperatures
lower than 250 °C while the yield decreases slowly with temperature at 250 to
280 °C [39,41].

Residence time stands out as another important factor in the HTC process that
influences product distribution, spanning a range from 15 minutes to 4 hours.
Longer residence time increases higher heating value and reduces hydrochar
yield. In addition, the residence time is directly related to the reactor size, i.e.,
equipment cost. Increasing residence time by more than 1 hour will increase the
cost and energy for the HTC process without significantly improving the
hydrochar properties.

Severity factor (SF) emerges as a valuable factor showing the combined impact
of residence time and temperature on the final products. It can be expressed by

T—lOO)
14.75

Ry =t-exp ( Equation 3-2

Ro is the severity factor, T is HTC temperature (°C), and t is residence time
(minute). At high temperatures, higher reaction activity leads to the transition
of water-soluble components into aqueous and gaseous phases, facilitating the
transfer of organic matter. This transformative process occurs during
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dehydration and decarboxylation reactions. As the temperature increases, a
decrease is observed in -OH (hydroxyl) functional and O-containing groups.

The quantity of water is also an important factor in the HTC process, influencing
both product distribution and higher heating value (HHV). The high amount of
water accelerates the HTC reactions, particularly hydrolysis and
decarboxylation. Contrary, an insufficient amount of water results in
overheating of the reactor [42]. According to the literature, HHV reduces in case
of a high amount of water in sludge feedstock which is due to a lack of solid load
in the feedstock. Moreover, technical aspects are required to consider for the
optimum water and feedstock ratio.

The HTC process is generally carried out at autogenous pressure and few
investigations are available for the effect of pressure. Some investigations
studied pressure modifications such as raising the pressure by injecting N,
which showed a positive effect on dewatering performance (resulting in low
moisture cakes). However, this adjustment had a negative effect on HHV [43].
According to some studies, an increase in pressure does not affect the HTC
process [44,45].

The synergistic effect (SE) in HTC is linked to a series of reaction mechanisms,
occurring during the process, particularly, when two different feedstocks are
mixed. The SE can result in enhancing hydrochar properties as a fuel, energy
yield, hydrochar yield, and carbon content. The SE is defined by the synergistic
coefficient (SC), which is the comparison between the co-HTC experimental
values and calculated values from the individual HTC results, as shown in
Equation 3-3.

_ Experimental value—Calculate value

SC

x 100% Equation 3-3

Calculated value

3.2.2.  Hydrothermal liquefaction

Hydrothermal liquefaction is another thermochemical conversion method that
is carried on temperatures (200-450 °C) and pressure (4-35 MPa). In this
process, water acts as a solvent, catalyst, and reactant in subcritical regions due
to the changes in water properties such as viscosity and dielectric constant.

Moreover, other organic solvents can be used in the HTL process as a co-solvent
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such as glycerol, methanol, acetone, and ethylene glycol, or a mixture of an
organic solvent and water. The biomass feedstock undergoes many reactions
including hydrolysis, dehydration, decarbonylation, decarboxylation,
denitrogenating, oxygenation/deoxygenation, dehydrogenation, esterification,
alkylation/dealkylation, cracking, re-polymerization, and condensation [46].
The extensive number of reactions highlights the diversity of valuable products
in the HTL process and the complex series of chemical transformations.

HTL process yields a variety of products, including biochar, biocrude, aqueous
phase, and gaseous product. Biochar, the solid product, is considered an
undesirable product resulting from the repolymerization of unsaturated
compounds, i.e. low hydrogen content. Bio-crude oil is the main product in the
HTL process with high viscosity. This product is rich in carbon and hydrogen
with low moisture and oxygen content. The chemical compounds in bio-crude
oil include aldehydes, aromatics, alcohols, ketones, and carboxylic acids [47].
The diverse composition of bio-crude requires refining and upgrading, incurring
additional costs. Biocrude oil quantity depends on the types of biomass
feedstock, operating conditions, and catalysts employed.

The aqueous phase contains water-soluble by-products from the dehydration
step. The main compounds in the aqueous phase are formic acid, acetic acid,
phenol, glycolic acid, methanol, lactone, and ethanol [48]. The gaseous product
is a mixture of carbon monoxide (CO), carbon dioxide (CO), methane, alkenes,
and alkanes, with low generation of NOy and SO [49].

In the HTL process, cellulose decomposes into monosaccharides and
oligosaccharides. Elevated temperatures prompt the conversion of
monosaccharides into furan derivatives and aldehydes. The main products in
the liquefaction of cellulose are fructose, glucose, erythrose, 5-
hydroxymethylfurfural (5-HMF), levoglucosan, glyceraldehyde, ethanol
aldehyde, acetone aldehyde, dihydroxyacetone, and some oligosaccharides.
During the process, the breaking of hydrogen bonds in cellulose (inter- and
intramolecular) occurs in reaction with water, and glucose monomers are
formed. The main reactions that the glucose undergoes include 1) glucose
isomerization to fructose, 2) glucose dehydration to 1, 6-anhydroglucose, and 3)
glucose decomposition to ketones and aldehydes.
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Hemicellulose is composed of monomers like glucose, galactose, mannose,
xylose, and arabinose, etc. It hydrolyzed faster compared to cellulose, which is
attributed to the less rigid crystalline structure. Hemicellulose undergoes the
hydrolysis process into two main types of monosaccharides: hexose and pentose
and then to 5-HMF. The reaction pathways involve 1) cleavage of sugar to
alcohols and organic acids, 2) oxidation, dehydration, and isomerization, 3)
oxidation, deoxygenation, and formation of macromolecular fragments from
sugars, and 4) a small amount of condensation and esterification between lignin
and hemicellulose.

In rapid hydrolysis, glucose and other saccharides are formed and further
degraded into different oxygenated hydrocarbons such as lactic acid, formic
acid, hydroxymethyl furfural (HMF), and levulinic acid. Lignin is also hydrolyzed
during the liquefaction process in which the G- C bond and ether bond are
cleaved and alkylation, demethoxylation, and condensation reactions happen.
However, aromatic rings remain relatively stable during the HTL reactions,
particularly the biphenyl-type compounds [50,51].

Lignin has a different and complex structure compared to cellulose and
hemicellulose, consisting of three basic unites guaiacyl (G), syringyl (S), and p-
hydroxyphenyl (H). During HTL of lignin, oligomers, monomers, and dimers are
formed, catalyzing the conversion of lignin into aromatic chemicals. The
degradation includes hydrolysis, breakage of carbon-carbon bonds, ether,
alkylation of groups on the benzene ring, and degradation of methoxy on the
benzene ring. Due to the complexity of lignin, some studies use phenolic model
compounds. It is concluded that the aromatic ring is almost unaffected and the
ether bond was broken easily in hydrothermal conditions [52].

Non-lignocellulosic feedstock contains proteins, lipids, and carbohydrate
molecules. During the HTL process, these constituents are distributed in the
liquid, solid, and gas. Lipid molecules are converted to biocrude oil due to having
large molecule size, mainly hydrolyzed to produce long-chain fatty acids and
glycerol. Carbohydrates and proteins are also hydrolyzed to sugars and amino
acids. An increase in the temperature results in a series of reactions including
dehydration, decarboxylation, deamination, etc. to produce ketones, furfural,
aromatic hydrocarbons, alkenes, and alkanes. Maillard reaction is one of the
important pathways for nitrogenous compound production in which amino
acids react with carbonyl groups of reducing sugars [53].
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The reaction pathways and products are predominantly affected by the
feedstock type and reaction conditions. According to the literature,
lignocellulosic biomass with a higher cellulose and hemicellulose concentration
has a higher biocrude oil yield and conversion rate [54]. Both residence time and
temperature affect the HTL product properties and yields.

Temperature is the main parameter that affects the calorific value and elemental
composition of biocrude oil. The biocrude yield increases gradually with rising
the reaction temperature up to 300 °C while the yield decreases with
temperature when it exceeds 300 °C [55,56]. In the subcritical region, hydrolysis
and dehydration are dominant, and increasing the temperature leads to the
decomposition of lignocellulose components into small molecules, thus
increasing the biocrude oil yield. By increasing the temperature, large molecules
of biocrude oil polymerize into coke or decompose into a gas product. In
conclusion, below the critical temperature, decomposition reactions govern the
HTL process and above the critical temperature, repolymerization reactions are
dominant.

Pressure is another parameter in the HTL process. In the subcritical region,
elevated pressure increases water density, resulting in a single phase. This
facilitates easier penetration into the lignocellulose and improves the
interaction of hydrolysis ions. However, after reaching the supercritical
condition, the effect of the pressure is negligible on the biocrude oil yield. To
sum up, pressure effect is limited in the HTL process. Therefore, low pressure is
preferred to save cost and energy [57,58].

Residence time is another influential factor affecting biocrude oil yield and
composition of products. Biocrude oil yield rises with the increase of the
residence time; however, short residence time leads to a decomposition
reaction. Long residence times intensify condensation reactions, cracking of
biocrude oil, and producing intermediate products to form gas or re-polymerize
to produce coke, consequently, decreasing biocrude oil yield.

3.2.3.  Hydrothermal gasification/Supercritical
water gasification

Another hydrothermal conversion method is supercritical water gasification
which converts biomass feedstock into a hydrogen-rich gas product. SCWG is a
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prominent technology that has been known as a pollution-free method in recent
years [59]. It is often conducted at a temperature of 375-700 °C and pressure of
22.1 MPa with or without using various heterogeneous/homogenous catalysts.
Similar to the other hydrothermal methods, the process performance and
product characteristics are affected by the feedstock composition, temperature,
pressure and residence time [60].

The key advantage of the process is the utilization of supercritical water,
characterized by a significant reduction in dielectric constant and viscosity.
Water acts as an organic solvent, enhancing the miscibility of gases and organics,
creating a single-phase environment in the reactor.

The overall reaction in SCWG can be described by Equation 3-4 in which xand y
represent the molar ratios of H/C and O/C, respectively. The overall reaction is
endothermic and includes several steps and intermediates as shown in Equation
3-5 to Equation 3-9.

CH:Oy + (2-y) H20 » COz + (2 -y + ’Zﬁ) H, Equation 3-4
e Steam reforming reaction: Produces carbon monoxide and hydrogen
CHxOy+ (1-y) H20 = CO+ (1 -y +2) Hy Equation 3-5

e Water Gas Shift reaction: The reaction is reversible and influenced by
the temperature and presence of alkaline catalysts

CO + H,0 & CO2 + H; Equation 3-6

e Methanation reaction of CO

CO + 3Hz —» CHs+ H20 Equation 3-7
e Methanation reaction of CO;

CO2 + 3H; —» CH4+ H20 Equation 3-8
e Hydrogenation reaction

CO +2H2 » CHs + 0.5 02 Equation 3-9
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[t is worth mentioning that hydrogenation and methanation reactions occur in
longer residence time and the presence of catalysts.

Temperature is an important factor in hydrogen generation during the SCWG
process. The steam reforming reaction is favored by higher temperatures due to
its endothermic nature. Contrarily, the water-gas-shift reaction is exothermic
and an increase in temperature accelerates the reverse reaction leading to
higher consumption of hydrogen. According to the literature [31], hydrogen
production increases up to an optimum temperature and decreases at higher
temperatures.

Feedstock concentration is an economic factor influencing the equipment size
as well as affecting the product composition. A high biomass concentration leads
to a decrease in CO amount, i.e. suppressing the water-gas-shift reaction and
reduces hydrogen production. Conversely, alow amount of water can also cause
fouling and clogging problems due to salt precipitation and the high cost of
pumping the feedstock.

Residence time is a key parameter in SCWG. In a short residence time, both
hydrogen and carbon production show the same trend. The production
increases up to its maximum and further increases showing no significant
impact. Therefore, a combination of high temperature and short residence time
is favorable for hydrogen production [61].

Pressure has a considerable effect on the water properties that cause an
elevation in ionic compounds and the dielectric constant at subcritical region.
Thus, it favors hydrolysis reaction due to improving generation of H* and OH-. In
addition, high pressure is desirable in CO and CO; methanation and water-gas-
shift reactions although it decreases the decomposition reaction rate of biomass.
However, based on studies, an increase in pressure has a low impact on the
product gas composition in SCWG process [62].

The main pathways in SCWG of biomass include hydrolysis, pyrolysis, synthetic,
steam-reforming, and dehydrogenation reactions; however, the pathways may
vary due to the type of the feedstock. In the case of protein-base feedstock,
proteins undergo hydrolysis to form amino acids, which then decompose into
carboxylic acids and smaller molecules, and finally to acetic acid and formic acid.
Organic acids convert into hydrogen, carbon dioxide, and carbon monoxide [63].
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3.3. Thermodynamic models

Thermodynamic models represent the relations among thermodynamic, kinetic,
and transport properties concerning conditions (pressure and temperature)
and molecular interactions. An appropriate thermodynamic model is required
for modeling a process simulation and to achieve reliable results. These models
are classified as ideal models, activity coefficient models, and equation of state
models. The ideal models are relatively simpler because of ignoring the
molecular interactions. On the other hand, these models are accurate only in
case of negligible or quite low molecular interactions. This requires low
pressure and temperature resulting in low system density and slow movements
of molecules. Meanwhile, the elevated temperature and system density require
non-ideal models also representing the molecular interactions as in the systems
of this research. Non-ideal liquid-liquid mixtures are modeled by using activity
coefficient models while the non-ideal equation of state models represents the
relations among pressure, temperature, and molar density of a system. For
instance, the models below (Equations 3-10 to 3-13) are the most used ones for
real systems and the ones used in our simulations.

Van der Waal’s equation

2
[Pobs ta (g) ] (V —nb) = nRT Equation 3-10

Redlich-Kwong equation of state

RT a .
P = omsh  VTomwmtb) Equation 3-11

0.42748R2T2S 0.086
a= ;b= <
Pc Pc

Soave-Redlich-Kwong equation of state

RT a

= — Equation 3-12
p Um—b Vi (Vm+Db) qu tion 3
Where:

0.42748R?T? 0.08664
= c a; b = C;
Pc Pc
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a=[1+ (1—T05)(0.48508 + 1.55171w — 0.15613w?)]%;

sat

w=—-1-1logy, (ppc )T/T 07’

Peng-Robinson equation of state

RT a

D= Equation 3-13

" vm—b  vi+2bvy,—b?

Where

0.45724R?*T? 0.07780RT,
a=—ab=—;
Pc Pc

=[1+ (1 -T"%)(0.37464 + 1.54226w — 0.26992w?)]?

Selecting a proper thermodynamic model is crucial for the reliability of process
simulation results. Due to numerous models being formulated, it is useful to
utilize a selection guide classifying these models based on the system conditions.
Figure 3-6 shows a scheme for thermodynamic model selection [64].

No,
Pseudo
and
Real

————  ReA? s

Figure 3-6. Thermodynamic property method guide adapted from [64]
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4. Materials and Methods

The initial phase of this research project (Paper I) is based on the literature
review to investigate the bottlenecks, constraints, and operational problems in
biomass to biofuel conversion technologies that hinder the industrialization
process. For Paper I, SCWG of glycerol was performed through a laboratory-
scale continuous tubular flow reactor at the Process and Systems Engineering
Laboratory at the Abo Akademi University (Turku, Finland). Then, Paper Il and
Paper IV involved the simulations of the HTC process and HTC followed by SCWG
of aqueous effluent. Similarly, Paper V was also a simulation study of a proposed
biorefinery concept.

4.1. Supercritical water gasification of glycerol

The experimental setup is illustrated in Figure 4-1 The experiments were
conducted in two different reactors with the same shape: stainless steel (SS-
316) and Inconel-625. The total inner volume of the reactors is 83 ml, and their
length is 0.51 m. The piping and fittings have an internal diameter of 3 mm and
an outside diameter of 6 mm with a working pressure of up to 420 bar. The
pressure is measured with an electronic manometer and controlled through a
back-pressure valve. The feedstock is pressurized by introducing nitrogen gas
from the top of the feed cylinder. Temperature is measured at three different
points (inlet, center, and outlet) through thermocouples placed at the outer wall
of the reactor. Temperature is controlled to maintain 610 °C at the central
thermocouple (T2).
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Figure 4-1. The experimental setup for SCWG of glycerol
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The experiments were conducted at varying flow rates and glycerol
concentrations. Nine runs were conducted with the combinations of 125, 250,
and 375 mL/min flow rates, and 2.5, 5, and 10 % glycerol concentration by
weight. Each run included the start-up and reaction stages. The reactor was fed
with distilled water and heated at the rate of 140 °C/h during the start-up stage.
After reaching the reaction temperature and pressure, the glycerol solution was
fed into the reactor. The gas samples were collected through sampling bags. The
sampling durations were also recorded to obtain gas flow rates. The gas
compositions were analyzed with a gas chromatographer.

4.2. Process simulations of HTC and co-HTC
processes

Digestate (waste of AD process in biogas plants) was selected as the feedstock
for the HTC and co-HTC processes, considering the need for biogas plants to
recover energy and key fertilizer elements. Paper III and Paper IV involved the
selection of optimum conditions, utilizing the experimental results for obtaining
the simulation inputs, constructing process simulations, and evaluating
hydrochar production and energy requirements through simulation results.

Paper Il investigated the integration of the HTC process with a biogas plant as
shown in Figure 4-2. The study compared the experimental HTC results from the
literature regarding various digestates (e.g., derived from food waste, sewage
sludge, cow manure, and agricultural residue) and reaction conditions
(temperature, solid load, and residence time). Among the listed HTC results, one
feedstock and set of conditions are selected for the process simulation regarding
the HTC integration. The optimum feedstock and conditions were selected based
on the energetic yield defined as the energy content of hydrochar per mass of
the total reactor inlet (M]/kg reactor inlet). The integrated HTC process had a
capacity of processing 300 kg/h dry digestate.
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Figure 4-2. Block diagram of integrated HTC process with a biogas plant

After selecting the optimum feedstock and conditions, the experimental results
were processed to determine the reactor yields (based on non-inert inlet) and
to identify the non-conventional compounds as the inputs to the simulation
model. Paper Il determined the need to prioritize the experimental data as well.
The simulation inputs were determined by using the data with the order of total
mass balance using the yields to define the flow rates, identifying the digestate
and hydrochar using the characterization data, assumed gas composition, and
elemental balances around the reactor to define the elemental contents of
aqueous effluent, and using BMP (biochemical methane potential) and COD
(chemical oxygen demand) data to identify the water amount and dissolved
organics.

The simulation model was constructed to represent the integrated HTC process,
including the heat integration and product separation. The process simulation
involves pressurizing the digestate feedstock, the heat exchange between the
reactor downstream and feed stream, heating the feed further to reach the
reaction temperature, the HTC reactor, separation of the solid product, and
thermal drying to decrease the moisture content of hydrochar. The HTC reactor
was inserted as a RYIELD block operating at a constant temperature (an
isothermal reactor); thus, outlet yields are input and lead to heat release from
the exothermic conversion. After an expansion unit, dewatering the reactor
downstream was simulated based on the experimental filtration results
presented by Aragon-Briceno et al. (2022) [65]: reducing the water content of
hydrochar to 50 % with the energy requirement of 79.09 M]/kg dry solid, and
recovering 85 % of the dry solid in the hydrochar slurry. Afterwards, the water
content of hydrochar was reduced to 20 % by thermal drying to avoid molding
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in case the product is transported or stored before further usage. The heat
requirement of drying was assumed as 3.82 M]/kg water evaporated [66];
therefore, the drying section was simulated with the corresponding amount of
excess air. The thermodynamic method is also a critical aspect of simulation
models. Paper III simulated the HTC process with different methods to achieve
more accurate data, including SRK, PSRK, NRTL, and ‘IDEAL’ methods.

Paper 1V investigated the integration of the co-HTC process with a biogas plant
processing sewage sludge and food waste in parallel, generating 300 kg/h
sewage sludge digestate (SSD) and 300 kg/h food waste digestate (FWD) on a
dry basis. Figure 4-3 shows the integration scheme. The study simulated the co-
HTC of sewage sludge digestate (SSD) and food waste digestate (FWD) with
different mixing ratios to investigate the synergetic impact and to represent a
possible capacity increase: SSD:FWD ratios of 1:1 (300 kg/h SSD and 300 kg/h
FWD), 1:3 (300 kg/h SSD and 900 kg/h FWD) and 3:1 (900 kg/h SSD and 300
kg/h FWD). The optimum conditions are selected based on the energetic yields
of co-HTC data. In addition, the aqueous effluent of the co-HTC process (process
water) was conducted to the SCWG process for the mixing ratio of 1:1, to
investigate the energy recovery from the dissolved organics.

Biogas
Food waste Gas
= —

Biogas

Mixed digestate
| € o-@—Hydrochar Syngas
Sewage sludge I
—.\&'7 L, Aqueous | SCWG CHP
effluent ‘
i Char

Figure 4-3. The block diagram of co-HTC process followed by SCWG

The simulation model was constructed similarly to the model in Paper III: the
same unit operations and assumptions of dewatering and thermal drying.
Meanwhile, due to the lack of experimental results on the co-HTC of SSD and
FWD, the co-HTC data were generated by combining the individual HTC results
in the literature, as mass-weighted averages to identify the mixed digestate,
dissolved organics, the hydrochar product, and yields. For the 1:1 mixing ratio,

the simulation continues with the SCWG of the process water. The process water
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stream was conducted to the flash separation to remove the gases, pressurized
to 250 bars, heat exchange with the reactor outlet, external heat to reach SCWG
temperature, and then to SCWG reactor. The SCWG reactor was simulated first
with a yield reactor to decompose non-conventional components into elemental
components. After separating the ash in the solid separator, the remaining
components are conducted to the SCWG reactor represented by a RGIBBS block,
determining the outlet by minimizing Gibbs free energy. The reactor was
simulated as an adiabatic reactor at 600 °C, i.e., the sum of heat duties in RYIELD
and RGIBBS were zero. The reactor inlet was heated to more than 600 °C to
conduct the endothermic gasification. After cooling down via heat exchange with
the process water, the SCWG outlet stream is expanded and conducted to the
flash separator to separate syngas and aqueous phase. The thermodynamic
method was PSRK in this simulation model, except for SCWG reactor units
conducted with the IDEAL method.

4.3. The hydrothermal biorefinery concept

Paper V proposes a biorefinery integration concept for a biogas plant processing
sewage sludge in case of a capacity increase. Figure 4-4 illustrates the
integration concept. The digestate stream (300 kg/h dry solid) goes through the
HTC process, sewage sludge (190 kg/h dry solid) goes through the HTL process,
and the aqueous effluents go through SCWG. The experimental data were taken
from Parmar and Ross (2019) [67] and Rahman et al. (2021) [68] for the HTC of
SSD and HTL of sewage sludge, respectively. Table 4-1 shows the
characterization and product yield data. The HTC process of sewage sludge
digestate is at 200 °C and autogenous pressure with 30% solid load. The HTL
process is simulated under the condition of 350 °C and autogenous pressure
with 19% solid load. The aqueous phase from HTL and HTC is gasified in 600 °C
and 250 bar conditions.
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Figure 4-4. The block diagram of the biorefinery concept

Table 4-1. Analysis of feedstocks and products [67,68]

HHV .
Sample (MJ/kg) C H N S 0 Ash | Yield
SS 14.1 331 | 55 5 0.7 | 259 | 29.8 -
SS digestate 14.9 287 31 | 34 | 15 | 164 | 469 -
Biocrude 28.3 533601 | 39 | 11 | 299 | 47 | 371
Hydrochar 15.4 345| 43 | 29 | 1.2 | 128 | 443 78

The simulation model was constructed after determining the simulation inputs.
The HTC and SCWG sections were constructed in a similar way to Paper IV. The
HTL section was also constructed as a pump to pressurize the sewage sludge,
heat exchange with the reactor outlet, and external heat to reach the HTL
temperature and separation stages.
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5. Results and discussion

This research combines the operational aspects with the selection of optimum
conditions and process simulations to develop circular biorefinery concepts.
The research started with a comprehensive review on operational issues in
hydrothermal processes specifically SCWG and HTL processes. It continued with
an experimental study of SCWG of glycerol. In the next step, HTC and co-HTC of
waste biomass feedstock are simulated and investigated. The final research
topic is the integration of mentioned processes as a biorefinery to achieve
sustainable development goals and a circular economy.

5.1. Operational issues of SCWG and HTL (Paper
)

Paper I reviewed operational issues as obstacles to the industrialization of
SCWG and HTL technologies. The covered issues include:

e Process safety with respect to the operating conditions
e Corrosion

e Pumpability of feedstock

e High investment and operating costs

e Plugging due to solid deposition

e (Catalyst sintering and deactivation

The primary challenge is to ensure process safety due to high pressure and
temperature, causing thermal and mechanical stress on the reactor. This
challenge can be addressed by proper selections of reactor material and outer
diameter-to-thickness ratio with respect to the operational pressure and the
tensile strength of materials at the operating temperature. For example, the
maximum outer diameter-to-thickness ratio can be around 12mm in a steel
reactor at 250 bars, as determined with the correlation derived by Oh et al.
(2020) [69]. Inconel 625 reactor has a higher tensile strength: 565 MPa versus
714-1103 MPa [70]. However, regardless of material, SCWG requires very thick
reactors due to high pressure. Consequently, the reactor thickness causes the
external heating to be impractical in industrial scales. In addition, the selection
of material is influenced by thermal stability as well. Stainless steel 316L can
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operate up to 650 °C regarding a long-term implementation while Inconel can
remain stable at over 1000 °C. Nevertheless, stainless steel can be modified to
operate at up to 1150 °C by adjusting the ferric and chromium contents [71].

As another safety aspect, solid deposition arises from char formation and
precipitation of inorganic salts. Solid deposition is a major problem, especially
in the SCWG process. Meanwhile, HTL has less risk of plugging due to solid
deposition, and control is possible with a pressure letdown valve [72].
Moreover, solid deposition is the main issue, also causing the increased risks of
other operational issues. The solid deposition issue induces under-deposit
corrosion, catalyst deactivation through fouling, dealloying in the case of the
presence of sulfide and mechanical stress on the reactor due to pressure
gradient. Various methods are employed to address these concerns, including
diverse reactor configurations to prevent plugging and optimization of process
conditions to mitigate other potential problems. Table 5-1 is adapted from Paper
I and listed some studies about SCWG and the related results for each study.
Figure 5-1 depicts an operational issue due to salt formation. The figure is
adapted from a research experiment on SCWG of black liquor conducted by De
Blasio et al. [73]. Efficiently addressing this issue requires specialized reactor
configurations capable of simultaneous solid separation during the reactions
while providing a surface area of the catalytic wall in an economically feasible
way, besides optimum conditions to minimize the char formation. Therefore,
Paper I proposed a vertical reactor configuration with multiple, coil-shaped
riser tubes as shown in Figure 5-2. Since the external heating is impractical due
to reactor thickness, the biomass feed and SCW can be fed separately and mixed
in the reactor. This leads to a faster transition to the reaction temperature, and
a vertical vessel reactor can have higher mechanical stability than tubular
reactors. The riser tubes enable the solid separation by collecting the syngas
while the solid outlet precipitates to the bottom. The multiple, coil-shaped
configuration increases the surface area as well. Therefore, the reactor material
can include a stainless-steel vessel as a cheaper material and Inconel riser tubes
as a catalytic material.
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Figure 5-1. Operational problem due to formation of salt [73]

—— [orw]

————>| Char and Ash

Figure 5-2. The reactor configuration proposed in Paper |
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Table 5-1. Literature studies on SCWG (adapted from Paper I)

Ref. | Research question Feedstock Results/Findings
Performance and Biomass model
interaction of compounds Understanding the
[60] biomass in SCW . P . interactions within
. Binary or multi- .
and technical multicomponent systems
component systems
challenges
The components of Risk analysis/Catching
Recent biomass salts and salt separation
[74] development in (carbohydrates, lignin, to avoid reactor
the SCWG process ash, proteins, and plugging/Integration of
lipids) and real biomass SCWG in a biorefinery
Changes reactor
Degradation routs Biomass model configurations to
[75] | of biomass model compounds such as overcome
compounds cellulose and lignin plugging/Separation of
corrosive ingredients
Research on
catalytic SCWG Glucose, Glycerol, Catalysts increase
and Lignin, Phenol, Lignin hydrogen selectivity and
28] physicochemical and 4-propyl phenol, conversion rate/More
properties of Methanol, Glycerol, research about stable and
water in sub and glucose and wood, and efficient catalysts was
superecritical Cellulose suggested
conditions
Sulfur and inorganics in
. : - biomass deactivate
Summarized Lignocellulosic biomass
. : catalysts/Moderate
catalytic from different sources,
. temperatures and long
hydrothermal sewage sludge, chicken . L
[76] e residence time increased
gasification manure, food wastes, . .
. . . tar/High heating rates
findings in the last | algae, and fermentation .
reduce char/Capillary

two decades

residue

quartz reactors are cheap
and safe in high pressures
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The yield of Hz and CO2
Reviewed increased with
economic costs, temperature and
life cycle decreased with
assessment (LCA), Sewage concentration and oxygen
[77] | energy and exergy | sludge, algal biomass, addition/Major exergy
efficiencies, and and black liquor destruction is in the
thermodynamic reactor, heat exchanger,
equilibrium in and preheater/Hydrogen
SCWG production costs are
lower in the SCWG
High pressure and
. temperature increase
Petrochemical waste, corrosli)on/I}IletelroC eneous
Reviewed the role mixed plastics, food 5
. and homogeneous
of water in waste, sewage sludge, .
. . . catalysts are effective,
[78] converting used tires, animal L . .
) : . deactivation, sintering,
biomass feedstock manure, industrial .
.. and recovery are still
to syngas effluents, and municipal 4 .
. challenges/Biorefinery
solid waste
concept to reduce the
costs

Corrosion is a long-term issue affecting the operation. Corrosion is attributed to
alkali salts, char formation, and corrosive inorganics such as sulfur, chloride, or
nitrate. HTL process involves electrochemical corrosion due to high density and
polarity of water while SCWG process involves chemical corrosion due to salt
deposition. This issue can be managed through proper selection of corrosion-
resistant material, ensuring optimal conditions to minimize char formation, and
pre-neutralization of the feedstock or mixing the feedstock with other non-
corrosive alternatives. The main corrosion-resistant materials are stainless
steel, nickel alloys, titanium, tantalum, noble metals and ceramics. The economic
aspects and catalytic impacts direct the selection of reactor materials to stainless
steel and nickel alloys (e.g., Inconel and Hastelloy). The corrosion resistances of
these materials are also temperature-dependent. Stainless steel has higher
corrosion resistance at HTL conditions and lower cost. Meanwhile, Inconel has
higher corrosion resistance and catalytic impact at SCWG conditions.

Catalyst deactivation is another long-term operational issue decreasing product
yields. The catalysts are deactivated through chemical degradation, sintering at
high temperatures, and the deposition of unreactive species on the catalyst
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surface. The phenomena causing catalyst deactivation can be minimized
through diverse catalyst preparation methods, enhanced dispersion, and adding
a trace amount of transition metals to alkali metal catalysts and bimetallic
catalysts. A trace of amount of transition metals or a bimetallic catalyst reduce
the solid deposition by promoting the gasification reactions and suppressing the
repolymerization, thus increasing the gas yields as well. The diverse methods of
catalyst preparation and enhanced dispersion address the chemical degradation
and sintering issues, respectively.

Additionally, the solid concentration of reactor inlet is constrained by
pumpability limits at high pressure. The pumpability limit depends on the
biomass constituents and pressure: 45 % at 130 bars and 10-18 % at 206-320
bars for lignocellulosic biomass, 22 % at 220-300 bars for sewage sludge, and
15 % for woody biomass [79]. Operating at higher concentrations than the
pumpability limit causes clogging problems in high-pressure pumps. This issue
introduces a constraint to the applicable concentration range when
investigating the optimum conditions. The reactor inlet concentration directly
influences the equipment size and energy requirements to process the defined
amount of dry solid. For instance, Paper I compiled the studies on SCWG of black
liquor in terms of energy yield (energy content of syngas) on a dry-ash-free basis
and based on of a non-inert reactor inlet, as shown in Table 5-2. Despite
improving the dry-ash-free yields, the dilute inlets result in low yields based on
reactor inlet, i.e., requiring much larger equipment. In other words, the
feedstock concentration influences the equipment size more dominantly than
improving the dry-based or dry-based yields.
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Table 5-2. Various results on SCWG of Kraft black liquor (KBL) (RT: residence

time)
Hyd
Hydrogen yield y .rogen

yield

(mol/kg non- (mol/k
Reactor P T Reactor RT inert) or anicsg) Ref
feed (MPa) | (°C) | material (s) Energy yield & ) '

Energy yield
(kJ/kg non- (/K
inert) .g
organics)
KBL Inconel 0.646 24.92
25 750 00 2

4.25 wt% > 625 3 458 17644 [26]

KBL Inconel 0.440 16.93
25 750 133 26
425 wt% 625 315 12162 [26]

KBL Stainless 0.370 14.27
25 750 133 26
4.25 wt% steel 310 11963 [26]

KBL Inconel 1.238 14.43
25 700 77 0
12.3 wt% 625 912 10627 [80]

KBL Stainless 1.232 14.36
25 700 77 80
12.3 wt% steel 793 9240 [80]
KBL 25 600 Inconel 91 1.478 17.22 [80]

12.3 wt% 625 750 8736

KBL Inconel 0.162 33.62
23. 700 25 1
0.81 wt% 3 625 75 15521 [81]

KBL Inconel 0.195 20.10
234 | 700 25 81
1.62 wt% 625 81 16786 [81]

5.2. Supercritical water gasification of glycerol
(PaperII)

Paper II investigated supercritical water gasification of glycerol carried out in
laboratory-scale tubular reactors made of industrially relevant materials, such
as Stainless Steel 316 and Inconel-625. The design of the experiment analysis
determined that glycerol molar flow rate is the inlet affecting the productivity of
gases, rather than residence time and glycerol content separately. Figure 5-3
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shows the gas productivity results versus glycerol inlet flow rate for both
reactors. Stainless steel resulted in higher hydrogen productivity (Figure 5-3, A)
than Inconel, implying the catalytic impact towards the hydrogenation of C2
intermediates. Meanwhile, the productivity of methane (Figure 5-3, D) and
ethylene (Figure 5-3, E) were higher in the Inconel-625 reactor, indicating a
catalytic impact towards cracking and the hydrogenation of the acetaldehyde
intermediate. The high nickel content of Inconel 625 resulted in the
enhancement of hydrocarbon production to the detriment of the hydrogen yield.
In any case, considering the significant amount of produced C2 hydrocarbons,
the acetaldehyde intermediate appears to be rather active towards
hydrogenation regardless of the wall material. Another plausible explanation of
the observed productivity of methane could be the accumulation of
acetaldehyde that could decompose into methane and carbon monoxide. The
interpretation of the ethane production, shown in Figure 5-3, F, appears to be
less straightforward, and ethane is a minor product. The production of carbon
monoxide (Figure 5-3, B) and carbon dioxide (Figure 5-3, C) were quite similar
for both reactor materials, thus implying that there is no catalytic effect of
Inconel-625 over water gas shift or methanation reactions. To sum up, the
productivity of each gas is approximately linear with glycerol molar flow rates.
However, in the case of Hy, CO, and CO, the linear tendency breaks around 0.2
mol/min, adopting a lower slope when the residence time of the substrate
decreases.

From the techno-economic viewpoint, the selected molar flow rate of glycerol
can be conducted through various combinations of residence time and inlet
glycerol concentration. Since equipment size and energy requirement decrease
with inlet concentration, selecting a high concentration will favor the economic
performance as also mentioned in Paper I.

Another aspect is the heat transfer to the reaction mixture. Besides being
impractical on an industrial scale, the external heating resulted in temperature
gradient and subcritical water conditions in a large part of the reactor as
determined in Paper II through kinetic modeling. Therefore, the reactor
configuration in Figure 5-2 can address the heat transfer limitation as well.
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Figure 5-3. Molar production as a function of the glycerol molar inflow rate

5.3. HTC of digestates (Paper III and IV)

Papers III and IV investigated HTC and co-HTC of waste biomass feedstock,
specifically digestate from anaerobic digestion. Paper Il delves into the
simulation aspects of the HTC process of the digestate, aiming to estimate the
optimum condition and establish mass and energy balances. Paper IV research
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is in continuation of paper IlI, studying co-HTC of two different waste biomass
feedstocks including food waste and sewage sludge digestates.

Paper IIl had the scope of selecting optimum HTC conditions concerning
feedstock and reaction conditions, utilizing the experimental results for
determining simulation inputs, and process simulation to obtain mass and
energy balances. The optimum conditions were selected based on energetic
yield defined as the energy content in hydrochar per reactor inlet. The energetic
yield is an important factor from the techno-economic viewpoint, implying the
relative equipment sizes and the optimum compromise of the opposite impact
of temperature on hydrochar yield and heating value. Table 5-3 shows some of
the compiled HTC results and calculated energetic yields [67]. Among the
investigated data for various digestates, the optimum feedstock and conditions
were selected as agricultural residue at 200 °C and the residence time of 1 hour
with 30 % solid load based on the energetic yields, resulted in the energetic yield
of 5.02 M]/kg reactor inlet.
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Table 5-3. The hydrochar properties and process performances for HTC of
digestates (complete list in Paper III)

HTC conditions Hydrochar Process
o performance
S g Energetic
gg e ?011: C H 0 HHV Ee;d yield
I RC RO el I (OB ORI N 7SN Rl B
inlet)
10 52.0 69 | 23.1 21.6 60.0 1.30
200 20 508 | 6.0 | 244 20.7 67.8 2.81
30 51.2 6.1 | 228 20.9 80.1 5.02
AGR 1
10 57.3 6.3 11.5 24.0 47.2 1.13
250 20 57.1 6.6 12.0 24.2 51.1 2.47
30 56.7 58 | 12.7 233 49.4 3.45
10 22.6 1.6 | 11.7 15.5 85.0 1.32
200 20 21.4 1.6 13.9 15.6 87.1 2.72
30 24.0 1.8 12.2 15.4 85.7 3.96
MSW 1
10 23.0 1.6 9.7 15.6 82.0 1.28
250 20 21.7 1.6 7.9 15.6 84.1 2.62
30 23.4 1.7 7.8 15.5 83.5 3.88
10 340 | 4.2 13.0 15.0 72.6 1.09
200 20 34.0 | 4.2 14.0 15.1 76.1 2.30
ss 1 30 352 | 44 | 127 15.4 78.0 3.60
10 344 | 4.0 9.2 15.2 65.6 1.00
250 20 347 | 41 10.6 15.3 67.9 2.08
30 364 | 4.3 9.0 15.7 69.5 3.27

After selecting the optimum feedstock and conditions for simulation, the
experimental data were utilized to identify the non-conventional compounds
and to determine flow rates. The first step is to determine the flow rates of
hydrochar, process water, and gas by using the yield data. Afterwards, it is
important to prioritize the data based on characterization reliability. The
ultimate and proximate analysis on solid samples are typically conducted after
drying at low temperatures avoiding further decomposition. However, CHNS
analysis on process water can cause high uncertainty due to losses of light
organic compounds during sample drying. Therefore, the first step was to
identify the feedstock and hydrochar. The gas composition was assumed as 90
% COz 6 % CO, 3 % CHs4, and 1 % H: by volume based on the selected
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temperature [82,83]. The elemental contents of dissolved organics can then be
identified through elemental balances, except hydrogen and oxygen. The
hydrogen and oxygen contents in dissolved organics were identified through the
experimental BMP and COD data. Then, water in reactor outlet can also be
determined accordingly. The accuracy of mass balance can be increased with
more data on process water and gas composition. The mass balance accuracy
influences the simulation model as well since the reactor outlet is defined based
on the experimental results. Table 5-4 and

Table 5-5 show the non-conventional compounds and yields as the simulation
inputs. The digestate, dissolved organics, and hydrochar were represented in
dry-ash-free form, and ash was introduced as another compound. Figure 5-5
illustrates mass balance results of HTC of agricultural residue digestate.

Table 5-4. Non-conventional compounds in the simulation model

NC Ultimate analysis (wt%) Proximate analysis(wt%)
components HHV
C H N S 0 Ash FC VM
(M]/kg)
Digestate 52.5 | 6.07 | 3.81 | 0.36 | 37.3 - 16.4 83.6 21.19
Hydrochar 61.2 | 7.29 | 418 | 0.12 | 27.2 - 20.3 79.7 24.97
Ash - - - - - [100] - - -
Organics 176 [ 957 | 3.0 | 1.7 | 681 - - 100 Default
value

Table 5-5. The calculated yields as defined in the simulation

Component Yield (kg/kg non-inert)
Hydrochar 0.2113
Water 0.7390
Organics 0.04122
CO. 0.008289
H; 0.000004186
CH4 0.0001005
co 0.0003516

The HTC process was simulated to obtain the mass and energy balances. The
simulation process is depicted in Figure 5-4. The HTC simulation in Paper III
includes only the HTC section but not the SCWG section, and the stream
“PWATER” is the outlet as the aqueous effluent. The mass balance results are

shown in Table 5-5. The energy balances were obtained by simulating the
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process with SRK, PSRK, NRTL, and IDEAL methods to compare the impact of
the thermodynamic method. Nevertheless, these methods resulted in similar
results with minor differences in the duties of heat exchangers. The PSRK
method was selected to evaluate the energy requirements.

Table 5-6 shows the energy requirements. The energy balance shows that heat
released in the reactor can cover the majority of the requirement of air heating,
as a further heat integration concept. Due to the importance of the heat of
reaction in heat integration, the heat duty of the reactor was determined based
on the simulation result. The heat duty of the HTC reactor was -122 kW,
corresponding to -1.46 M]/kg dry solid and -1.74 M]/kg dry-ash-free solid inlet
as the heat of reaction. The heat of reaction was also verified by comparing the
data reported in the literature for model compounds and similar biomass
feedstocks. For instance, the heat of reaction was measured as -1.07 M]/kg dry-
ash-free cellulose and -0.76 M]/kg dry-ash-free wood at 240 °C with 10-h
residence time [84]. The heat of reaction varies with temperature and residence
time as well. The heat of reaction varied between -0.59 and -1.33 M] /kg cellulose
at 180-240°C with a 3-h residence time [85]. Similarly, the heat of reaction was
measured as -2.53 and -3.47 M]/kg dry wood at 180 °C with 2.5-h and 5.83-h
(350 min) residence times [86]. To sum up, the obtained heat of reaction is
consistent with the literature values despite the need for more precise
verification.

Figure 5-4. HTC and co-HTC process simulation models



HTC sludge: 1000 kg/h
703.37 kg/h water, 39.23 kg/h organics

Digestate: .1000 kg/h 201.08 k/h hydrochar, 48 ke/h ash Process water: 591.5 kg/h .
252 kg/h digestate 780 kgh €0,,0.33 kg/h CO 499.12 kg/h water. 39.23 kg/h organics
48 kg/h ash HTC Reactor |0.096 ke/h CH, 36.00 kg/h hydrochar, 8.83 kg/h ash
700 kg/h water . 0004 keh By [Dewater 7.89 kg/h €0,,0.33 kg/hh CO
—— T=200°C TSNS L, 4 096 ke/h CH, 0.004 ke/h H,
P=45 bar 5.5 kW power :
Exhaust air: 9153.41 kg/h
t=1h -
9000 kg/h air

Drying 153.41 kg/h water vapor
56.4 kW power |,
Hydrochar sudge: 408.5 kg/h | 162 kWheat | Hydrochar product: 255.09 kg/h

204.25 kg/h water 50.84 ke/h water
165.08 kg/h hydrochar Air I 165.08 kg/h hydrochar
39.17 ke/hash 9000 kg/h 39.17 kg ash

Figure 5-5. The mass balance results of HTC of agricultural residue digestate

Table 5-6. Heat and power requirements of HTC of agricultural residue

digestate.
Electricity requirement
PUMP 1.75 kW
COMPRESS 56.4 kW
DEWATER 55kwW
Total electricity consumption 63.65 kW
Heat requirement
HEATER 21 kW
HEATAIR 162 kW
HTC -122 kW
Net heat consumption 61 kW

Paper 1V investigated integrating the co-HTC process with SCWG for nutrient
recovery and energy production. The aqueous effluent from the HTC section is
conducted to the SCWG section. The optimum co-HTC conditions were selected
based on the energetic yields, comparing relative equipment sizes besides the
hydrochar product. Due to the lack of experimental co-HTC on sewage sludge
digestate (SSD) and food waste digestate (FWD), the co-HTC data was generated
using the individual HTC data of each digestate, mass-weighted averages with
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respect to mixing ratios. Table 5-7 shows the digestate characterizations of
various HTC studies, and Table 5-8 shows the energetic yields concerning the
conditions and mixing ratios. The selected conditions are 200 °C, 30 % solid load,
and 1-h residence time for the mixing ratios in scope: resulting in the energetic

yields of 3.58-3.59 M] /kg reactor inlet.

Table 5-7. Analysis of the selected digestate samples (dry basis

HHV H N 0 Ash
Digestate | (Mi/kg) | C | ) | ) | S| ) | ) | ReF
SSD1 14.9 28.9 3.2 3.4 1.5 16.1 46.9 [87]
SSD2 14.4 33.3 4.6 4 1.2 20.3 36.7 [88]
SSD4 11.5 30.3 4.2 3.5 2.3 18.8 40.9 [89]
SSD7 14.3 29.6 4.3 4.4 1.6 20.1 40.1 [90]
FWD1 14.9 29.5 3.0 2.0 0.3 21.3 439 [87]
FWD3 19.7 46.0 6.5 2.7 0.3 36.6 8.0 [91]
FWD4 13.4 34.3 4 1.9 0.2 23.8 35.8 [92]

Table 5-8. The co-HTC results and the energetic yields for the SSD:FWD ratios
of 1:1, 1:3 and 3:1, respectively

Conditions Hydrochar Process
performance
T Solid ' Energetic yield
) load (;:‘3 Yield (% dry) HHV (M]/kg) (M]/kg reactor
(%) inlet)
10 76.1-77.8-74.3 14.89-14.85-1494 | 1.13-1.15-1.11
200 20 78.5-79.7-77.3 15.10-15.10-15.10 | 2.37-2.41-2.33
30 1 78.9-79.4-78.5 14.99-15.02-15.27 | 3.59-3.58-3.59
SSD1: 10 68.4-69.7-67.0 15.15-14.89-15.09 | 1.02-1.04-1.01
FWD1 250 20 69.7-70.5-68.8 | 15.09-15.00-15.20 | 2.10-2.12-2.09
30 71.6-723-70.6 | 1534-15.17-15.52 | 3.29-3.31-3.28
SSD7: 150 89.8-89.4-90.2 | 15.10-15.05-15.15 | 2.71-2.69-2.73
FWD1 200 20 1 79.0-79.9-78.0 15.15-15.12-15.17 | 2.39-242-2.37
250 71.0-71.1-70.7 | 15.05-1497-15.12 | 2.13-2.13-2.14
SSD1:
FWD3 200 10 1 57.9-50.6-65.3 18.77-21.48-16.67 | 1.09-1.09-1.09
33\11)1)23 250 10 0.5 | 54.8-44.6-64.9 19.42-2247-17.33 | 1.06-1.00-1.12
SSD4: 210 83.8-81.5-86.0 | 11.64-11.76-11.52 | 1.46-1.44-1.48
FWD4 230 15 2 75.2-74.0-765 11.94-12.16-11.71 | 1.35-1.35-1.34
250 699-689-71.0 | 12.44-1257-1232 | 1.31 130 1.31

The co-HTC process involves synergetic impact due to the interactions among
different feedstock, thus causing deviation between experimental co-HTC
results and calculated results using individual HTC results. Therefore, it is

47




important to investigate SC to evaluate the reliability of selecting the conditions
based on calculated co-HTC data. Due to the lack of experimental co-HTC data
on SSD and FWD, the preliminary evaluation can be conducted by determining
the synergetic impact for co-HTC of SS and FW as the origin of the digestates.
Since this study selects the optimum conditions based on the energetic yield, the
SC on the energetic yield indicates the role of SE in the optimum conditions.
Therefore, Figure 5-6 shows the SCs on the energetic yields for the experimental
results of co-HTC of SS and FW presented by Zheng et al. (2019) [93]. The SC
decreases with temperature in all mixing ratios and is close to zero at the
selected co-HTC temperature. This investigation determines that the SE has no
major impact on selecting of the optimum conditions despite the need of
verification. Therefore, future co-HTC experiments can involve some ranges of
conditions around the selected optimum (e.g. 180-220 °C, 20-30 % solid load,
and 0.5-1.5 hours residence time) rather than numerous experiments to cover
wide ranges.

Synergetic impact for coHTC of SS and FW

—e—30 % SSand 70 % FW

10
—e—50 % SS and 50 % FW
5 " 70 % SS and 30 % FW
X0 S L
o .
< 180 200 220 240 260 280
n -5
10
15 .
20

Temperature (°C)

Figure 5-6. Synergetic impact for SS and FW

After selecting the optimum conditions, the experimental data were utilized to
determine the flow rates and to identify the non-conventional components. The
mass balances were conducted in the same way as Paper III for the mass-
weighted averages of individual HTC data. Table 5-9 shows the dry-ash-free
digestate and hydrochar, and Table 5-10 shows the dissolved organics as the
non-conventional compounds.
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Table 5-11 shows the calculated reaction yields introduced to the simulation

model.
Table 5-9. Feedstock and hydrochar properties (daf)
Material C(%) | H(%) | 0(%) | N(%) [ S(%) | HHV(M]/kg)
11 Digestate 53.48 5.68 34.25 4.94 1.65 27.29
' Hydrochar 62.73 7.14 24.67 4.13 1.34 29.31
13 Digestate 53.03 5.51 36.13 4.24 1.08 26.92
' Hydrochar 63.28 6.83 25.43 3.56 0.89 30.27
3.1 Digestate 53.95 5.85 32.31 5.67 2.23 27.67
' Hydrochar 62.21 7.42 23.94 4.68 1.75 28.40

Table 5-10. The elemental analysis and heating values of organics

. , Dissolved organics (dry-ash-free)
SSDFWD ratio e o) [ H(%) | 0(%) | N(%) | S(%) | HHV(M/kg)
1:1 24.84 2.61 58.03 10.76 3.76 4.29
1:3 28.61 2.96 57.35 8.79 2.29 6.70
3:1 19.86 2.15 58.92 13.37 5.70 1.10

Table 5-11. Calculated yields in kg/kg non-inert

SSD:FWD ratio
Component
1:1 1:3 3:1

Hydrochar 0.140 0.136 0.145
Water 0.809 0.809 0.808
Organics 0.033 0.038 0.029
CO2 0.017 0.016 0.017

H: 8.479E-06 8.291E-06 8.668E-06
CH4 0.0002 0.0002 0.0002
co 0.0007 0.0007 0.0007

After selecting the optimum conditions and determining the simulation inputs,
the co-HTC process was simulated as shown in Figure 5-4. All the mixing ratios
were simulated without the SCWG section, i.e. the “PWATER” stream was an
outlet as the aqueous effluent. In addition, the mixing ratio of 1:1 was simulated
with the SCWG section to investigate energy production from dissolved organics
as well as enabling further recovery of minerals and nutrients. Table 5-12 shows
the inlet and outlet streams in all the mixing ratios. Paper IV showed the
extended version of this table including some intermediate streams as well. The
results indicated that SSD causes slightly more gas formation while FWD
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promotes the dissolved organics in the co-HTC conversion. In addition, water
also participates into the reactions: a small amount was consumed in the
SSD:FWD ratios of 1:1 and 3:1 while being generated in small amount in the ratio
of 1:3. Furthermore, the majority of ash was recovered in the hydrochar product,
thus encouraging the use of hydrochar as a fertilizer. The K, P, and N recoveries
on hydrochar were observed to be higher than 60 %.

Table 5-12. Mass flows of the co-HTC process in kg/h: stream names as in

Figure 5-4
Stream Component SSD:FWD ratio
1:1 1:3 3:1
Digestate 327.6 664.2 646.2
DIGESTAT Ash 272.4 535.8 553.8
Water 1400 2800 2800
Water 999.43 2000.44 1997.27
Ash 45.35 57.86 123.54
PWATER Hydrochar 72.34 145.94 143.20
Organics 57.30 130.44 98.76
Gases 30.60 60.00 62.40
AIR Air 17550 35450 34760
Air 17550 35450 34760
EXHAIR Water 298.43 603.7 591.02
Water 99.09 198.96 196.41
HCHAR Ash 227.05 477.94 430.26
Hydrochar 170.41 324.72 357.14
Water 51.06
CO2 143.40
CO 2.14
CH4 26.27
SYNGAS H, 6.63
N2 8.85
HaS 3.31
NH3 0.17
Water 885.79
NH3 0.19
SCWGAQEF H,S 0.01
Gases 0.153

The energy balances were obtained from the simulation results. Table 5-13 and
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Table 5-14 present the energy requirements of the co-HTC process for all the
mixing ratios and of the SCWG section for the 1:1 mixing ratio, respectively. The
energy requirements in the co-HTC section are proportional to flow rates with
only minor deviations regarding the mixing ratio, except for the reactor. The
exothermicity of co-HTC conversion increased with the FWD ratio. Conducting
SCWG of process water led to the supply of energy required in the whole process.
The net heating value of the syngas is 9.03 M]/kg. The CHP production from
syngas covers most of the power consumption and provides extra heat of 455
kW.

The study also provides useful information for preliminary assessment of the
proposed integration and directing the co-HTC experiments towards the
promising ranges of conditions, despite the uncertainties in the methodology.
Two main uncertainty factors are the heat of reaction in the co-HTC conversion
and the SE of mixing feedstocks. The heat of reaction were obtained from the
simulation results as -2.56, -2.12, and -2.90 M]/kg dry-solid and -4.69, -3.83, -
5.39 M]J/kg dry-ash-free-solid for 1:1, 1:3, and 3:1 SSD and FWD ratios,
respectively. These values are consistent with the literature values for HTC of
similar feedstocks and model compounds, e.g., for FW (-1.19 M]/kgary-solia), SS (-
2.62 M]/Kgary-sotia), organic waste (-7.30 M]/Kgary-soia), and glucose (-1.06
M]/Kgary-solia) [94-96]. Similarly, this study investigated the synergetic
coefficient (SC) on the energetic yields for co-HTC of SS and FW as the feedstocks
with similar constituents, due to lack of data on co-HTC of SSD and FWD.

Table 5-13. Co-HTC energy requirements
SSD-FWD ratio

1:1 | 1:3 [ 31
Electricity requirement (kW)
PUMP 3.5 7 7

COMPRESS | 110.0 | 2223 | 217.9
DEWATER 11.4 221 23.2
Total 1249 | 2514 | 24841
Heat requirement (kW)
HAETER 40.45 80.8 80.9
HEATAIR | 316.26 | 638.8 | 626.4
Co-HTC -427.2 | -706.8 | -967.1
Total -70.49 12.8 | -259.8
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Table 5-14. SCWG energy balance

Electricity requirement (kW) Heat requirement (kW)
HTC Section 124.9 HTC Section | -70.49
PUMPSCWG 31.5 -

0.25XHEATSCWG 11 0.75XHEATSCWG | 33
Electricity outcome (kW) Heat outcome (kW)
0.25xXSYNGAS | 151.68 0.75xSYNGAS | 455.06

5.4. Biorefinery concept of hydrothermal
processes (Paper V)

Compiling the knowledge on hydrothermal processes, Paper V proposed a novel
biorefinery idea and simulated for the conversion of waste biomass to biofuels.
The proposed process was integrated to a biogas plant processing sewage
sludge and increasing the capacity. The simulated biorefinery is depicted in
Figure 5-7: HTC of digestate, HTL of extra sewage sludge, and SCWG of the
aqueous effluents. Table 5-15 reports the dry basis elemental composition and
the heating values (HHV) of the feedstocks and products based on the reported
experimental results [67,68]. The HTC of SSD (300kg/h dry solid) was
conducted at 200 °C and autogenous pressure with 30% solid load. The HTC
section resulted in 239 kg/h hydrochar product with 18 % moisture and 43 %
ash (the “HYDROCHAR” stream). The HTL of sewage sludge (190 kg/h dry solid)
were conducted at 350 °C and autogenous pressure with 19% solid load. This
section resulted in 52.2 kg/h biocrude with 4.7 % ash content (the “BIOCRUDE”
stream) and 49.5 kg/h char with 57 % ash (the “HTLSOLID” stream). The
aqueous effluents from HTL and HTC were mixed and gasified in 600 °C and 250
bar conditions. SCWG section produced 173 kg/h syngas having the gross
heating value of 12.8 M] /kg (the “SYNGAS” stream).

Table 5-15. Dry basis elementary composition of feedstocks and products

[67,68]
Sample HHV (M]/kg) C H N S 0] Ash | Yield
SS 14.1 331 | 55 5 0.7 | 259 | 29.8
SS digestate 14.9 287 | 31 | 34 | 15 | 164 | 469 -
Biocrude 28.3 533 | 6.01| 39 | 1.1 | 299 | 47 37.1
Hydrochar 15.4 345 | 43 | 29 | 1.2 | 128 | 44.3 78
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Figure 5-7. Process simulation of the proposed biorefinery

Table 5-16 reports the power and heat requirement for the proposed
biorefinery as well as energy obtained from HTL solid and syngas. Since the
SCWG inlet is at a high temperature, it is compromising the combined heat and
power (CHP) production. Therefore, the duty of the “HEATSCWG” unit was
considered as 25 % electricity and 75 % heat requirement. Similarly, the CHP
obtained from the combustion of syngas and HTL solid was also assumed as 25
% electricity and 75 % heat. The proposed biorefinery required 482.8 kW of
total heat and power while producing 765.1 kW of total energy. The biocrude oil
can also be used as a fuel in the process or be upgraded to a transportation fuel.
Meanwhile, the hydrochar can be used as a fertilizer, benefiting from the
nutrients and minerals. In addition, the remaining fertilizer elements can be
recovered from the SCWG process as the solid outlet.

Table 5-16. Power and heat requirement for the biorefinery

Electricity requirement (kW) Heat requirement (kW)
PUMPHTC 1.7 HEATHTC 16.1
PUMPHTL 7.8 HEATHTL 50.2
PUMPSCWG 15.1 HEATAIR 162.1
COMPRESS 56.4 DEWATER 5.9
0.25 x HEATSCWG 419 0.75 x HEATSCWG 125.6
Total 1229 Total 359.9
Electricity outcome (kW) Heat outcome (kW)
Syngas 152.8 Syngas 458.3
HTL solid 38.5 HTL solid 115.5
Total 191.3 Total 573.8
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The proposed biorefinery process applies to biogas plants with various
feedstocks. Hydrothermal processes are suitable for converting the wet
biomass. In addition, the nutrients and minerals can be recovered on the solid
downstream regarding the usage as a fertilizer. The proposed process has high
potential in terms of feasibility since the combination improves economic
performance and overcomes the operational issues of each conversion method.
SCWG of aqueous effluents produces syngas sufficient for net CHP production
and addresses the discharge issue of HTL and HTC sections.
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6. Conclusion/ Future perspectives

As the global population continues to increase which is coupled with
urbanization, new concerns and challenges have come to the forefront. Among
emerging challenges, the significant issues are energy demand, the need for an
effective waste management system, and the critical aspect of nutrient recovery.
The energy demand increases with population while the environmental impacts
of fossil sources necessitate a shift towards innovative and eco-friendly
renewable alternatives. Simultaneously, waste management is becoming a
serious concern due to the increasing amount of waste. From another
perspective, finite nutrient and mineral resources pose a significant challenge,
especially considering their indispensable role in agriculture and as essential
food supplements. However, energy supply, waste management, and nutrient
recovery emerge as interconnected concepts demanding novel solutions
regarding the circular bioeconomy concept. In other words, this research aims
at not only producing biofuel but also enhancing the nutrient recovery, which
turns the traditional waste streams into valuable resources.

The objective of this research is to develop biorefinery integration concepts
enhancing the energy and resource recovery from the waste streams, thus
achieving circularity in the waste-generating sectors. Especially, high-volume,
dilute aqueous wastes introduce challenges regarding recovery. These streams
are usually discharged or used for low-value purposes. The dilute, aqueous
wastes can be processed most effectively through hydrothermal processes:
using water as the reaction media and not requiring energy-demanding drying
or evaporation step. The case studies in this research included the integration of
hydrothermal processes with biogas plants. Biogas plants have a digestate waste
stream of which the current utilization (composting) requires too long time and
area. Instead, a hydrothermal biorefinery concept can recover minerals and
nutrients while producing biofuels as well.

This research promotes a paradigm shift in energy production, resource
recovery, and waste management by integrating hydrothermal processes.
Conducting a comprehensive investigation on supercritical water gasification
and hydrothermal liquefaction, this research highlighted the safety issues (solid
deposition causing reactor plugging, thermal and mechanical stress due to high
temperature and pressure), long-term operational issues (catalyst deactivation
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and corrosion), and an operational aspect affecting the economic performance
(pumpability limit of feedstock). Currently, the main solution is proposed as
selecting the conditions to minimize these issues. Meanwhile, this research
proposed addressing the weaknesses of each hydrothermal process through
novel biorefinery concepts. On this regard, the operational issues of supercritical
water gasification and hydrothermal liquefaction directed the process
development towards the hydrothermal carbonization process occurring at
moderate conditions.

The proposed process integration concepts involve hydrothermal carbonization
of digestate integrated with biogas plants. The simulation results of this research
indicated that HTC is a promising process to integrate with biogas plants. The
hydrochar product recovers the majority of nutrients and minerals regarding
the product used as a fertilizer. HTC leads to lower investment costs and more
moderate operation because of lower temperature and pressure. Alternatively,
the integrated process can involve HTC of digestate and SCWG of aqueous
effluent. This concept enhances the recovery of minerals and nutrients in the
solid products, i.e., more efficient transfer to far distances. Furthermore, using
the syngas for CHP production enables surplus energy generation. This research
ultimately proposed a novel, multiproduct biorefinery concept for a biogas plant
increasing its capacity: HTC of digestate and HTL of extra sewage sludge
followed by SCWG of the aqueous effluents. From the operational viewpoint,
SCWG of aqueous effluent leads to more effective operation than SCWG of the
waste streams. Processing dissolved organics in more dilute streams leads to
less char formation, hence reduced risk of reactor plugging and less corrosion,
compared to processing large and partly unhydrolyzed molecules.

As crucial steps prior to constructing process simulations, this research
proposes new methodologies for the selection of optimum conditions and
utilizing the experimental data to determine the simulation inputs. The
experimental data on product yields are usually reported on a dry or dry-ash-
free basis with respect to reaction conditions. Meanwhile, from the economic
viewpoint, the optimum conditions should be determined by compiling the
impacts of conditions on the relative equipment size as well as the product yield
and quality. Therefore, this research proposed energetic yield as a critical metric
for selecting the conditions of hydrothermal conversions, defined as the energy
content of product per total mass of reactor inlet (M]/kg reactor inlet). This
metric offers a more comprehensive approach to optimizing conditions,
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considering both energy content and process efficiency. After selecting the
reaction conditions, the simulation models require reactor yields per unit mass
of non-inert inlet and identification of non-conventional components. These
inputs are determined by utilizing the experimental data on the yields and
characterization of samples. However, it is important to prioritize the usage of
characterization data to overcome the potential mismatches in the data. This
research utilizes the characterization data starting from the most reliable ones:
hydrochar, gas and liquid yields, hydrochar analysis to identify the elemental
composition, assumed gas composition, elemental balances to determine the C,
N, S in the dissolved organics, and using BMP and COD data to determine the
oxygen and hydrogen content in dissolved organics and produced or consumed
water amount.

Process simulations at the optimum conditions will enable the techno-
economical evaluation of the investigated integration concept and narrow down
the verification experiments on a specific feedstock around the selected
optimum conditions. For instance, the co-HTC of SSD and FWD was simulated by
using the individual HTC data of each digestate due to the absence of
experimental co-HTC data. Since the synergetic impact is expected to be quite
low between the wastes having similar constituents, it is possible to conduct a
preliminary assessment with the generated co-HTC data despite the need for
verification experiments. Nevertheless, the co-HTC experiments can be
conducted at some ranges around the optimum conditions, rather than
numerous experiments covering wide ranges.

In conclusion, the biorefinery acts as a central hub for combined heat and power
production (CHP) production, waste biomass management, and nutrient
recovery. The biorefinery process integration represents a sustainable and
holistic solution for waste management and biomass utilization. The biorefinery
concepts should be developed following the desired products or recovery needs
and the biomass waste. Furthermore, the operational aspects can be addressed
through novel biorefinery concepts combining the hydrothermal processes
effectively. The future developments of the proposed biorefinery concepts can
continue with:
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1) Optimization and Verification Experiments

The proposed biorefinery needs further verification and optimization through
experiments. Integration of co-HTC process and SCWG is capable of
multiproduct biorefinery and requires more assessment and feasibility studies.
The experiments validate the simulation results and fine-tune the processes for
real-world application and commerecialization.

2) Techno-economic Analysis

A comprehensive techno-economic study is required to be conducted for the
evaluation of the proposed biorefinery specifically, from a financial perspective.
Assessing the effect of the process condition on equipment size, product yield,
and product quality provides holistic insights into the economic feasibility and
scaling up the processes.

3) Collaboration and Knowledge Transfer

Collaboration between academia, industry stakeholders, and policymakers is
essential to accelerate the scale-up and commercialization process. More
importantly, conferences, workshops, and collaborative projects can be
encouraged to fill the gap between research and implementation.

4) Policy Advocacy for Circular Bioeconomy

The successful implementation and commercialization of an innovative
biorefinery relies on support from policymakers. Advocacy for policies
promoting the circular bioeconomy, incentivizing sustainable waste
management practices, and fostering the development of eco-friendly
technologies will play a pivotal role in driving these advancements from the
laboratory to the market.
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Abstract

Biomass is often referred to as a carbon—neutral energy source, and it has a role in reducing fossil fuel depletion. In addi-
tion, biomass can be converted efficiently into various forms of biofuels. The biomass conversion processes involve several
thermochemical, biochemical, and hydrothermal methods for biomass treatment integration. The most common conversion
routes to produce biofuels include pyrolysis and gasification processes. On the other hand, supercritical water gasification
(SCWG) and hydrothermal liquefaction (HTL) are best suitable for converting biomass and waste with high moisture content.
Despite promising efficiencies, SCWG and HTL processes introduce operational issues as obstacles to the industrialization of
these technologies. The issues include process safety aspects due to operation conditions, plugging due to solid deposition,
corrosion, pumpability of feedstock, catalyst sintering and deactivation, and high production costs. The methods to address
these issues include various reactor configurations to avoid plugging and optimizing process conditions to minimize other
issues. However, there are only a few studies investigating the operational issues as the main scope, and reviews are seldomly
available in this regard. Therefore, further research is required to address operational problems. This study reviews the main
operational problems in SCWG and HTL. The objective of this study is to enhance the industrialization of these processes
by investigating the operational issues and the potential solutions, i.e., contributing to the elimination of the obstacles. A
comprehensive study on the operational issues provides a holistic overview of the biomass conversion technologies and
biorefinery concepts to promote the industrialization of SCWG and HTL.

Keywords Biofuels - Biomass conversion - Supercritical water gasification - Hydrothermal liquefaction - Operational risks

Abbreviations Adt Air-dried ton

BTU British Thermal Unit SCWR Supercritical water reforming

EU European Union ASCWR  Autothermal supercritical water reforming
HTL Hydrothermal liquefaction GC Gas chromatographs

PTG Power to gas WG Wet gas meter

CaL Calcium looping cycle TWR Transpiring-wall reactor

SCWG Supercritical water gasification HHV High heating value

CSTR Continuous stirred-tank reactor SCPW Supercritical pressurized water

SCWO Supercritical water oxidation EWBB Extracted white birch bark

LCA Life cycle assessment SCFs Supercritical fluids

AP Aqueous phase HTL-WW  High strength hydrothermal liquefaction
SCW Supercritical water wastewater

WBL Weak black liquor PWO Partial wet oxidation

WGS Water gas shift

- - 1 Introduction
< Niloufar Ghavami

niloufar.ghavami @abo.fi . .
Increasing energy demand due to the world population
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[1], the global energy demand will be 675 quadrillion
BTUs in 2040, increasing about 20% compared to 2017
levels. However, as the main source of energy, fossil fuel
usage causes environmental problems associated with car-
bon emissions and other pollutants as well as fossil sources
being depleted. Consequently, there is an urgent demand to
eliminate the usage of fossil sources. Replacing fossil fuels
with renewable resources reduces environmental effects
due to greenhouse gas emissions [2]. Renewable energy
consumption has increased more than 10% annually in the
European Union (EU) countries, approximately one-fourth
of the global renewable energy consumption. Most of the EU
countries are setting goals to enhance renewable energy pro-
duction [3]. By 2050, the EU intends to be climate-neutral
and emit net-zero greenhouse gases. For instance, Finland
is among the leading countries increasing solid biomass
and bio-waste use for energy production an average of 3.6%
yearly since 2010 [4, 5]. According to Sikkema et al. [4],
Baltic countries surpassed their solid biomass energy share
goals.

Biomass is an abundant and renewable source, thus intro-
ducing the promising potential for replacing fossil sources.
Therefore, its use would contribute to the carbon neutral-
ity of the energy sector, arising as an increasingly plausible
alternative to fossil fuels [6-9]. However, there is a debate
regarding sustainability and carbon-neutrality characteris-
tics when converting 1st-generation biomass, i.e., edible
biomass compromising with the food and animal feed. Pro-
cessing 1st-generation biomass might cause carbon emis-
sions equal to or even more than fossil-based production
when the plant growth steps are also considered [10], despite
relatively simple processes and close-to-uniform feedstock
[11, 12]. Therefore, it is the 2nd-generation biomass having
the potential for the complete replacement of fossil fuels,
i.e., non-edible biomass and waste/by-products of existing
biomass sectors. Some examples of 2nd-generation biomass
include wood residues from sawmills, agricultural residues,
dedicated non-edible crops, municipal sewage sludge, black
liquor in the pulp mills, food waste, manure, and algae.
However, traditional waste management methods such as
incineration, dumping, landfilling, and composting result in
environmental pollution [13-15]. In other words, managing
large amounts of bio-waste and waste-to-energy conversion
technologies are challenging issues in the following years.
Bio-waste is generated significantly and has a high potential
for biofuel production. On the other hand, valorization of
2nd-generation biomass requires advanced processes due to
feedstock variety.

The 2nd-generation biomass conversion is classified as
thermal, biological, and hydrothermal processes [16, 17].
The biological conversion involves enzymes or organisms
converting biomass into biofuels, such as saccharification
(hydrolysis of food constituents, cellulose, and hemicellulose

@ Springer

into sugars) followed by fermentation to produce alcohols
[18]. The biological conversion processes can selectively
produce the desired product rather than generating numer-
ous intermediate compounds as in thermochemical conver-
sions. However, the biological conversion is suitable only for
food waste, manure, sewage sludge, and food-related (e.g.,
food waste and side streams of food production plants) or
digestion-related wastes (e.g., sewage sludge and manure).
In contrast, processing lignocellulosic biomass is usually
inefficient due to inhibiting impacts of lignin, thus requiring
prior fractionation. On the other hand, perfect fractionation
of 2nd-generation biomass might be unfeasible [19]. As for
drawbacks from the flexibility and adaptability viewpoints,
these processes require very long residence time (hours
to days) and introduce issues of cell culture recovery and
difficult process control. The thermal conversion methods
include combustion [20], gasification [21-24], and pyrolysis
[25-28]. However, burning biomass can also create pollution
whereas new conversion technologies including biochemi-
cal and thermochemical methods reduce the environmental
impacts [29]. For instance, comparing gasification and com-
bustion for electricity production from forest biomass, gasi-
fication was stated to provide higher energy efficiency and
cleaner gas outlet regarding NO, and SO, content [30]. In
addition, the CO, produced by biomass thermochemical con-
version could be integrated within power-to-gas (P2G) tech-
nologies and processed with chemical looping to produce
methane [31, 32]. The gasification and pyrolysis products are
further processed to produce various biofuels and chemicals
[26, 33]. On other hand, the thermal processes require dry-
ing as an energy-consuming pre-treatment when processing
biomass due to high moisture content. For instance, as stated
by an exergy analysis of biofuels, the evaporation step is
the main source of exergy loss in thermal processes, and
hydrothermal processes provide higher exergy efficiency
[34]. Instead, the hydrothermal processes use water as the
reaction medium and avoid the evaporation or drying steps,
thus providing higher energy efficiency when processing
biomass [35].

The main hydrothermal processes include supercritical
water gasification (SCWG) and hydrothermal liquefaction
(HTL), producing syngas and bio-oil respectively. These
processes are more energy-efficient than the thermal pro-
cesses producing the same products, i.e., pyrolysis and ther-
mal gasification, for biomass. The pyrolysis and gasification
reactors are suitable for biomass feedstock with 10% water
content, otherwise requiring drying as the pre-treatment [15,
36]. SCWG becomes more efficient than the gasification pro-
cess (including the drying step) for feedstock having 30% or
more moisture [37]. For instance, as an alternative treatment
for black liquor to the recovery boiler treatment, gasification
has the same issue of drying need despite the improvements
in efficiency relative to the recovery boiler while SCWG is
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more efficient than gasification as well [38-40]. In addi-
tion, HTL oil has less oxygen content than pyrolysis oil, thus
requiring less hydrogen when upgrading [41].

The industrial implementation of SCWG and HTL would
enable enhanced supply chains of biomass processing
through the effective valorization of waste and side streams
[42]. However, the industrialization of SCWG and HTL
technologies is still a challenge due to operational issues.
Some operational problems include plugging, corrosion, cat-
alyst deactivation, and high production costs as the obstacles
to the industrialization of these processes. In addition, other
operational constraints include process safety regarding high
pressure and temperature and pumpability of the feedstock.
On the other hand, despite many studies investigating the
product yields and/or economic performances with respect
to process conditions, the obstacles are discussed briefly as
additional aspects. There are only a few studies investigating
the operational issues as the main scope. Therefore, further
research is required to address the operational obstacles for
the industrialization of SCWG and HTL processes.

The objective of this study is to investigate the operational
issues and the potential solutions comprehensively, i.e., con-
tributing to the definition and elimination of the obstacles
for the industrialization of SCWG and HTL processes. After
summarizing the current state-of-art in these processes, this
study reviews the operational issues together with associated
root causes and potential solutions for each issue. A compre-
hensive study on the operational issues provides a holistic
overview of the biomass conversion technologies and biore-
finery concepts to promote the industrialization of SCWG
and HTL. In addition, this study also discusses the future
aspects of further investigations on the operational issues,
process integration, and biorefinery concepts. Research on
constraints due to operational issues provides a framework
for integrating these processes into biorefineries and for
evaluating the economic and environmental performances.

2 Current state-of-artin SCWG and HTL
processes

The physical properties of water play a crucial role in
hydrothermal processes as water is the reaction medium
[43, 44]. The state of water is pointed as sub-critical and
supercritical regions from the hydrothermal conversion
viewpoint: a critical point of 374 °C and 22.1 MPa. There
are essential changes in the properties of water with tem-
perature and pressure in both regions [44, 45]. The vis-
cosity decreases with temperature. The density decreases
gradually with the temperature at the sub-critical region
and very sharply around the critical point while decreasing
very slightly at the supercritical region. The dielectric con-
stant also decreases with the temperature at the sub-critical

region while decreasing sharply around critical temperature
and remaining almost constant with the temperature at the
supercritical region [44]. In addition, the stability and num-
ber of hydrogen bonds decrease with temperature as well
[44]. Consequently, the solvent behavior of water becomes
like a non-polar organic solvent at the supercritical region,
despite individual water molecules still being polar [44]. In
other words, water becomes an effective solvent for organics
and gases at the supercritical region while the solubility of
inorganic salts drops to parts per million scales. In contrast,
the dissociation constant (or ionic product) increases with
temperature at the sub-critical region from 107'* at 25 °C to
around 107! at close to critical temperature under a pres-
sure of 250 bars [46]. However, the dissociation constant
decreases very sharply with temperature around the critical
point and slightly at the supercritical region, e.g., down to
lower than 1072* at 600 °C [46].

Water properties and operating conditions influence
the product distribution and reaction mechanism. At HTL
conditions (300-350 °C, 40-250 bars, and residence time
of 15-60 min), biomass decomposition results in 30-40%
bio-oil yield (dry basis by weight) as the main product
while generating oxygenated organics in aqueous phase and
char as the by-products. Meanwhile, in SCWG conditions
(500-700 °C, 250 bars, and 1-5 min), biomass is decom-
posed further into gases, thus syngas being the main prod-
uct. Char is a major by-product of SCWG, and the aqueous
phase includes oxygenated organics in minor amounts. The
biomass decomposition occurs through an ionic mechanism
under HTL conditions because of the high ionic product of
water. This provides an ideal condition for acid- or base-
catalyzed reactions. In contrast, the SCWG conditions lead
to radical mechanisms and faster decomposition due to the
very low ionic product of water and higher temperature.
Water acts as a reagent, solvent, and source of free radicals
and hydrogen during this process [43, 47].

The hydrothermal decomposition of biomass occurs in
five main steps: hydrolysis/depolymerization of polymeric
substances, decomposition of monomers into intermediate
compounds, gasification of those intermediates, equilib-
rium reactions among gases, and the reactions of char and
salts. For instance, the depolymerization of lignocellulosic
biomass results in phenolic compounds as lignin fragments
and sugars as monomers of cellulose and hemicellulose.
Hydrolysis of starch also results in glucose. In addition,
glucose forms fructose through isomerization reaction [48,
49]. After the depolymerization step, the monomers gen-
erate lighter compounds such as carboxylic acids, furans,
aldehydes, phenols, and alcohols through decomposition or
dealkylation reactions. Then, the gases are formed through
reforming reactions including steam reforming and decar-
boxylation. The main equilibrium reactions are methanation
and water—gas-shift (WGS) reactions among the gases. The
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reactions of solid substances include char gasification and
repolymerization of phenolics [50, 51]. The repolymeriza-
tion reactions generate mainly char at SCWG conditions
whereas bio-oil is the main product of repolymerization at
the temperature of HTL [52]. The overall decomposition
schemes were illustrated for lignin [50] and cellulose [53],
including both hydrothermal and thermal decomposition
routes, and the main reactions were also illustrated in detail
[54]. The product distribution is determined by the process
conditions including temperature, residence time, catalyst,
reactor material, biomass constituents, and biomass concen-
tration at the reactor inlet. Meanwhile, pressure does not
have a major impact on the product yields [55, 56].

Temperature is the main condition influencing the reac-
tion kinetics, thus determining the product yields and qual-
ity. The bio-oil yield increases with temperature, at tempera-
tures below 300 °C since the biomass decomposition is slow
and/or incomplete [52]. However, high temperatures around
400 °C cause decomposition of bio-oil, and higher tempera-
tures cause the formation of char through repolymerization
instead of oil [52, 57]. Consequently, the temperature range
of HTL is 300-350 °C, high temperature in the sub-critical
region, as observed in HTL studies with various feedstocks
[52, 57-59]. The gasification efficiency and total gas yields
also increase with temperature in SCWG processes while
the individual gas yields depend also on the other condi-
tions and biomass type. For instance, temperature promotes
the yields of hydrogen, methane, and carbon dioxide while
carbon monoxide yield decreases with temperature, as
experimented with sucrose and isoeugenol in stainless steel
reactor at 500-700 °C [40]. Temperature also determines
the rate-limiting step of biomass conversion. The hydrolysis
rate becomes much faster than the further decomposition of
monomers at supercritical water conditions while the hydrol-
ysis step is slower and rate-limiting step at sub-critical water
conditions [49, 60].

Catalyst is another important parameter influencing the
product yields by promoting various decomposition steps:
improving the yields and enabling lower temperatures for
feasible operations. The main catalyst types include alkali

metals, transition metals, activated carbon, and metal oxides
as conventional catalysts used for SCWG and HTL pro-
cesses [61-63]. Activated carbon is an effective catalyst for
water—gas shift and methanation reactions [47]. Alkali met-
als promote the ionic reactions and hydrolysis step at the
HTL conditions while promoting the gasification and WGS
reactions at SCWG conditions [47, 64]. For instance, WGS
reaction may not reach equilibrium in SCWG processes in
the absence of alkali metals, thus gas products containing a
significant amount of carbon monoxide, while alkali metals
promote WGS reaction towards hydrogen and carbon diox-
ide formation at high temperature when there is excess water
[40]. The alkali salts have influence on hydrogen yields as
NaOH > KOH > Ca(OH), > K,CO; > Na,CO; > NaHCO;
[65]. These alkali salts are used in HTL processes as well as
LiOH, CsOH, and RbOH [66]. For instance, the presence
of KOH increased bio-oil yield by around 40% (by weight)
while the yield was 18% without catalyst in HTL of birch
sawdust [63]. The solid residue was also decreased from 33
to 12% in the presence of KOH catalyst [63]. In addition,
alkali metals inhibit char and tar formation as well by inhib-
iting the easily-polymerizing unsaturated compounds [64].
Transition metals promote also the gasification reactions
and are active at lower temperatures as well, thus enabling
catalytic SCWG process at 400-500 °C [67, 68]. Transition
metals can also improve hydrogen selectivity and conversion
rate as well as catalyze methanation and steam reforming
reactions [47]. Among the transition metals, nickel has a
low cost while ruthenium has higher activity and stability
[47]. In addition, the reactor wall also has a catalytic impact
on biomass decomposition. For instance, the Inconel reactor
promotes gasification reactions at high temperatures (600 °C
or above) more than stainless steel in the case of SCWG of
black liquor [40] while stainless steel is more catalytic than
Inconel at 500 °C [69]. Similarly, the yields are influenced
by the surface-to-volume ratio of the Inconel reactor: higher
surface area with a constant volume resulting in higher
yields [70]. Table 1 shows some heterogeneous catalysts
used in SCWG processes together with catalyst properties
and hydrogen yields.

Table 1 Heterogeneous

. Catalyst Catalyst size BET surface area  Total pore volume  Hydrogen yield

catalysts in the SCWG process (um/nm) (m¥g) (mL/g)

[71,72]
Ni/TiO, 8.3 nm 32 0.1 0.7 mol H,/mol C reacted
Ni/ZrO, 9.6 nm 43 0.2 1 mol Hy/mol C reacted
Ru/TiO, 8.4 nm 37 0.2 0.8 mol Hy/mol C reacted
Ru/ZrO, 9.8 nm 51 0.3 0 mol Hy/mol C reacted
Ni/a-Al,O5 118 pm 8 - 46 mol H,/kg feed
MgO 43.1 nm 449 0.6 2.7 H,/CO, mole ratio
Co/TiO, 7.7 nm 32 0.1 0.6 mol H,/mol C reacted
Co/ZrO, 9.3 nm 42 0.2 0.7 mol H,/mol C reacted
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Residence time and biomass concentration at the reactor
inlet have also a significant impact on product yields. The
product yields typically increase with the residence time
and decrease with the concentration, depending on the
investigated range. For instance, the impact of residence
time is insignificant at the 5-12-s range in SCWG of black
liquor while further increase up to 120 s improves the
yields [56]. However, the increases in the yields become
smoother with increasing residence time at a very long
residence time. In addition, long residence time at high
temperatures causes char formation through repolymeri-
zation in SCWG processes [50]. Moreover, a very dilute
reactor inlet (less than 10% by weight) results in a majority
of the carbon in feedstock being converted to the aqueous
organics in HTL processes [64].

The constituents in the feedstock play an important
role in the impacts of process conditions on the reactions
and product distribution. Cellulose, starch, and hemicel-
lulose start to decompose already at 180-200 °C [64]. In
contrast, proteins decompose very slowly at temperatures
less than 230 °C due to peptide bonds being more stable
than cellulose glycosidic bonds [64]. Moreover, lignin is
the least reactive constituent of biomass, decomposing at
280-300 °C [41, 73]. At 240 °C or above, the degrada-
tion of sugars is faster than hydrolysis, i.e., generating
the intermediate organics [49, 64]. In addition, lignin is
stated as the main source of char formation through the
repolymerization of phenolics in SCWG processes [74].
From the phenomena and kinetic modeling viewpoints,
it is worth noting that the reaction mechanism and kinet-
ics were investigated through both model compounds and
real biomass. Tables 2 and 3 compile some examples of
literature studies on SCWG and HTL processes of various
biomass together with the concluding remarks. It is cru-
cial to understand the interactions among the constituents
when processing real biomass. However, despite the over-
all understanding of reaction mechanisms and the impacts
of process conditions, kinetic modeling of hydrothermal
biomass conversion involves difficulties due to multiple
constituents interacting with each other (e.g., carbohy-
drates being hydrogen donor for lignin decomposition
[75, 76]), extractives, and minerals affecting the product
yields, very complex phenomena, and numerous interme-
diate compounds [43, 77]. Therefore, when assessing the
techno-economic feasibility, experimental investigations
are specifically needed for product yields with respect
to various combinations of process conditions and each
biomass type or mixtures of biomass types occurring as
feedstocks. For instance, hydrothermal co-liquefaction was
investigated to reduce nitrogen content in bio-oil in the
case of nitrogen-containing feedstock (e.g., sewage sludge,
manure, or food waste), resulting in improved yields and
less nitrogen compared to a single feedstock [78, 79]. In

contrast, mixing plastic and food wastes had a negative
impact on energy efficiency in the SCWG process [80].

The experiments on SCWG and HTL are conducted in
batch and continuous modes. The batch experiments pro-
vide simplicity for investigating the impacts of conditions
on product yields: easier to conduct with less operational
concerns of reactor plugging and pressurizing and pumping
the feedstock [90]. For instance, some batch investigations
involve an autoclave reactor with a volume of 500 mL [91],
a stainless-steel vessel with a volume of 100 mL [92], a
Hastelloy reactor with a volume of 200 mL [80]. However,
despite being simple and suitable for qualitative analysis,
the batch reactors involve techno-economic issues regarding
scaling up to industrial applications [93]. Using catalysts in a
batch reactor is limited due to the lack of mass transfer [94].
Moreover, the heating rate for reaching the reaction tempera-
ture strongly influences the product yields and reaction rates,
especially when investigating short residence times. In addi-
tion, the process conditions do not remain constant during
the operation, thus introducing difficulties in distinguishing
the impacts of each condition [69]. For example, pressure
increases with temperature besides the influence of heating
rate. Consequently, it is not accurate to make quantitative
comparisons between the yields in batch and continuous
operations. Continuous operations are techno-economically
more efficient for industrial applications provided that the
operational issues are addressed effectively.

The optimum conditions are determined based on the
compromise between the yields and costs, from the techno-
economic assessment viewpoint. The reactor inlet concentra-
tion determines the equipment size and energy requirement
for high pressure and high temperature while affecting the
product yields as well. Dilute inlets cause higher energy
demand and larger equipment despite improving the yields.
Temperature also affects the energy demand while improv-
ing the process. Nevertheless, the increasing temperature
usually improves the energy efficiency of the process
because of enhanced yields and heat integration. The resi-
dence time and reactor material have a direct impact on the
reactor cost. Increasing the residence time causes higher
reactor costs while improving the yields as well. However,
after some optimum values, increasing the residence time
further increases the reactor costs more intensively than
improving the product yields. The alkali addition can be
conducted as a homogeneous catalyst dissolved in the reac-
tion mixture; however, despite improving the bio-oil yield,
homogeneous catalysts introduce separation and recovery
challenges [88]. Instead, heterogeneous catalysts are suit-
able for bio-oil production because of easy recovery, non-
corrosivity, and higher thermal stability [88]. The pressure
is maintained above the vapor pressure at the reaction tem-
perature in HTL processes. On the other hand, high pressure
causes a need for tough equipment, e.g., thicker reactors
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and other process units as well as more energy required in
feed pumps. Similarly, the pressure is maintained slightly
above the critical pressure of water in SCWG processes, e.g.,
25 MPa. Consequently, the promising conditions for HTL
involve temperature of 300-350 °C, pressures of 4-20 MPa,
reactor inlet concentration of 20-30% by weight, and resi-
dence times of 15-30 min. Meanwhile, the promising con-
ditions for SCWG involve temperature of 600-750 °C (or
400-600 °C possible with transition metal catalysts), pres-
sures of 23-25 MPa, reactor inlet concentration of 5-10%
by weight, and residence times of 1-5 min.

The techno-economic assessments indicate SCWG and
HTL processes being promising for industrial applications
among the biomass conversion processes while still resulting
in more expensive costs compared to fossil-based processes.
For instance, SCWG is more beneficial than thermal gasifi-
cation as an alternative treatment for black liquor [38]. The
minimum selling price of hydrogen was calculated as low as
1.46 €/kg (price in 2018) in a preliminary feasibility study
of integrating SCWG of black liquor in a pulp mill, based
on the yields of lab-scale experiments [95]. Another study
showed that integrating SCWG to a pulp mill can reduce
the minimum selling price of air-dried pulp up to 22% [96].
In addition, the minimum selling price of hydrogen was
calculated as 1.94 $/kg (price in 2019) for a stand-alone
SCWG process converting soybean straw [97]. SCWG pro-
cess provides a competitive minimum selling price of hydro-
gen compared to other renewable processes (such as water
electrolysis and thermochemical water-splitting cycles) and
has potential for further improvements [83]. Similarly, the
HTL process provides liquid fuel production with more effi-
cient economic performance than pyrolysis. For instance, in
a detailed report conducted in 2014, the biocrude oil costs
were calculated as 16 $/GJ (0.23 $/ton) for pyrolysis while
the cost was 14.5 $/GJ (0.45 $/ton) for HTL in case of pro-
cessing forest residue [98]. Despite higher prices per mass,
HTL provides cheaper prices in terms of energy content in
the bio-oil. This results from HTL oil having significantly
less oxygen content than pyrolysis oil [41]. The difference
in oxygen content influences the upgrading process as well:
HTL oil requires less hydrogen than pyrolysis oil. Conse-
quently, the prices of liquid fuel were reported as 26.3 $/

Supercritical

Fig. 1 Article structure and i
Condition
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Supercritical water gasification
operational issues. (Bottom)
Hydrothermal liquefaction
operational issues
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GJ or 3.09 $/gallon gasoline-equivalent (1.1 $/ton) for the
pyrolysis process and as 16.9 $/GJ or 2.00 $/gallon gasoline-
equivalent (0.71 $/ton) for the pyrolysis process [98]. On the
other hand, SCWG and HTL processes are not competitive
yet compared to fossil-based productions. For instance, the
production of hydrogen through SCWG can cost three times
of hydrogen production through methane steam reforming of
natural gas [99]. Similarly, the liquid fuel production through
HTL was also reported to be uncompetitive compared to
petroleum-based gasoline [100]. Currently, SCWG and HTL
technologies are available on pilot scale to investigate the
possibilities for improving the economic performances and
for addressing the operational issues [68, 101-104].

The industrialization of SCWG and HTL processes
requires addressing the operational issues as well as
improvements in economic performance. These processes
introduce operational issues due to extraordinary pressure
and temperature conditions causing changes in water prop-
erties. The main operational issues include process safety
matters due to extraordinary conditions, plugging, corro-
sion, pumpability of feedstock, and catalyst deactivation.
These issues can reduce the techno-economic performances
calculated in the feasibility studies for industrial capacities:
reducing the product yields over time (e.g., due to catalyst
deactivation), increasing the maintenance costs (e.g., corro-
sion and plugging), and introducing constraints to the con-
ditions when optimizing the processes (e.g., reactor inlet
concentration limited by pumpability limits).

3 Operational issues of SCWG and HTL
processes

The operational issues hinder the industrialization of SCWG
and HTL in a continuous mode through various effects on
the processes, such as causing process safety issues, reduc-
ing the economic performance, or even ceasing the opera-
tion. Therefore, these issues can be addressed by investi-
gating the root causes of each, the impacts on the process,
and the possible solutions together. This article reviews the
operational issues through a roadmap shown in Fig. 1. The
main operational issues include the following:

Feedstock Reactor Catalyst

Material Design Sintering
oo o o
Salt High Corrosion —
Deposition Cost
Bio-crude
Water Upgrading
() o Biofuel

Corrosion
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e Process safety matters due to mechanical stress on the
reactor

e Plugging due to solid deposition versus reactor configura-

tion

Corrosion due to inorganic content and water dissociation

Pumpability of feedstock versus concentration

Catalyst deactivation versus catalyst types

Production costs versus biorefinery concepts

Product quality and further upgrading/synthesis

3.1 Process safety versus operation conditions

High temperature and pressure may cause accidents during
the operation due to changes in the properties of the reactor
and pipeline material. The possible accidents include frac-
ture, rupture, or burst of a pipeline or the reactor. Therefore,
the mechanical properties become essential for a long-term
operation at high pressure and temperature. The burst pres-
sure is calculated based on the ultimate tensile strength of
the material and the ratio of outer diameter to the wall thick-
ness [105]. However, the burst pressure is usually calculated
for a flawless material and reduces with fatigue, corrosion,
and fractures on the microstructure of the material [106]. As
a rule of thumb, it is suggested to operate under the pres-
sure one-fourth of the calculated burst pressure [107]. For
instance, the outer diameter-to-wall thickness ratio of stain-
less steel can be a maximum of around 12 for operating at
250 bars, according to the correlation derived by Oh et al.
(2020) [105] and using working pressure as four times the
calculated burst pressure. The ultimate strength of stainless
steel was reported as 565 MPa while that of Inconel 625
is 714-1103 MPa [105, 108]. In addition, there is a need
for pressure-relieving devices as a safety precaution, and
the reliability of those devices becomes an issue for fluids
containing also solid at high temperature and pressure [109].
Furthermore, the thermal stability of the materials is also an
important parameter for long-term operations. Inconel mate-
rial has good thermal stability at temperatures over 1000 °C.
On the other hand, stainless steel 316L was reported to be
stable up to 650 °C regarding ductility, yield strength micro-
structure [110], despite experimental studies of SCWG con-
ducted in stainless steel 316L reactor at 700-750 °C [39].
Nevertheless, the thermal stability of other stainless steel
types has been improved enabling the usage at temperatures
up to 1150 °C through adjusting ferric and chromium con-
tents [111].

Besides high temperature and pressure, the sudden vari-
ation of these two conditions can provoke disastrous effects
as observed in the lab-scale experiments [106, 112]. The
variations of temperature and pressure result from sudden
mass injection into SCW conditions and partial plugging due
to solid deposition in the reactor. A sudden mass injection
into the reactor at supercritical conditions results in a fast

expansion, which stresses the reactor metal [106]. Moreover,
the fast injection of mass could also provoke a contraction
of the reactor walls, which would also concern the locking
system, as demonstrated in Fig. 2. At that high pressure, any
variation of the metal properties might cause the reactor to
release a quantity of material outside. Therefore, the reactor
should certainly be shielded for hydrothermal conversion
operations. In laboratory conditions, this protection is usu-
ally given to the operator by Plexiglas. Furthermore, semi-
batch (i.e., stepwise injection) operations are conducted with
low flow rates in the laboratory scale to avoid sudden and
fast mass injections [39, 40]. Solid deposition in the reactor
also causes variations in pressure and temperature due to
partial plugging and control actions of the pressure valves.
The solid deposition is addressed by optimizing the process
conditions to minimize the char formation and applying spe-
cial reactor configurations enabling the separation of solids,
as determined in Sect. 3.2.

3.2 Plugging due to solid deposition versus reactor
configuration

Solid-phase occurs due to the precipitation of salts in the
feedstock and char formation in hydrothermal processes.
The solubilities of salts decrease with temperature in hot
compressed water, even to the magnitudes of ppm at SCWG
temperatures [73, 113]. This causes precipitation of salts,
especially in SCWG processes. The nature of the salt also
affects its behavior in supercritical conditions [114]. The
salts are classified as type I and type II based on melt-
ing points [115, 116]. The melting temperature of type I
salts is between 800 and 1000 °C, and their solubility is
slightly higher in supercritical conditions. Meanwhile, type
II salts have melting points between 700 and 800 °C and
are less soluble in hot compressed water [114, 115, 117,
118]. Table 4 exemplifies type I and II salts occurring in

Contraction due to sudden

decrease of temperature S i
afety Openin,

ety Opening

3

Sealing cone walls

Fig.2 Fast injection of mass effect in the reactor inlet and walls
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Table4 Type I and II salts and their characteristics

Salt component Type Tempera- Pressure (bar) Ref
ture (°C)

KOH I 460 v.p [123]
NaOH 1 550 v.p [124]
K,CO,3 1 450 v.p [125]
LiOH 1 420 v.p [126]
Na,CO,4 I 540 300 [127]
Na;PO, 1T 450 1560 [128]
Na,SO, 1T 500 1500 [117]

“v.p.” means that the phase equilibria were studied at saturated vapor
pressure

supercritical water gasification of biomass [114, 116]. Type
1I salts cause plugging more intensively because of forming
crystals instantly (also referred to as shock crystallization
[119]) and sticking the hottest part of the wall while type I
salts can remain as brines [118, 120, 121]. Nevertheless, the
mixtures of salts behave differently from salt-water binary
systems at SCW conditions; e.g., a mixture of type II salts
can form type I salts [120]. For instance, the precipitated
salts mainly include sodium sulfate and sodium carbon-
ate in the case of SCWG of Kraft black liquor [112]. The
other source of solid phase is char formation during biomass
decomposition. Despite hydrothermal decomposition being
more dominant, char is formed through pyrolysis of unhy-
drolyzed lignin when processing lignocellulosic feedstocks
[53, 122]. Depolymerization of lignin in SCW occurs only
in a few seconds but results in high char yield, i.e., char
formation already at the entrance of the reactor [60]. In addi-
tion, char is formed also throughout the rector due to the
repolymerization of phenolics and aromatic intermediates at
high temperatures and long residence time [39, 50, 53, 122].

The solid deposition is an obstacle for SCWG processes
due to introducing the risks of plugging at the reactor inlet
and rupture of reactor wall [106, 112]. In a continuous
operation with an isothermal reactor, the feedstock reaches
SCWG conditions immediately at the reactor inlet, thus pre-
cipitating salts and char at the reactor inlet. This causes par-
tial plugging and variations in pressure, thus introducing the
safety issues mentioned in Sect. 3.1 and ultimately causing
the interruption of the operation. For instance, as experi-
mented by De Blasio et al. (2019) [112] in a plug-flow reac-
tor, SCWG of Kraft black liquor was interrupted at 600 °C
due to solid deposition and plugging while SCWG of sucrose
was successfully conducted at 500-700 °C. This observation
determined the impact of biomass constituents as well. In
the absence of lignin and salts, the solid phase involves only
char in less amount, i.e., only aromatic ring compound as
the heaviest compounds and possible to decompose [112].
On the other hand, a feedstock with lignin, salts, and ash

@ Springer

results in precipitation of salts and ash, the species impos-
sible to decompose, as well as more intensive formation of
char [112]. Moreover, even in a successful operation, solid
deposition on the reactor wall increases the corrosion risk
(as investigated in Sect. 3.3) and decreases the heat transfer
capability [43, 117, 129, 130].

Some investigated solutions to solid deposition include
stepwise injection into the reactor and separation of salts
prior to the reactor. The stepwise injection (semi-batch)
results in the gradual transition of the injected mass to the
reaction temperature. Temperature decreases at the entrance
of the reactor after each injection then adjusted via control-
lers until the next injections. This transition provides gradual
precipitation of salts and char throughout the reactor, rather
than fast precipitation at the entrance [39]. In addition, char
is partly consumed in gasification reactions until the next
injection. As an additional parameter, the heating rate also
influences the process in semi-batch or batch processes. A
high heating rate reduces char and tar formation while caus-
ing faster precipitation of solids and more variation, i.e., less
time at low temperatures and reaching the SCWG tempera-
ture faster. Meanwhile, a low heating rate reduces the tem-
perature gradient and results in gradual precipitation while
reducing the efficiencies and yields due to low temperatures
at the bigger part of the reactor. In the stepwise injection
method, the residence time can be adjusted by changing the
pumping interval of injections. However, this method can
result in lower yields and efficiencies than an isothermal
reactor due to fluctuations of temperature at the beginning of
the reactor. Although the stepwise injection enables experi-
mental studies in lab scale with tubular reactors, the solid
deposition would be inevitable regarding long-term opera-
tions in industrial applications. Therefore, separation of
solids can prevent the plugging issue as well as recover the
valuable inorganics. Another solution is to separate the salts
prior to the reactor, at slightly above the critical temperature
and with a very short residence time of around a second,
e.g., PSI process [131]. This provides the recovery of valu-
able inorganics and separation of substances introducing an
issue for the catalysts in downstream processes [121]. The
alkali nitrates are destructive for the carbon-supported cata-
lysts, and sulfur content can cause catalyst poisoning or deal-
loying of reactor walls [121, 132]. In addition, nutrients can
be used as fertilizers, such as potassium, phosphorous, and
nitrogen. However, alkali metals catalyze the gasification
reactions, i.e., undesirable to separate in advance, and char
formation also causes solid deposition (more intensively for
lignocellulosic feedstock).

Other measures against solid deposition include optimiz-
ing the process conditions to minimize char formation and
using hydrothermal brine. The hydrothermal brine (usually
a potassium salt) can catch the other salts and precipitate to
the bottom of the reactor [133]. To address plugging while
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capturing the salts, Wang et al. [134] patented a counter-
current tank-type supercritical water reactor with a sacri-
ficial lining containing a cylinder body and a catalyst tank.
Meanwhile, process conditions play an important role in
minimizing char formation. For instance, as determined
for SCWG of black liquor, char formation increases with
residence time (in 2-5-min range) in stainless steel reac-
tor at high temperature (e.g., 750 °C) [39]. In contrast, the
Inconel reactor suppresses the repolymerization reactions
and resulted in less char formation in longer residence time
at the same temperature [39]. However, residence time did
not affect the char formation in the Inconel reactor at lower
temperatures (e.g., 600 °C) [39]. As a result, minimum char
formation was obtained at high temperature (750 °C) and
long residence time (5 min) in Inconel reactor, the condi-
tions also maximizing the thermal efficiency. Alternatively,
stainless steel reactor provides minimum char formation at
high temperatures with a short residence time.

The solid deposition and plugging issues can be
addressed by special reactor configurations enabling solid
separation. Some configurations were investigated originally
for SCWO processes. A suggested configuration involves
a vertical autoclave reactor of which the bottom is main-
tained at sub-critical conditions, thus dissolving the salts
instead of precipitation [135, 136]. However, this configu-
ration was reported to have scale-up issues [135]. Another
design involves a horizontal autoclave reactor with a stirrer
at the center [137]. The stirrer provides turbulent flow mov-
ing the salts with the fluid phase, instead of precipitation.
This design was reported to succeed for feedstock with less
than 6% organic content and less than 4% salt content in the
case of SCWO, i.e., burning the content [137]. On the other
hand, this design might not be applicable for solid depo-
sition to a higher extent through salts and char formation
simultaneously, as in SCWG processes. Another approach

to the plugging issue is to manipulate the reactor wall only,
but not the reaction zone, to prevent the precipitation of sol-
ids on the wall. For instance, a design involves a reaction
chamber operating at 800 °C while the wall is maintained
at 400 °C to prevent corrosion over the reinforced stainless-
steel shell as designed and modeled by Cocero and Martinez
(2004) [138]. As another way to manipulate the reactor wall,
a design succeeded in lab scale consists of a transpiring-wall
reactor (TRW) to address the plugging and corrosion prob-
lems [139, 140]. This reactor configuration avoids the con-
tact of solids to the reactor wall by forming water film on the
surface via porous, non-load-bearing cylindrical transpiring-
wall elements. However, manipulating the reactor wall can
cause heat transfer issues and reduction in gas yields due to
temperature gradient in the reactor, despite being conducted
for the exothermic SCWO process. Further designs were
developed also specifically for the SCWG process. A pro-
posed design configured a vertical tubular reactor, the reac-
tor inlet entering from the top, and the product outlet from
the bottom as shown in Fig. 3; however, this configuration
caused plugging in the feed line of the condenser [141]. To
address this problem, another design tilted the gasification
reactor to 75° from a vertical position as shown in Fig. 4,
positioning the inlet of the reactor at the bottom and the out-
let of the reactor at the top (down-up configuration) as well
as involving insulation and a cooling zone [142]. According
to their results, the down-up configuration resulted in higher
gas yield, carbon gasification efficiency, and higher hydro-
gen yield than the up-down configuration. Another way to
prevent plugging is to use a fluidized bed reactor, providing
easier continuous solid handling [90]. It can attain the same
residence time values as those achieved in the traditional
SCWG of biomass while improving mixing characteristics.
For instance, Matsumura and Minowa (2004) [90] consid-
ered two operational modes for large and small particle size,
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Fig.4 Susanti et al. reactor
simplified configuration [142]
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bubbling/particulate bed operation for larger particle size
and circulating fluidized bed for smaller particle size. Based
on their results, a low-velocity bubbling fluidized bed is the
optimal flow regime. Jin et al. (2010) also used a fluidized
bed reactor for SCWG of coal as shown in Fig. 5 to pre-
vent plugging issues occurring in tubular reactors. Accord-
ing to their results, the fluidized bed reactor enhanced mass
and heat transfer in the reactor and consequently improved
gasification efficiency without blockage problems. Another
approach is a reactor configuration simultaneously enabling
solid separation as another outlet. For example, the Verena
pilot plant has a vertical pressure vessel reactor with a feed-
line from the top, a riser tube having an outlet at the top,
and another outlet at the bottom of the reactor [101, 143].
The feedstock enters the reactor from the top and moves
downwards. Then, the formed gases move upwards through
the riser tube while solids precipitate towards the outlet at
the bottom because of higher density.

PN
NS

i Gas

Isooctane
and distilled
water

The HTL process has less risk of plugging than SCWG
because of higher solubilities of salts and less char forma-
tion under HTL conditions. Plugging was reported as a
minor issue and can be controlled via a pressure letdown
valve [145]. Therefore, reactor configuration is not a major
concern in HTL processes. For instance, Guo et al. (2019)
[146] conducted HTL of two strains of microalgae in a con-
tinuously stirred tank reactor at 24 MPa and 35 °C with a
residence time of 15 min. Figure 6 shows the flow diagram.
Nevertheless, the char formation can be reduced further by
using co-solvent in HTL processes. The co-solvents increase
bio-oil yields by improving the dissolution and hydrolysis
of macromolecules and preventing repolymerization to char
[147-150]. Some common co-solvents include glycerol,
ethanol, methanol, and acetone. The influence of glycerol
increases with the presence of alkali metals, resulting in
more increase in bio-oil yield compared to the absence of
alkali metals [148]. As illustrated by processing lignin and

Fig.5 The schematic diagram
of the Jin et al. system [144]
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Fig.6 Guo et al. flow diagram Biomass feedstock
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lignin/cellulose mixture, ethanol/water mixture increased the
bio-oil yields by enhancing the hydrolysis and preventing
repolymerization of lignin fragments [150]. In fact, ethanol
was stated as a suitable co-solvent for any feedstock in HTL
processes [150].

3.3 Corrosion types and the proposed solutions

The hydrothermal processes result in corrosion due to expo-
sure of reactor walls and pipelines to hot compressed water,
char, and alkali salts [94, 151]. The corrosion types can be
classified as electrochemical and chemical corrosions. Elec-
trochemical corrosion is a major concern in the HTL process
due to the high density and polarity of water, i.e., ionic reac-
tion mechanisms with a high concentration of hydroxide and
hydronium ions as well as ions of salts [64]. In addition,
the HTL process generates oxygenated compounds such
as organic acids, contributing to electrochemical corrosion
[145]. Chemical corrosion can occur through various phe-
nomena including general corrosion, under-deposit corro-
sion, dealloying, intergranular corrosion, pitting, hydriding,
and stress corrosion cracking [145, 152]. General corrosion
refers to the relatively uniform degradation of metal surface
material at a predictable rate. The under-deposit corrosion
occurs when solids precipitate on a metal surface, thus being
a major issue in SCWG. This can cause a microenviron-
ment between the metal surface and the bulk fluid, result-
ing in more corrosive conditions in the microenvironment.
Dealloying refers to an alloy component selectively being
oxidized and dissolved under operating conditions. Deal-
loying can occur due to alkaline conditions or the presence
of sulfide. The intergranular corrosion occurs at the metal
grain boundaries in the presence of chloride, sulfate, and/
or nitrate. The pitting is a localized and extensive version

of corrosion occurring in the presence of chloride and sul-
fate under sub-critical water conditions or in the presence of
chloride under SCW conditions, thus being a concern both
for HTL and SCWG [151]. This corrosion might occur in
stainless steel and nickel-based alloys; nickel-based alloys
were stated to be more resistant to pitting than stainless steel
[151]. In contrast, pitting does not occur in titanium reac-
tors due to chloride or sulfate; however, titanium reactors
have less mechanical strength [64]. Moreover, hydriding is
a corrosion type associated with titanium in the presence of
phosphate salts, which can result in hydrogen embrittlement:
phosphate reacting with titanium dioxide layer, bare titanium
reacting with water to reform the oxide, hydrogen penetrat-
ing into the titanium, and forming hydride [151]. The stress
corrosion cracking occurs in the presence of mechanical
stress on the material together with corrosive species. The
mechanical stress can result from thermal expansion, weight
loads, and bend points in piping as well as internal pressure.

Prior to industrial applications, it is crucial to investigate
corrosion in SCWG and HTL processes with respect to bio-
mass constituents, process conditions, and reactor materials.
For instance, Hirose et al. [153] investigated stress corrosion
cracking susceptibility and corrosion behavior of ferritic/
martensitic steel F82H at 287-543 °C and 23.5 MPa super-
critical pressurized water (SCPW) in Inconel625 sleeve.
According to their results, F§2H was the barrier between
the iron-rich layer and the chromium-rich layer. Moreo-
ver, weight gain increased with temperature. Nevertheless,
no signs of cracking or exfoliation were observed on the
surface, and the weight gain resulted from iron-rich oxide.
Similarly, Fe—Cr-Si-rich oxide(s) was observed also on vari-
ous alloys in the HTL process, including 410 ferritic stain-
less steel, conventional-type 300 series austenitic stainless
steels of varying Ni, Cr, and Mo content (301, 304L, 316L,
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317L, and 347), low-Ni, high-Mn austenitic such as grades
201, and related alloys, higher-Ni austenitic (310, 800, 904L,
and related high Ni, Mo, Cr grades), and the Ni-base alloys
600 and 825 [154]. Moreover, small quantities of Na, K, CI,
and Ca were also detected on those materials in the same
investigation. S, Na, and CI species caused corrosion and
cracking while higher alloy Ni, Cr, and Mo contents are
more resistant against corrosion. However, in the case of
the existence of sulfur in the reactor, costly high-Ni alloys
may not be the solution due to the risk of sulfidation attack.
Therefore, Brady et al. (2014) [154] suggested reducing
the nickel content and increasing the proportion of chro-
mium and manganese in the austenitic steel, such as grade
201. Exposing nickel alloy 625 to SCW, another study also
observed mass gain of 0.15 mg/cm? after 1000-h operation
due to oxide particles at 600 °C while not observing sig-
nificant mass change at 400 and 500 °C [155]. The surface
morphologies also showed the size of the oxide particles on
the outside surface increased with increasing test duration.
Moreover, pits were also observed on the surface at 400 and
600 °C with a size of 4.3 pm and 8 pm, respectively. It can
grow to 12.9 pm at 400 °C depending on the test duration,
but no significant changes were observed at 600 °C.

The corrosion issue can be addressed through different
approaches: optimizing the process conditions together with
reactor material selection for minimum char formation, reac-
tor configurations preventing solid species from contacting
the surface, adjusting the feedstock, and adjusting the efflu-
ent [151]. Regarding the process conditions, the char forma-
tion can be reduced by optimizing the temperature, residence
time, and reactor material together as well as involving
catalysts, as determined in Sect. 3.2. Regarding the reactor
materials, the materials stated as corrosion-resistant include
stainless steels, nickel alloys, titanium, tantalum, noble
metals, and ceramics [156]. Among those materials, nickel
alloys (e.g., Inconel and Hastelloy), titanium, and stainless
steel were the most used reactor materials because of cata-
lytic impacts and economic aspects. The corrosion resistance
of these materials depends on temperature and the species
present in the reaction mixture. Nickel alloys were reported
to be more corrosion-resistant and to have high strength for
SCWG processes at high temperatures as well as being more
catalytic while stainless steel can be more suitable to HTL
processes because of higher corrosion resistance and lower
cost [151, 156]. Ni alloys such as Inconel 625, Hastelloy
C-276, and titanium are the most used materials to reduce
corrosion [64]. Calzavara et al. (2004) [137] designed a new
reactor in which there is double-shell titanium in the reac-
tor to prevent corrosion. This new concept was suitable to
prevent corrosion, observing no corrosion trace after a long-
running time on the double shell. As another approach, some
reactor configurations were designed to prevent corrosive
species from contacting the surface. An applicable method
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involves the “vortex/circulating flow reactor” in which fluid
motion is applied to compel the hottest environment away
from the shell [151]. Other methods include transpiring wall
reactor and cool wall reactor, also used to address the plug-
ging issue as mentioned in Sect. 3.2. However, these meth-
ods have issues regarding industrial-scale applications. The
other approach is to adjust the feedstock by mixing the cor-
rosive feedstock with another non-corrosive feedstock and
pre-neutralization. The pre-neutralization involves neutral-
izing the acidic or alkaline feedstock to address the electro-
chemical corrosion, relevant for HTL processes. The mixing
method would at least reduce the concentrations of corrosive
species, especially sulfur and chloride contents.

3.4 Pumpability of the feedstock
versus concentration

One of the main challenges regarding biomass feedstock
management is pumping the highly concentrated and two-
phase biomass feedstock in supercritical and subcritical
conditions. In addition, the feedstock concentration varies
during the operation as well as occasionally containing solid
particles [129, 157, 158]. The dry matter content in the bio-
mass feedstock should be within the pumpability limits of
high-pressure pumps to avoid clogging problems while opti-
mizing the product yields versus the energy required to heat
the feedstock. Otherwise, the feed may not be a steady flow
into the reactor [159]. Moreover, in the case of rector clog-
ging during SCWG of high concentrated feedstock, there
will be a high amount of biomass in the reactor continuing
to gasify even after turning the heaters off or stopping the
inlet flows.

The pumpability limit is directly affected by the nature
of biomass feedstock and the target pressure [73, 160]. In
addition, the particle size of solids may cause dewatering
within the pump in the case of coarse particles. However,
size reduction would be costly and energy-intensive for the
feedstock of hydrothermal processes. Therefore, it is advised
to test the considered pumps in the specific conditions of a
process in scope (the specific feedstock to be processed with
biomass type and particle size to be processed, and the target
pressure) [160]. Nevertheless, the particle size does not have
a significant impact on the process chemistry; therefore, it is
sufficient to confirm the pumpability of the feedstock with
its particle size [160]. In addition, a concentrated feedstock
can also be mixed with a dilute waste to control the reactor
inlet concentration, as applied in a SCWO pilot plant [157].
Furthermore, the aqueous phase after product separation can
be recycled to the reactor in SCWG and HTL processes.

An assessment of commercial high-pressure pumps indi-
cated that the pumpability limit for solid content decreases
with the target pressure: 45% for 130 bars and 10-18% for
206-320 bars for lignocellulosic biomass [160]. All the
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assessed pumps were stated to have the ability to pump the
finely ground woody feedstock up to 15% solid content;
however, the industrial feedstocks have a higher particle size
(2—4 mm or higher) and might require special design [160].
Nevertheless, the pumpability limit was reported as 22% for
sewage sludge with a pump operating at 220-300 bars [160].

Currently, the process conditions are assessed within the
pumpability limits. The optimum dry content usually has
the range of 10-20% by weight for high hydrogen yields
in SCWG processes, depending on the biomass type [161].
Meanwhile, HTL processes have feedstocks with higher
solid contents at the optimum conditions, e.g., up to 35%
[162, 163].

3.5 Catalyst deactivation versus the catalyst type

Catalyst deactivation is another issue regarding the process
operation and economic performance. This issue causes a
reduction in product yields and quality. Even though the fea-
sibility studies are usually based on experimentally observed
yields, catalyst deactivation reduces the product yields and
quality significantly in long-term operations. Therefore, this
issue is to be addressed for stable operation and optimum
economic performance. Among the metals used for SCWG
and HTL processes, nickel catalysts were stated to deactivate
despite the high activity and cheap price [102]. As another
alternative, ruthenium catalysts were stated to be more stable
and to have higher activity; on the other hand, this catalyst
is more expensive [102].

Catalyst deactivation can result from various phenomena
including poisoning and thermal/chemical degradation as
chemical deactivation as well as sintering and fouling as
mechanical deactivation [164]. The poisoning occurs due
to adsorption or chemisorption of intermediate organics to
the catalyst surface in hydrothermal processes, thus blocking
the active sites [165]. Chemical degradation refers to unde-
sired reactions between the catalyst and the fluid or support,
producing an inactive phase. Similarly, thermal degradation
causes loss of surface area due to active phase-support reac-
tions. As a mechanical deactivation, fouling refers to the
deposition of unreactive species on the catalyst surface or in
the pores. This becomes an issue due to the presence of char
(in both HTL and SCWG processes) and salt precipitation
(in SCWG processes). In addition, heterogeneous catalysts
can be deactivated through sintering, i.e., the agglomera-
tion of the catalyst particles causing a reduction in the sur-
face area. Sintering might occur more likely at temperatures
higher than 500 °C [164] while poisoning via intermediate
organics becomes an issue at lower temperatures (e.g., in
HTL processes or SCWG at 400 °C [165, 166]).

The approaches to address catalyst deactivation include
new methods for catalyst synthesis, enhanced dispersion
of the catalyst active site on the support, the addition of a

transition metal in trace amounts, and bimetallic catalysts.
As a new method for catalyst preparation, the synthesis of
catalysts in the SCW decreases the sintering problem in
Ni-based catalysts compared to the conventional sol-gel
method [61]. For instance, Li et al. (2020) [61] compared
the stability of various catalysts prepared in SCW and via
the sol-gel method in SCWG of glycerol. The investigated
catalysts included Ni-based catalysts with supports of Al,O5
and Mg-promoted Al,O;, zirconium oxides as ZrO,, and
Ce-promoted ZrO,, carbon-based materials as activated car-
bon, and carbon nanotube. The catalysts prepared in SCW
had higher stability during the SCWG operation and during
the regeneration stage. Similarly, in situ catalyst prepara-
tion in a SCWG process overcame the sintering issue as
well as provided excellent stability of crystalline structure
and morphology and the good anti-coking ability [62].
Bimetallic catalysts were also investigated to address the
deactivation issue by enhancing the stability of catalysts and
reducing char formation. For instance, Ni/TiO,, Ni/ZrO,,
and Ni/Ta,Oj catalysts were stated as “hydrothermally sta-
ble” or “hydrothermally stabilized” beds while Ni—Zr and
Ni-Ta showed better persistence, activity, and anti-coking
ability with increasing residence time [167]. In addition,
nickel—cobalt catalyst with magnesium—aluminum support
reduced fouling by decreasing char formation in SCWG as
well as having a longer lifespan [168]. As a similar approach,
adding a trace amount of transition metal improves the cata-
lyst activity and stability, e.g., as experimented at 21 MPa
and 350 °C by adding 1-5% ruthenium to a stabilized nickel
catalyst [67]. Another approach is to optimize the dispersion
of the catalyst on the support. In a comparative study on
ruthenium catalysts on various supports, it was shown that
the dispersion of catalyst improves the activity and stabil-
ity: Ru/C with enhanced dispersion was very active without
significant activity loss after a 50-h operation at 30 MPa and
450 °C [169].

3.6 Product quality and further synthesis/
upgrading

From the industrial application viewpoint, it is also impor-
tant to evaluate the product quality and to consider further
upgrading. The carbon-neutrality would be enabled by pro-
ducing biofuels with identical or close properties to those of
fossil-based fuels. The main properties of HTL oil include
heating value and H/C and O/C atomic ratios from the
energy and chemistry viewpoint. As the desired composi-
tion, high H/C implies low aromatic content, and low O/C
implies low oxidation extent [41]. Furthermore, low sulfur
and nitrogen contents are desired from the environmental
viewpoint. In addition, other relevant properties include
acidity and viscosity from the compatibility viewpoint. The
syngas properties are evaluated based on the usage because
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of various options of usage. In the case of synthetic natural
gas production, the methane content of syngas is the main
product parameter while the hydrogen content becomes the
main property in the case of pure hydrogen production [143].

The syngas produced in SCWG processes can require
downstream processing depending on the usage. The pro-
duction of synthetic natural gas requires a methanation
reactor due to relatively high hydrogen concentration and
low methane concentration in the syngas [143]. Similarly,
hydrogen production requires the reforming of hydrocarbons
in the syngas. Both downstream processes utilize hetero-
geneous catalysts sensitive against impurities (e.g., tar and
sulfur in the syngas). The removal of those impurities is also
necessary prior to the gas upgrading. Nevertheless, down-
stream upgrading might be avoided through a two-stage sep-
aration after the SCWG reactor or also including scrubber,
depending on the final usage: separating as CO,-rich gas and
H,-rich gas (hydrogen and other combustibles) [95, 101].
The CO,-free combustible gas can be used to produce CHP.
In addition, CHP and hydrogen can be obtained simultane-
ously by separating hydrogen (via pressure swing adsorption
or chemical looping [170, 171]) and burning the off-gas.

The HTL process provides higher product quality
than pyrolysis and slightly less quality than conventional
crude oil, in terms of the desired energy and environmen-
tal aspects. The oxygen content of HTL oil usually varies
around 10-20% while that of pyrolysis oil is 35-40% [172].
Meanwhile, crude oil has an oxygen content of 3-5% or even
closer to none. Furthermore, the HTL process provides bio-
oil closer to the conventional crude oil in terms of atomic
ratios as shown in Fig. 7. As the main differences between
HTL and pyrolysis processes, the biomass decomposition
in HTL conditions results in heavier compounds, and the
light oxygenated organics are separated in the aqueous phase
while those compounds remain in the pyrolysis oil. The
separation of light oxygenated compounds, e.g., carboxylic
acids, results in more stable bio-oil than pyrolysis in terms
of acidity and viscosity. On the other hand, it is required
to upgrade the HTL oil for reaching the transportation fuel
standards, e.g., gasoline and diesel, and for the removal of
sulfur and nitrogen. The gasoline and diesel are also shown
in Fig. 7 illustrating the atomic ratios, having very little oxy-
gen and more hydrogen.

Upgrading HTL oil can be conducted through several
process options including the addition of polar solvents,
emulsification, hydro-cracking/catalytic cracking, hydro-
treating/hydrodeoxygenation, supercritical fluids (SCFs),
and zeolite cracking [178]. Comparing these technologies, it
was concluded that the hydrotreating process provides more
favorable upgrading [178]. Polar solvent addition and emul-
sification are short-term physical treatments while reach-
ing the desired atomic ratios require chemical treatment as
well. Moreover, esterification has no significant impact on
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Fig.7 The atomic ratios of various biomass feedstocks, bio-oils, and
petroleum products [173-177]

denitrogenation. Nevertheless, catalytic cracking is another
upgrading process with promising improvements in quality
[179]. A review on the catalysts stated Ce/HZSM-5, Co/
Mo/Al,O;, and Ni/SiO,—Al,O5 to have the highest activi-
ties for denitrogenation, deoxygenation, and desulfurization,
respectively [180]. However, applying a highly active and
stable catalyst for this process with a long lifetime is still a
challenge. Moreover, HTL oils from various feedstocks can
have different upgrading challenges [181-183]. For instance,
Castello et al. (2019) [181] investigated upgrading of three
HTL oils originated from miscanthus, microalga Spirulina,
and primary sewage sludge with NiMo/Al,O5 catalyst.
Complete deoxygenation was achieved in the HTL oil from
sewage sludge and microalgae as well as reaching remark-
able deoxygenation in the HTL oil of the lignocellulosic
feedstock [181]. The sewage sludge biocrude content was
dominated by straight-chain hydrocarbons in the diesel range
while the microalgae biocrude had also branched kinds of
paraffin as jet-fuel hydrocarbons [181]. On the other hand,
the bio-crude from miscanthus resulted in more aromat-
ics in the gasoline range. Moreover, nitrogen removal still
introduces a challenge despite the remarkable removal of
heteroatoms [181].

3.7 Techno-economic feasibility versus process
conditions and configurations

The major costs in SCWG and HTL processes are resulted
from the energy demand to reach reaction temperature, the
reactor cost, and the heat exchanger costs [95, 97, 98, 100].
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Similarly, major exergy destruction occurs in the reactor
and heat exchangers [83]. Therefore, the economic per-
formances of SCWG and HTL processes can be improved
through the optimization of process conditions associated
with these costs versus revenues from the products. The
process conditions introducing major impact include the
biomass concentration at the reactor inlet, residence time
in the reactor, the reactor material, and reaction tempera-
ture. The economic performances of SCWG and HTL are
influenced by the whole set of process conditions due to
inter-dependent impacts of the conditions on the equipment
costs, operation costs, and product yields. Therefore, from
the techno-economic viewpoint, Ozdenkci et al. (2020) [39]
proposed to report the product yields based on kilogram of
non-inert inlet to the reactor (water being non-inert as well
while ash being the only inert), rather than kilogram of dry
or dry-ash-free, together with the main influencing condi-
tions. The non-inert basis provides more accurate informa-
tion on the yields regarding the reactor inlet concentration
influencing the energy demand and equipment size. The
residence time and reactor material directly influence the
reactor cost. Temperature is also important to note in terms
of the applicability of heat integration. In other words, the
proposed reporting provides more accurate comparisons for
preliminary selections of the promising sets of conditions.
Table 5 shows some SCWG results reported as proposed. It
can be observed that improving the yields on the kilogram
of dry basis can differ from improving that on the kilogram
of non-inert basis. Improving the economic performance

requires high concentrations at the reactor inlet, high tem-
perature, moderate residence time, and reactor material
selection depending on the yields and the material costs.
Thermal efficiency can be optimized through heat integra-
tion and energy recovery [83, 86]. In addition, the opera-
tion costs due to energy needs can also be reduced through
non-conventional heat sources such as solar energy [86].
Moreover, the product yields are required to be verified also
in a pilot scale to investigate the impact of the surface-area-
to-volume ratio of the reactor. The industrial vessel reac-
tors would provide a much less surface area-to-volume ratio
compared to the lab-scale tubular reactors.

The techno-economic performances of SCWG and HTL
processes are limited by operational issues determining
the applicable ranges of process conditions. As a major
constraint on the economic performance, the reactor inlet
concentration is restricted by the pumpability limits as
described in Sect. 3.4. The pumpability limits decrease
with pressure, thus introducing a major constraint for
SCWG. Consequently, the concentrations of more than
20% are currently disabled by the pumpability limits in
SCWG processes. In addition, the maximum limit can be
slightly less depending on the feedstock, e.g., lignocel-
lulosic biomass. Nevertheless, the HTL conditions have
higher pumpability limits depending on the pressure. As
a process safety restriction, the material constraints at
high temperature and pressure affect the equipment and
pipeline costs through thickness of process units and suit-
able material selection. For instance, temperatures higher

Table 5 The results from

. Reactor feed P (MPa) T (°C) Reactor material RT (s) Hydrogen Hydrogen yield Reference
SCWG (.)fKraftAblackhquor yield (mol/kg organics)
(RT: residence time) (mol Hykg Energy yield

non-inert)  (kj/kg organics)

Energy

yield

(kj/kg non-

inert)
KBL 25 750 Inconel 625 300 0.646 24.92 [39]
4.25 wt% 458 17,644
KBL 25 750 Inconel 625 133 0.440 16.93 [39]
4.25 wt% 315 12,162
KBL 25 750 Stainless steel 133 0.370 14.27 [39]
4.25 wt% 310 11,963
KBL 25 700 Inconel 625 77 1.238 14.43 [40]
12.3 wt% 912 10,627
KBL 25 700 Stainless steel 77 1.232 14.36 [40]
12.3 wt% 793 9240
KBL 25 600 Inconel 625 91 1.478 17.22 [40]
12.3 wt% 750 8736
KBL 233 700 Inconel 625 25 0.162 33.62 [184]
0.81 wt% 75 15,521
KBL 23.4 700 Inconel 625 25 0.195 20.10 [184]
1.62 wt% 81 16,786
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than 650 °C requires Inconel or modified stainless steel
reactors for ensuring thermal stability. Moreover, the
diameter-to-thickness ratio of process units and pipelines
is to be determined based on the operating pressure and
tensile strength of the materials. As another major con-
straint resulting from reactor thickness, it is unfeasible to
conduct indirect heating to the reactor. Consequently, the
reactor inlet should be heated to the reaction temperature
prior to the reactor. This introduces another heat exchanger
operating with a high-pressure stream. Moreover, heating
the feed stream to SCWG temperatures causes solid pre-
cipitation in the heat exchanger and pipelines. This results
in process configurations in which the biomass feed and
recycling SCW are introduced to the reactor as separate
inlet flows as shown in Fig. 8. The reactor outlet shown in
Fig. 8 is configured in the same way as the Verena pilot
plant to enable solid separation [101, 143]. The biomass
feedstock and recycling SCW are mixed at the beginning
of the reactor. However, the SCW inlet is to be heated to
higher temperature than the reaction temperature to ensure

the reaction mixture temperature at the desired value, e.g.,
through heat exchange with the flue gas (shown as “FLU-
EGASH” in Fig. 8).

The selection of conversion technology depends exten-
sively on the biomass feedstock and the desired products.
SCWG and HTL have different advantages and disadvan-
tages while both processes are suitable for high-moisture
biomass without consuming energy for drying. Figure 9
summarizes the pros and cons of these processes. The
SCWG product is in the gas phase that can be directly used
as a biofuel or to produce other biochemicals. HTL is con-
ducted at lower temperatures than SCWG, so there is no
requirement for special reactor and piping materials men-
tioned in the supercritical conditions. On the other hand,
corrosion in HTL is more severe than SCWG. HTL process
results in the production of solid, aqueous, and gaseous by-
products. The aqueous phase and solid by-product contain
most of the nutrients of biomass feedstock [185]. Moreover,
a significant portion of the carbon in feedstock remains in
the aqueous phase in HTL processes, i.e., remarkable loss in

Fig.8 The process configura-
tion of SCWG with the reactor
having two inlets and a riser
tube for the gas outlet: brown
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energy content of the feedstock and environmental issue in
discharging this phase [186]. Therefore, processing the solid
and aqueous phases is important in this process in order to
improve the energy efficiency of HTL [187].

SCWG and HTL processes can be integrated with various
ways to achieve flexibility regarding product demand and to
improve efficiency. The SCWG and HTL reactors can oper-
ate in parallel to produce syngas and bio-oil simultaneously.
The proportion of inlets to SCWG and HTL can be adjusted
in accordance with the demand on bio-oil and syngas, hydro-
gen, or CHP. Alternatively, the aqueous phase of HTL can
be processed in SCWG to recover more energy. In the case
of integrated HTL and upgrading, SCWG of the aqueous
phase provides hydrogen needed in bio-oil upgrading [188].

Biomass feedstock can introduce a major cost in SCWG
and HTL processes, besides other operational costs [86].
For instance, the feedstock cost was around half or more of
the operational costs in SCWG of soybean straw and HTL
of wood [97, 100]. Similarly, SCWG of black liquor can
result in feedstock cost close to half of the operational costs,
despite being integrated into a pulp mill [95]. On the other
hand, the low-value wastes or residues have also low bulk
density, thus increasing the transportation costs to the plants
and greenhouse gas emissions [189]. The feedstock trans-
portation was investigated as sub-problem optimization of
biomass supply chains [190, 191]. The two-echelon delivery
scheme was stated as functional for biomass transportation
and the reduction of greenhouse gas emissions: transpor-
tation of feedstocks from farmlands to collection stations
and from collection stations to the processing plants. Fur-
thermore, the whole supply chain involves transportation of
feedstocks to the conversion plants, biomass conversion at

these plants, and transportation of products to the demand
sites. Sustainable biorefinery concepts require the optimiza-
tion of the whole chain, e.g., the balance between the trans-
portation costs and chemical conversion costs. The supply
chain network design refers to optimizing the locations and
capacities of production plants with respect to sustainability
measures (e.g., economic and/or environmental indicators),
on the constraints of the locations and amounts of feedstocks
and amounts of desired products [192-194].

4 Future aspects of SCWG and HTL
operations

The future target of biorefineries is stated to achieve sustain-
able production of fuels, energy, and chemicals from bio-
mass sources. The sustainability of biorefineries is deter-
mined with several features including fossil-independent
productions and supply chains, minimum environmental
impacts and carbon neutrality, no compromise with food and
animal feed sectors, and the ability to adapt to the variations
in biomass availability and market demand. In fact, the bio-
mass conversion processes play a crucial role to meet these
features. To enable sustainable replacement of fossils, the
conversion processes are desired to involve multi-feed-multi-
product operations and to process a wide spectrum of feed-
stocks as well as the techno-economic feasibility. In other
words, effective biomass conversion processes are required
to achieve a sustainable and fossil-independent industry.
Figure 10 shows the links among the biomass conversion
processes, sustainable supply chain, and socio-economic
impacts. From the socio-economic viewpoint, processing

Fig. 10 The inter-relations
among biomass conversion pro-
cesses, sustainable biorefinery,
and socio-economic impacts
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the wastes and side streams of various sectors, effective
biomass conversion processes can increase the economic
and environmental performances of those sectors simulta-
neously. On the other hand, the conversion processes have
operational issues affecting techno-economic performances.
Therefore, it would be a very critical milestone to address
the operational issues of promising conversion processes.

The hydrothermal processes provide effective conver-
sion routes of biomass feedstocks with respect to sustain-
ability features as well as being suitable to the high-moisture
nature of biomass. Among those processes, SCWG and HTL
produce syngas and crude bio-oil as the vital platform sub-
stances for the production of CHP, biofuels, and chemicals.
Therefore, syngas and bio-oil have inevitable and increasing
demand. In addition, SCWG and HTL processes produce
these substances of higher quality than the thermal process
alternatives. Furthermore, these processes can also convert
various biomass feedstocks including agricultural wastes,
forest residues, sewage sludge, manure, and algae as well
as waste streams or by-products of other production plants
(e.g., black liquor in pulp mills and olive mill wastewater).
Consequently, it is desirable to improve the techno-economic
feasibility of these processes for industrial applications, to
address high costs compared to fossil-based productions.
However, the commercialization of SCWG and HTL pro-
cesses is hindered by operational issues introducing con-
straints on the applicable process conditions, blocking the
operation or/and affecting the process configurations. Fur-
ther research and novel concepts are required to address the
operational issues of SCWG and HTL processes besides the
currently investigated solutions.

The main phenomena behind most of the operational
issues are char formation and the impacts of inorganic
salts: causing variations in reactor pressure and plugging
in SCWG, corrosion in both SCWG and HTL processes,
catalyst deactivation, and affecting product quality. This
requires a special reactor configuration enabling solid sepa-
ration simultaneously with the hydrothermal conversion.
The reactor concept of the Verena pilot plant is designed to
separate the solids from the bottom. This concept can fur-
ther be modified considering the techno-economic aspects:
catalytic impact of reactor materials, surface area-volume
ratio, and the prices of reactor materials. Figure 11 shows
a potential reactor concept for enabling solid separation
while having a catalytic impact as well. The outer reactor
wall can be stainless steel because of its cheaper price and
insignificant surface-area-to-volume ratio. The riser tubes
can be multiple and coil-shaped made of Inconel material
to provide more surface area for the catalytic material. Both
the outer and inner surfaces of the riser tubes can function to
catalyze the reactors in this concept. Moreover, SCWG reac-
tors should have two inlets for the biomass feedstock at sub-
critical temperature and SCW to avoid solid precipitation in
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Fig. 11 The reactor concept with multiple, coil-shaped riser tubes

the pipelines and heat exchangers while a single inlet can be
sufficient for HTL processes.

Besides the reactor configuration, the process concept
can also be enhanced to reduce the char formation and to
improve the economic performance of the hydrothermal
conversion. For instance, Ozdenkgi et al. (2017) [42] pro-
posed partial wet oxidation (PWO) prior to SCWG and HTL
reactors. Figure 12 shows the block diagram of the process
concept. PWO is an exothermic process at 170-240 °C,
thus providing self-heating the feedstock up to this tem-
perature range. Moreover, oxidizing the sulfur content in
PWO can provide sulfur-free bio-oil or syngas. The reduc-
tion of oxidized sulfur does not occur to a significant extent
at temperatures lower than 900 °C [195]. Consequently, the
oxidized sulfur can occur in the salts, i.e., either precipitat-
ing in SCWG or dissolved in the aqueous phase in HTL.
Furthermore, PWO can reduce char formation in SCWG
and HTL reactors by breaking down the large molecules in
advance. The light and oxygenated molecules are gasified to
a higher extent than the long-chain organics and aromatics
[196]. Consequently, char formation can be reduced by intro-
ducing the biomass into SCWG or HTL reactor after partial
decomposition via PWO. In addition, in the case of lignocel-
lulosic feedstocks, some part of PWO downstream can be
used for recovering lignin as another product as applied in
pulp mills. Lignin precipitates in black liquor when reducing
pH to 9-10 [197] while PWO enhances the filtering of lignin
and enables sulfur-free product [198].

As future aspects, the investigations on SCWG and
HTL processes can be directed towards new concepts and
solutions to address the operational issues and to extend
the application range of process conditions. As a major
part of investment costs, the reactor costs can be reduced
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Fig. 12 The block diagram of a
process concept involving PWO
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by improving the tensile strength and thermal stability of
the materials, thus enabling a higher diameter-to-thickness
ratio. This might increase the range of economically feasi-
ble residence times for optimizing the process conditions.
Meanwhile, the solutions against catalyst deactivation and
corrosion would make the product yields of lab-scale studies
applicable in industrial processes. As a major operational
issue, solid deposition can be addressed by special reactor
configurations, partial decomposition of biomass prior to
the SCWG or HTL reactor, and recovering the major source
of char formation in biomass (i.e., lignin) as another prod-
uct. From the process development viewpoint, the future
scope can involve the proof of concept in Fig. 12 through the
experiments of PWO followed by SCWG or HTL for vari-
ous feedstocks, to validate sulfur-free products and reduce
char formation while enhancing the gas and bio-oil yields.
Afterward, the whole process is to be optimized with respect
to conditions in PWO and SCWG or HTL. In addition, the
reactor configuration Fig. 11 can also be implemented in a
pilot-scale process to verify the solid separation simultane-
ously with catalytic conversion of biomass.

5 Conclusion

Biomass represents an abundant and renewable source for
replacing fossil sources and enabling carbon-neutrality. Sus-
tainability aspects emphasize the usage of 2nd-generation
biomass in chemical, fuel, and energy production. However,
conversion of 2nd-generation of biomass requires advanced
processes and currently results in higher production costs
than conventional fossil-based processes. Therefore, it
is crucial to select suitable conversion technologies with
respect to the biomass feedstock and to enhance the techno-
economic performance of these processes.

The hydrothermal processes present promising conver-
sion routes because of the high moisture content of biomass
feedstocks: high energy efficiencies, product yields, and
quality compared to thermal processes. The SCWG and HTL
processes produce syngas and bio-oil as crucial platform

Crude bio-oil Upgrading &
Separation

Liquid biofuels

chemicals from waste streams and residues of biomass sec-
tors. Commercial implementation of these processes can
improve the biomass supply chains from environmental and
economic viewpoints. However, these processes undergo
operational issues reducing the economic performance and/
or endangering process safety. In other words, the opera-
tional issues are obstacles to the process development of
SCWG and HTL technologies. Therefore, a holistic inves-
tigation is required to determine the obstacles, root causes,
and potential solutions comprehensively.

This study reviews the operational issues of SCWG and
HTL processes together with the phenomena causing the
issues and solutions addressing these issues. The main
issue is process safety regarding thermal and mechani-
cal stress on the reactor due to high pressure and tem-
perature. Addressing this issue requires proper selection
of reactor material and diameter-to-thickness ratio con-
sidering the operating pressure and the tensile strength
of materials at the operating temperature. Regarding the
reactor and pipeline material, corrosion is another issue
regarding long-term operation. Corrosion results from
the presence of alkali salts, char formation, and corro-
sive inorganics (sulfur, chloride, or nitrate). This issue is
currently addressed through corrosion-resistant material
selection and optimum conditions minimizing char for-
mation as well as adjusting the feedstock via mixing with
another non-corrosive feedstock or pre-neutralization.
Catalyst deactivation is another long-term issue reduc-
ing the product yields. This can occur due to chemical
degradation (chemisorption of intermediate organics on
active sites), sintering of heterogeneous catalysts at high
temperatures, or fouling (due to deposition of unreactive
species on catalyst surface). The catalyst deactivation can
be reduced through different catalyst preparation meth-
ods, and enhanced dispersion, adding a trace amount of
transition metals to alkali metal catalysts and bimetallic
catalysts. In addition, the biomass concentration into a
reactor inlet is restricted by pumpability limits to high
pressure. This issue introduces a constraint to the appli-
cable concentration range when investigating the optimum
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conditions. Moreover, solid deposition is the main obstacle
increasing the occurrence risks of other issues as well.
Solid deposition results from char formation (in SCWG
and HTL) and precipitation of inorganic salts (in SCWG).
This issue causes mechanical stress on the reactor through
variation of pressure, under-deposit corrosion, dealloying
in case of sulfide, and catalyst deactivation through foul-
ing. Addressing this issue requires special reactor configu-
rations enabling solid separation simultaneously with the
reactions while providing a surface area of catalytic wall in
an economically feasible way, besides optimum conditions
minimizing the char formation.

The future aspects can include new concepts of integrat-
ing SCWG and HTL, enhanced reactor configurations. As
a new concept, PWO of the feedstock prior to the SCWG
or HTL reactor can reduce the char formation and provide
sulfur-free products as well as slightly improve the energy
efficiency. As an enhanced reactor configuration, the reac-
tor can have two outlets: to collect the products through
multiple, coil-shaped riser tubes while solids precipitate
to the bottom outlet. Addressing the operational issues
will also improve the techno-economic performances of
SCWG and HTL processes. The further scope can be to
investigate these processes involving the new solutions,
e.g., experiments of PWO followed by SCWG or HTL
with various feedstocks and a new reactor configuration.
In other words, the operational issues present the main
obstacle also affecting economic feasibility. Therefore,
effective solutions can enable the efficient implementa-
tion of SCWG and HTL processes, thus improving the
biomass supply chains.

The commercialization of SCWG and HTL processes
will improve the biomass supply chains as well: the whole
chain of transporting the residues/wastes from the fields to
conversion plants, the processes converting these feedstocks
into intermediates, and/or final products, and transportation
of the final product. The techno-economic performances of
biorefineries can be evaluated through profitability meas-
ures, exergy analysis, and LCA within the whole supply
chain. It is essential to optimize the supply chain network,
and conversion processes are the heart of these chains.
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Supercritical Water Gasification of glycerol is carried out on a continuous tubular reactor at 25 MPa and
610 °C. A design of experiments is performed at three levels of glycerol concentration (2.5; 5; and 10%)
and three levels of inflow rate (125; 250; and 375 mL/min). The process outputs are the molar production
of Hy; CHy4; CO,; CO; and CyHg. The influence of Stainless Steel 316 and Inconel-625 as reactor materials
is compared. A compartment model is implemented considering the system as a heat exchanger in series
with a wall reactor. Heat transfer influence on reactivity is successfully captured. The results are useful
and accurate in describing global stoichiometry. H,, CH,4 and CO, productivity are fairly predicted. The
catalytic effect of Inconel-625 manifests from the CO, to CO ratio when compared with Stainless Steel
316. Inconel-625 is 50% more productive in terms of C2 hydrocarbons and 40% more active towards CHy4
production, which is detrimental in 50% of the H, yield.
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1. Introduction

The Circular Economy (CE) is considered the optimal approach
to overcome the environmental impact of consumption and pro-
duction patterns [69-71]. In contrast with the current linear econ-
omy, the CE concept strives to minimize waste production and bet-
ter use natural resources in a closed loop. Biodiesel emerged as
a renewable and potentially circular alternative to fossil fuels for
transportation, is produced through trans-esterification of triglyc-
erides with methanol or ethanol [70]. Glycerol, the by-product of
biodiesel production, is an industrial chemical with several ap-
plications, including the food industry, pharmaceutical, and cos-
metics [28,72-74]. Paradigm shifts to sustainable biofuels such as
biodiesel and value-added biochemicals due to environmental con-
cerns, subsequently increasing glycerol production. Therefore, the
sustainable valorization of crude glycerol results in value-added
products that support biodiesel production economically and en-
vironmentally.

According to the literature, every 10 tonnes of biodiesel pro-
duced during the trans-esterification reaction generates approxi-
mately 1 tonne of crude glycerol [76]. The glycerol market size is

* Corresponding author.
E-mail address: gabriel.salierno@abo.fi (G. Salierno).

https://doi.org/10.1016/j.ijheatmasstransfer.2021.122200

valued at USD 2.6 billion in 2019 and will grow 4.0% from 2020 to
2027 [77]. However, the crude glycerol derived from biodiesel pro-
duction has low value. It contains impurities, including methanol,
fatty acid methyl esters (FAMEs), soap and water, heavy metals,
glycerides, ash, and free fatty acids (FFAs). The variability in com-
position makes biodiesel glycerol residue purification complicated
and expensive [28,75]. Direct combustion of glycerol has low ef-
ficiency and produces high amounts of coke [13,38]. Therefore,
alternative energetic valorization routes for crude glycerol have
great importance in supporting the circular production of biodiesel
(Sharma et al., 2021).

Several thermochemical methods can produce syngas and
value-added chemicals from glycerol, including hydrothermal gasi-
fication, in subcritical or supercritical conditions, steam reform-
ing, partial oxidation reforming, oxidative steam reforming, and au-
tothermal reforming [72,81]. The steam reforming process is highly
endothermic with a high operating cost of steam reformers; au-
tothermal steam reforming by adding a limited amount of oxygen
and exothermic partial oxidation decreases the energy and coke
formation. However, there is still coking [19,58]). In supercritical
water reforming, hydrogen is produced with high efficiency be-
yond the critical point of water. Reduced dielectric constant, low
viscosity and large diffusivity in the critical point of water create a
homogeneous reaction condition [12,78].

0017-9310/© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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Nomenclature

Latin symbols

a power law pre-exponential parameter (-)
aw reactor wall surface to volume ratio (m?/m?3)
b power law exponent parameter (-)
Caly glycerol concentration (M)
Cine acetaldehyde intermediate concentration (M)
Co initial glycerol concentration (M)
Cp molar heat capacity (J- mol~! .°C 1)
Da, Damkshler number; *itk2)Co
Km-aw

E,1 to E;s  activation energy (kJ/mol)
glycerol molar inflow rate (mol/min)

ly.in
Flg):;d_j molar production rate of j-th product (mol/min)
Gm molar flux (mol - m~2 - sec ~1)
he convective heat transfer coefficient (W - m~2 .°C
-1 )
kq; ka; ks 1st order reaction rate constants (min~!)
k3; kq second-order reaction rate constants (M~! min~')
K global mass transfer coefficient (mol - m=2 - sec
-1 )
L length (m)
Ltube tube length (m)
Nuy; internal Nusselt number: h;\'r‘
Pr Prandtl number: “Tc"
r radius (m)
Re Reynolds number: 2"#
Sty Stanton number for heat transfer: Rﬁf’g
Stm Stanton number for mass transfer: %
t time (min; sec)
T temperature (°C)
u velocity (m | sec)
Vin molar volume (dm?3/mol)
X¢ final conversion (-)
Xg glycerol conversion (-)
z axial position (m)
Acronyms
CE circular economy
1IPF ideal isothermal plug flow
MFC mass flow controller
SCWG  supercritical water gasification
SS-316  stainless steel 316
Greek symbols
£1; &  reaction expansion factors (-)
discrete difference (-)
Af fluid dynamic boundary layer thickness (m)
At thermal boundary layer thickness (m)
(o reactive zone ratio (-)
[OF mass transfer efficiency (-)
A thermal conductivity (W - m=! .oC -1)
v stoichiometric coefficient (-)
0 viscosity (Pa - sec)
ke pi number (-)
P density (kg/m3)
T residence time (sec)
Subscripts
bulk bulk fluid
c convective
C critical point
e external

FD fluid dynamic

gly glycerol

h heat transfer

HE heat exchanger compartment
i internal

j j-th product

m mass transfer

mix mixture

prod; < —gly glycerol to the j-th product
ref reference

R reactive compartment

Ne supercritical

w wall material

we wall, external side

wi wall, internal side

z axial position

Gong et al. (2021) investigated the SCWG reaction mechanism
for the biomass model compounds, including glycerol, guaiacol,
alanine, glucose, and humic acid. Based on their results, glycerol
exhibited the best gas yield (7.44 mol/kg organic matter), and glu-
cose showed the best hydrogen yield (3.15 mol/kg organic matter);
the hydrogen yield of glycerol reached 2.71 mol H, per kg of or-
ganic matter. Jin et al. [24] developed a computational fluid dy-
namic model and numerical study of SCWG of glycerol. They stud-
ied the effect of operating parameters (feedstock flow rate, pre-
heated water flow rate, reactor wall temperature of 650 °C, and
preheated water temperature of 426 °C) in a tubular reactor. The
experimental results validated the combined model. They also dis-
cussed two bottlenecks that hinder the complete SCWG. They con-
cluded the short residence time and a side-reaction region in the
feeding inlet are the reasons for incomplete gasification. Based on
their results, a 135° feeding angle and high preheated water tem-
perature (600 °C) prevent side-reaction. Almeida et al. (2018) stud-
ied crude glycerol gasification and used steam as an oxidant. They
conducted the gasification experiments in a fixed bed reactor and
compared the technical glycerol with the crude glycerol steam re-
forming. Based on their results, no significant difference was ob-
served. However, the cold gas efficiency for crude glycerol (in the
range of 100 -110%) was higher than technical glycerol.

The general objective of this work is to construct a dynami-
cal description of glycerol Supercritical Water Gasification (SCWG)
in a continuous flow through a tubular reactor. Results obtained
by high-end simulations demonstrated a high degree of confidence
[12,24,37,64]. However, robust calculation techniques based on cor-
relations are sometimes preferred. The available information ac-
quired from industrially relevant and cost-effective sensors is usu-
ally inadequate to validate complex and time-consuming compu-
tational models [21,79,80]). The literature on SCWG is extensive.
However, industrially relevant reactor materials are not always uti-
lized [9,68].

Moreover, most glycerol SCWG studies are in batch or continu-
ous mode of operation with rather long residence times [22,44,51].
The effect of transport properties on global efficiency is seldom ad-
dressed. This work proposes a simplified method that allows the
extraction of useful information to design and monitor SCWG re-
actors in a continuous mode of operation. This contribution aims to
explain the productivity of glycerol SCWG in continuous mode uti-
lizing an integral model involving a heat exchanger compartment
in series with a tubular wall reactor. The results are also useful
to describe the relationships within the most relevant gas compo-
nents of the product. The influence of Stainless Steel 316 (SS-316)
and Inconel-625 as reactor materials are compared under the same
operative conditions of temperature, pressure, and glycerol molar
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Fig. 1. Tubular reactors employed. Stainless Steel 316 (above) and Inconel-625 (below).

inflow range. The impact of heat transfer properties and catalytic
activity of the wall material on the reactor performance is assessed
from the experimental and model results.

2. Materials and methods

Glycerol SCWG is performed through a laboratory-scale contin-
uous tubular flow reactor at the Process and Systems Engineering
Laboratory at the Abo Akademi University (Turku, Finland).

2.1. Experimental setup

The experiments have been conducted using two different re-
actors with the same shape but made of different types of Steel:
SS-316 (Fig. 1 - above) and Inconel-625 (Fig. 1 - below). The total
inner volume of the reactors is 83 ml, and their length is 0.51 m.
Piping and fittings are provided by Swagelok (Stockholm, Sweden),
having an internal diameter of 3 mm and an outside diameter of
6 mm with a working pressure of 420 bar.

The SCWG setup (Fig. 2) is equipped with a suitable pneumatic
injection system based on compressed nitrogen and feed cylinders.
The main function of the feed cylinders is to ensure that the feed
is not handled directly by a pump, avoiding issues related to ob-
struction and corrosion phenomena. The feed cylinders are a DOT-
3A 5000 (Swagelok; Stockholm, Sweden), which have a maximum
pressure tolerance of 40 MPa. One cylinder is enough to perform
the experiments. Nevertheless, the presence of a second cylinder
facilitates start-up and cleaning operations.

The experimental setup has two cylinders with a capacity of
500 mL each. In this way, it is possible to ensure a continuous
flow into the reactor. They are appropriately separated via valves
so that, when a cylinder is in use, the other can be filled and pres-
surized. In addition, they are equipped with a bottom ball valve
to previously feeding the water-glycerol mixture and let the com-
pressed nitrogen enter, a top ball valve connecting to the reactor
line, and a disc safety valve, which protects sample cylinders from
over pressurization by venting the cylinder contents to the atmo-
sphere. When the tests are terminated, a cleaning cycle is per-
formed by pumping distilled water from the top to remove the
eventual un-reacted feed that can compromise the results of the
following experiments.

Once the feed cylinder is filled and pressurized, the top valve
is open, and the mixture is pushed into the reactor by the com-
pressed nitrogen, contained in a steel-lined carbon fiber-wrapped
pressure vessel (Linde, Sweden), with a nominal capacity of
20 dm® and a nominal pressure of 300 bar. It is encased in a High-
Density Polyethylene jacket and equipped with gas identification
rings. An alarm sounds when the contents are low. In addition,

the tank is equipped with a regulation valve attached to the exit
nozzle to regulate the outlet pressure accordingly. The feed flow
rate is pneumatically set by a mass flow controller (MFC) EL-FLOW
F-231M (Bronkhorst High-Tech BV; Ruurlo, Netherlands). The MFC
consists of a thermal mass flow sensor, a precise control valve, and
a microprocessor-based pc-board with signal and Fieldbus conver-
sion. This MFC is suitable for accurate measurements and control
of flow between 10 and 500 mL/min at ambient pressure and 200-
1000 L/min at high operating pressures (up to 400 bar).

Operating temperature is controlled by a Fibrothal HAS
100/500/114 heating system (Kanthal; Hallstahammar, Sweden),
with a resistance R20 with a maximum power of 2600 W. The
heating system is constituted of a cylindrical insulated case with
embedded electrical resistances positioned in the inner wall of the
case. The insulation material is a ceramic fiber, able to withstand
a maximum temperature of 1150 °C, with a thermal conductivity
varying between 0,10 and 0,21 W/(m.°C) with a temperature rang-
ing from 400 up to 800 °C. The electronic control unit allows con-
trolling and regulating the heating rate and maintaining a constant
temperature. In this case, to avoid thermal shocks and deforma-
tion of the piping and reactor materials, the heating rate is set to
140 °C/h. The electrical energy required to heat the reactor and
keep the setpoint temperature is measured by an electricity meter
and maintained constant during the experiments. Before every ex-
periment, the plant and the reactor are filled with water to avoid
thermophysical damages to the piping and reactor. Moreover, by
doing so, the plant is pressurized and ready for the injection of
the feed coming from the cylinder.

The thermocouples used to monitor temperature at the outer
walls of the reactor are of K-type. They can perform measurements
between -200 and 1260 °C with a sensitivity of 41 ©V/°C. Thermo-
couples are positioned on the reactor’s outer wall using custom-
made ducts; temperatures are measured along the reactor right af-
ter the inlet, middle, and right before the outlet. A relief valve R3A
from Swagelok was positioned after the cooling section of the sys-
tem and before the outlet gas sampling section. During the start-
up phase of the system, the pressure on the nitrogen line has to
be controlled and regulate by changing the volume flow rate of
the nitrogen. The control is done with the help of a manome-
ter installed close to the top valve. The temperature measurement
at the inlet of the reactor is the most important since the entry
of the feed into the reactor causes a sharp decrease in tempera-
ture. Hence, it is crucial to check if the inlet temperature does not
fall below the critical point. The data acquisition system is the NI-
DAQ mix (National Instruments, Austin, United States automatically
saves the values of temperatures and pressures. The check and the
control of temperature are made through LabView software to ac-
quire and store both the temperature and pressure measurements.
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Fig. 2. Layout of the experimental setup.

In addition, this software allows directly controlling the temper-
atures and the pressures during the experiment through a user-
friendly graphical interface.

After exiting the reactor, the stream pass through a coiled pipe
heat exchanger immersed in a water container under ambient con-
ditions. The collection of the effluents is made by using a plastic
bag, Tedlar®, attached to the outlet nozzle downstream the relief

International Journal of Heat and Mass Transfer 183 (2022) 122200

valve. Afterward, the bag's volume is measured before and after a
syringe extracts the gas. The way of cooling and depressurizing the
effluent can modify the final composition because of the solubility
of the gases in the liquid phase. Hence, the collection is made at
ambient conditions since, at high pressure, the CO, is soluble in
the liquid phase.

2.2. Operational conditions

For each reactor material, experiments are carried out in
three flowrates and three compositions, totalizing nine opera-
tional conditions. The mass flow controller is set at 125, 250, and
375 mL/min. Aqueous solutions of glycerol 2.5%, 5%, and 10% w/jw
are prepared before every experiment and left at least one hour
with a stirrer to make them homogenous. The weight of distilled
water and 87% glycerol (technical grade, Sigma) is recorded to
know their composition precisely.

The first step of the procedure is aimed at reaching the ther-
modynamic conditions. Therefore, in the start-up phase, the sys-
tem is filled with distilled water and put under pressure by slowly
opening valve V2 (see Fig. 2) and with attention to avoid hydraulic
shocks. Then the valve V4 for the filling of the reactor until the
system is full of water. Finally, closing the feed valves and those
in contact with the external environment makes it possible to put
the system under pressure. Every sampling bag is replaced every
20 min with a flow rate of 375 mL/min, every 30 min with a flow
rate of 250 mL/min, and every 45 min with a 125 mL/min flow
rate. The sampling time is recorded to get a precise measure of
the gas productivity.

2.3. Product gas composition

The analysis of the gas product is carried out by a Perkin Elmer
Claurus 500 Gas Chromatographer equipped with a molecular sieve
13 x 45/60 packed column and a Thermal Conductivity Detector.
The method employs nitrogen as the carrier gas, and the oven tem-
perature is set at 250 °C.

The chromatograph calibration is performed by injecting gas
from reference bottles of known composition. For every opera-
tional condition of initial flow and composition, the sampling bags
are analyzed to quantify the amount of hydrogen, carbon monox-
ide, carbon dioxide, methane, ethane, and ethylene. Measurements
are performed by quadruplicate.

3. Results and discussion

The mass yield of individual gaseous products is calculated by
combining the product gas volume of the sampling bag with the
composition relationship. Considering that the mass yield is steady
during the sampling time, it is possible to estimate the molar
production (Fp,,q) of hydrogen, carbon monoxide, carbon dioxide,
methane, ethane, and ethylene. The design of experiment response
curve analysis indicated that the only relevant variable is the first-
order interaction of residence time and glycerol inlet content; thus,
the natural variable to explore is the glycerol molar inflow rate.
Statistical analysis of the experiment results and the compartment
model are implemented in MATLAB R2020b (The MathWorks Inc.,
Natick, Massachusetts, United States of America).

3.1. Operational conditions effect on individual gas productivity

The productivity of hydrogen (Fig. 3A) is observed higher on
stainless steel compared with Inconel-625, suggesting that the cat-
alytic activity of the latter wall material would be towards hydro-
genation of C2 intermediates. The production of carbon monoxide
(Fig. 3B) and carbon dioxide (Fig. 3C) are significantly similar for
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Fig. 3. Molar production as a function of the glycerol molar inflow rate: (A) hydrogen; (B) carbon monoxide; (C) methane; (D) carbon dioxide; (E) ethylene; (F) ethane.

both reactor materials within the operational window, signifying
that there is no catalytic effect of Inconel-625 over water gas shift
or methanation.

The productivity of methane (Fig. 3D) and ethylene (Fig. 3E) is
observed higher in the case of using Inconel-625, suggesting un-
doubtedly a catalytic activity of the reactor material towards crack-
ing and the hydrogenation of the acetaldehyde intermediate. The
high nickel content of Inconel-625 could explain the enhancement
of hydrocarbon production to the detriment of the hydrogen yield.
At glycerol molar flow rates higher than 0.1 mol/min, Inconel-625
shows higher CHy4, CoHy4, and C;Hg productivity.

A reasonable explanation for this behavior could be the cat-
alytic activity of the Inconel wall towards the hydrogenation of C2

intermediates [9]. However, at glycerol molar inflow rates lower
than 0.1 mol/min, there is no significant difference in methane
and ethylene productivities. In any case, considering the notice-
able amount of produced C2 hydrocarbons, the acetaldehyde in-
termediate appears to be rather active towards hydrogenation in-
dependently of the wall material. Another plausible explanation of
the observed productivity of methane could be the accumulation
of acetaldehyde that could decompose into methane and carbon
monoxide [8,17,18].

The interpretation of the ethane production, shown in Fig. 3F,
appears to be less straightforward. There is a slight difference fa-
voring Inconel-625 between 0.1 and 0.2 mol glycerol per minute,
but the differences are not significant between reactor materials



G. Salierno, F. Marinelli, B. Likozar et al.

outside this range. Ethane production depends upon three reac-
tions after glycerol pyrolysis: acetaldehyde reduction and dehydra-
tion, followed by ethylene hydrogenation. Therefore, the impact of
the catalytic effect of Inconel-625 might be observed as less pro-
found. In addition, ethane is a minor product.

The productivity of each gas is approximately linear with glyc-
erol molar flow rates. However, in the case of H,, CO, and CO,, the
linear tendency breaks around 0.2 mol/min, adopting a lower slope
when the residence time of the substrate decreases.

4. Dynamical interpretation of gas production in terms of heat

excl -reactor c tments

Guo et al. [18] fully characterized the glycerol SCWG pathways
(Egs. (1) and (4)). The glycerol anoxic pyrolysis reactions are en-
dothermic [28] and irreversible, providing H,, CO, CO,, H,0, and a
C2 intermediate (Eq. (1)), which is acetaldehyde [8,16,17]. In these
cases, reaction rates have order one with respect to glycerol and
do not require water as a reagent.

C3Hg03 X €O, + 2H, + CH3CHO k; (600°C)
=15.24 min~! E;; = 53 & 2 kJ/mol

C3Hg03 Y co + H, + H,0 + CH35CHO k,(600°C)
=9.48 min~! E;; = 60 + 3 kJ/mol (1)
Considering an ideal isothermal plug flow (IIPF) reactor, glycerol

pyrolysis conversion is related to the residence time (T) according
to an integral relation (Eq. (2)), adapted from Levenspiel [32]:

X¢
dXg

T= 0/ [k (1 + &1Xg) + k2 (1 + £2Xg)](1 — Xg)

(2)

Where T is the residence time, Xg is the glycerol conversion to-
wards pyrolysis, X; is the final glycerol conversion, and ¢ is the
expansion factor of each reaction, considering the molar volume
(Vm) stoichiometric change of each reaction (Eq. (3)).

Z}\I:p;od (Uj : ij)

&= v

(3)
m,gly

Acetaldehyde conversion pathways (Eq. (4)) are also irreversible
[8,18]. It is observed that the thermal decomposition into CO
and CH,4 (pathway 5) has much lower activation energy than the
hydrolytic pathways 3 and 4, which produce hydrogen, carbon
monoxide, and carbon dioxide; thus, pathway 5 is expected to be
the preferred route for the conversion of the acetaldehyde inter-
mediate [39]. Yet, considering the water content inside the reactor,
closer to water molar density, hydrogen production from acetalde-
hyde should be faster than that of glycerol. However, acetaldehyde
pyrolysis is limited by glycerol conversion, and the observed C2 hy-
drocarbon products point out to a highly competitive acetaldehyde
hydrogenation.

CH3CHO + H,02 2C0 + 3H, k;(600°C)
=36.7 M~! min'E,3 = 114 + 4 kJ/mol

CH3CHO + 3H,0 %4 2€0, + 5H, ky(600°C)
=245M"" min~! E;4 = 110 + 2 kJ/mol

CH3CHO 8 €O + CH, ks (600°C) = 84 min~" E,s = 67 + 2 kj/mol
(4)
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If the hypotheses of the IIPF were fulfilled, the estimated resi-
dence times would be sufficient to achieve a production of 2.5 to
7 moles of hydrogen per mole of glycerol. Observed hydrogen pro-
ductions are around 1% of the ideal value. Devising a compartment
model is a reasonable approach to understand this apparent dis-
crepancy in productivity.

The expected temperature profile (Fig. 4 - above) suggest that
a non-reactive heat exchanger in series with a reactor with par-
tial active volume (Fig. 4 - below) is the simplest compartment
model that could address a tubular reactor electrically heated from
the outside, treating a cold stream that needs to be warmed up to
relevant temperatures for gasification. In this case, we will con-
sider that there will be sensible reactivity only after the system
overpasses the critical temperature of water (T¢, ypo = 386 °C)
and glycerol (T¢, g, = 452 °C) at the mean operating pressure of
25 MPa. Above those temperatures, it can be considered that the
system can react towards gasification in supercritical conditions.

The velocity and thermal profiles usually differ from an ideal
plug flow in the vicinity of the wall. However, since there is an
unrestricted mass transfer in the radial direction, there is no dif-
ference in residence times between the two zones of the reactive
compartment. Therefore, heat exchange calculations of the fluid
flowing through the tubular reactor are conducted to estimate the
temperature profiles and, therefore, understand the distribution
of the active volumes within the equipment. As discussed earlier,
thermocouples provide the temperature of the outer surface of the
reactor during the process of gasification. The temperature control
setpoint is defined at the center of the outer reactor wall, and it is
set at 610 °C, fluctuating less than 2% throughout the experiments
(Temp. 2 - Fig. 5). The thermocouple located downstream (Temp. 3
- Fig. 5) is observed to differ less than 5% from the setpoint tem-
perature. On the other hand, the thermocouple is located towards
the entrance of the reactor (Temp. 1 - Fig.5) is 90 °C lower than
the setpoint, indicating the effect of the cold inlet on the reactor
wall temperature.

Knowing the outer wall temperature makes it possible to esti-
mate the thermal axial profiles for the reactor wall and the fluid.
By knowing the thermal conductivity (A) of the reactor materials
and the thermophysical properties of the fluid components, the
heat transfer rate through the reactor wall can be estimated. A lin-
ear gradient in the axial direction is assumed on the outer wall
around the first thermocouple. Both the thermal conductivities of
SS-316 and Inconel-625, A, follow a fairly linear relationship be-
low their melting points [3,27].

Thermophysical water and product gases are sourced from
the National Institute of Standards and Technology open online
database [40]. Glycerol liquid phase density, thermal conductivity,
and heat capacity at 25 MPa are determined from equations re-
ported in the recent literature [47]. Glycerol and acetaldehyde va-
por properties are estimated by following the generalized Lyder-
sen corresponding states method [43]. Since the vapor pressure
of glycerol-water mixtures follows a fairly linear relationship with
composition [65], densities and heat capacities of the solutions
can be approximated as the weighted mean of the individual pure
component values.

The axial temperature profile at the inner wall of the reactor
(Twi) can be estimated stepwise by performing an energy balance
on a discrete wall element [26]. Considering that the tube is sub-
merged in a thermal well and the heat flux is uniform around a
sufficiently small discrete tube element, the rectangular rule nu-
merical recipe described in Eq. (5) can be utilized:

2eoey = (B + Rl )/( g b
Te—Tj In(re/r;)

ize (0:Lr)  (5)

Where re and r; are the external and the internal radius of the
tube; Ly is the reactor length; A, is the mean thermal conduc-
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Fig. 5. Temperature measurement at the outer wall of the reactor.

tivity of the wall material, linearly interpolated between the wall
external temperature (Twe) and the inner wall temperature (T,;).
The dominant heat transfer mechanism within the fluid is convec-
tive since the Nusselt number is over 200 at the inlet and can
range up to 10,000 at the outlet. To estimate the heat transfer
coefficient (he - Eq. (6)), the Sieder-Tate equation [43,53] is em-
ployed within subcritical temperatures since the Reynolds number
is lower than 2000 under that condition, even considering the ac-
celeration of the stream due to thermal expansion. Yamagata cor-
relation is found most suitable to estimate the h. parameter at su-
percritical temperatures [30,62].

1.86~Re‘/3Pr1/3(%)1/3(“;;”)0‘14(%“*) if Touie < T)nzo

he=1{ 00135 ReOS8PrO8 . (2u)  if Ty > Te)pno

Re = 2iYePmix . pp — Hmix Comix
Hemix ’

mix

(6)

The fluid thermal conductivity (Apix), viscosity ((mix), heat ca-
pacity (Cp mix), density (opix), and thus the Prandtl number is es-
timated from the thermophysical properties of the glycerol-water
mixture at the mean fluid temperature (Tyy), which is recalcu-

lated in every step following Eq. (7):

5
0% Thui — “Thulk

2 (e —Tu ) 82
( e u, )/(ﬂriZ Prmix - Cp,mix) :Z € [0; Lybe)

(7

From detailed investigations on heat transfer in horizontal tubes
involving water at supercritical conditions [15,52,63], buoyancy ef-
fects have a minor impact on the radial temperature profile in
tubes of inner diameters smaller than 20 mm, so a fully developed
plug flow can be considered in the bulk annulus. The Reynolds
number is recalculated, taking into account the evolution of the
thermophysical properties of the glycerol-water mixture and the
increment of the mean fluid velocity (u;) due to thermal expan-
sion. After the system overpasses the critical water temperature,
the fluid velocity can be considered constant since the outer wall
temperature, and the inner temperature does not differ signifi-
cantly. Fig. 6 illustrates the result of the estimations in the form
of mean axial temperature profiles, considering axial steps (8z) of
one millimeter, and the initial condition ?=°T,,; = 2=0T;,.. An inlet
temperature of 50 °C was estimated by thermal imaging.

The calculated bulk temperature differs significantly from the
estimated inner wall temperature only at the first tenth of the re-
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Fig. 6. Axial profiles of the temperature inside both reactors: Inconel-625 (above) and SS-316 (below).

actor length in both cases. This result is in concordance with the
findings of Yukananto et al. [64] in their detailed simulation of
SCWG in a tubular reactor, in which the thermal profile presents
a radial gradient at the beginning of the operation and swiftly be-
come an ideal plug flow both in terms of velocity and temperature
distribution.

Residence time distributions can be estimated considering that
the velocity profile is affected by the thermal expansion of
the fluid (Eq. (8)), obeying the continuity condition of a non-
isothermal incompressible flow as follows:

Pmix |z+éz]‘h“|k

(8)

u =u(z)-
(z4+0z) ( ) pmixllTb“lk
Where pmixlz+‘;szu]k and ppixle1,, are the reacting mixture
densities evaluated at the axial slice outlet temperature and inlet
temperature, respectively. The finite axial differential is chosen so
the fluid velocity can be considered constant in every slice, avoid-
ing complex iterative sub-routines. Therefore, the time step is sim-
ply 8z/u(z).

Fig. 7 illustrates the temperature time evolution of the fluid in-
side each reactor, considering the density variation with tempera-
ture. The obtained temperature profile in the vicinity of the critical
point is similar to the results obtained by Sallevelt et al. [50].

At supercritical conditions, the Reynolds number increase
abruptly. The Prandtl number is corrected by turbulence, under the
suggestion of Bird et al. [6]. Water is the dominant driver of ther-
mal behavior in supercritical conditions. Since the observed glyc-
erol conversion and the residence time at supercritical tempera-
tures are low, the effect of the composition variability on the re-
sults is negligible.

The approximation utilized to estimate the axial temperature
profiles of Fig. 6 and the temperature time evolution of Fig. 7 is
based on the assumption that the thermal expansion of the fluid is

intense enough to neglect the effect of back mixing and axial diffu-
sion. However, it provides insights that enforce the heat exchanger
- reactor compartment hypothesis to describe glycerol SCWG under
continuous operation. In addition, it also points out the importance
of the reactor wall material properties beyond the classical me-
chanical endurance and corrosion resistance. Differences are slight
in space, but the impact of the thermal conductivity of the reac-
tor wall material on the heat transfer rate can be appreciated in
the residence time distribution on the proposed compartments. It
can be seen that the material has some extent of influence on the
compartment distribution, being the heat exchange compartment
up to 15% longer. In addition, Inconel-625 requires longer resi-
dence times to reach the critical temperature. It is explained by the
lower thermal conductivity of Inconel-625 compared with SS-316
when the fluid is colder than the oven temperature. In supercritical
conditions, wall thermal conductivities do not differ greatly. Also,
the heat transport within the supercritical fluid is highly efficient,
so the residence times only depend upon the initial flow rate.
Table 1 summarizes the axial distribution of the heat exchanger
and the reactor compartments with their respective residence
times.

By combining the kinetic parameters provided by Guo et al.
[18] and the integral relation described in Eq. (2), the required
residence time of an IIPF reactor can be estimated. The direct
computation of Eq. (3) is implemented in Wolfram|Alpha as def-
inite integrals series. Calculation results are shown in Fig. 8 for
different temperatures within the supercritical window of the
reactor.

The compartmentalized approach allows the interpretation of
the observed conversion as a product of efficiencies (®) correcting
an ideal reference conversion [14,32]. Glycerol pyrolysis is highly
endothermic [28,58,59], which points naturally at the reactor wall
area as the most reactive zone since it is localized closest to the
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Table 1
Estimation of the compartment longitudes and their respective residence times.
Inflow rate Glycerol content Inconel-625 $S-316 Inconel-625 SS-316
(mL/min) (% wiw)
Ly (m) L (m) Ly (m) Lg (m) The(s) Tr(s) The(s) Tr(s)
125 2,5 0,08 0,43 0,08 0,43 7.5 24 6,8 2,4
250 2,5 0,15 0,36 0,13 0,37 71 1,0 6.4 11
375 2,5 0,20 0,30 0,19 0,32 7.0 0,6 6,2 0,6
125 5 0,08 0,43 0,07 0,43 7.4 24 6,8 2,4
250 5 0,15 0,36 0,13 0,38 7.1 1,0 6,4 1,1
375 5 0,20 0,30 0,18 0,32 6.8 0,6 6,2 0,6
125 10 0,08 0,43 0,07 0,43 72 2,4 6,6 2,4
250 10 0,15 0,36 0,13 0,38 6,9 1,0 6,3 11
375 10 0,20 0,31 0,18 0,32 6,7 0,6 6,2 0,6

heat source. Thus, the thermal boundary layer (Ar) can be consid-
ered the active zone of the reactor compartment, which size can be
related to the fluid dynamic viscous layer (Agp) by the Pr=1/3 rule
([6] p.389). In turn, it is assumed that App/r; = 13.77 - Re~1/2 if we
consider the thickness of the buffer zone [6] p.166; [25] p.504;
[33,66]), where Re = 2r;ppnixUz/MUmix and the fluid properties are
determined at the inner wall temperature. Therefore, it is possible
to define a reactive zone ratio (®g) following Eq. ((9):

. Ar _ AFD1 ~ 1\377] TouToi
L r;-Pr3 Rez.Prs
Glycerol content (%w/w)
[or% 2.5% 5.0% 10%
Initial 125 0.035 0.034 0.034 (9)
Flowrate 250 0.024 0.024 0.024
mL/min 375 0.020 0.020 0.019

From the result determined in Eq. (9), only 2 to 3% of the re-
actor compartment is effectively utilized. ®g is observed almost
independent of the glycerol content since it has a very slight im-

pact on the Prandtl in supercritical conditions. In contrast, the ini-
tial flow rate impact on ®p is more noticeable since the veloc-
ities range under thermal expansion greatly influences the final
Reynolds number.

After defining the reactive zone, it is worth assessing the mass
exchange between the highly reactive zone and the bulk. Fluid to
wall mass transfer efficiency (®yr) can be addressed by consid-
ering that the heat transfer Stanton number (Sty) is equal to the
mass transfer Stanton number (Sty), both defined in Eq. (10). It
is a well-established methodology to estimate mass transfer co-
efficients from heat transfer information, known as the Reynolds
analogy ([36] p.351).

K
G Sty =St

Nu;

Re - Pr’

hc-
A

I
‘2 Stm =

mix

Sty = Ny; = (10)

Gm is the molar flux (in moles per unit time per cross-section
area) and Ky, is the global mass transfer coefficient (in moles per
unit time per boundary layer area). Nusselt number (Nu;) is de-
fined as the ratio between the convective heat transfer rate and
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Table 2
Mass transfer and kinetic quantities relevant to the Damkéhler number estimation.
Glycerol % w/w  Inflow rate (mL/min) St Gm(mol/(min-m?)  aw(m?/m3®)  k; +ky(min~') Co(M) Da
25 125 0.0015 373 278 24.72 0.019 4.107%
25 250 0.0016 682 278 24.72 0.019 5.10-%6
2.5 375 0.0018 1166 278 24.72 0.019 6.10-96
5 125 0.0015 373 278 24.72 0.038 4.107%
5 250 0.0016 682 278 24.72 0.038 5.107%6
5 375 0.0018 1166 278 24.72 0.038 6-10-06
10 125 0.0015 373 278 24.72 0.076 4.10-%¢
10 250 0.0016 689 278 24.72 0.076 5.10-%
10 375 0.0018 1177 278 24.72 0.076 6-10706
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Fig. 8. Required residence time vs. conversion for glycerol pyrolysis in an IIPF reac-
tor.

the internal conductive heat transfer rate at the bulk temperature.
The obtained Stanton numbers are aligned with those predicted
by heat transfer correlations in supercritical flow through tubes
[48,60]. The relation between the reaction rate to the convective
mass transfer rate, known as the first Damkoéhler number (Day) is a
measure that allows verifying mass transfer limitations [14]. Since
the glycerol pyrolysis reactions are both first order with respect
to glycerol Eq. (1)), the Damkoéhler number expression follows Eq.

((11):

kit ky)- G (ki+ky) G
" Km-aw  St:-Gp-2-1;"

Da; (11)

Where k; and k; are the reaction rates of the glycerol pyrolysis
pathways Eq. (1)), and ay is the reactor wall surface to volume ra-
tio. If the reaction were faster than the mass transfer mechanism, it
would certainly impact the gasification efficiency. Table 2 summa-
rizes the comparison between the mass transfer and reaction rates,
showing that the Da; is much lower than one, which means that

molar inflowrate (mol C3H603/min)

Fig. 9. Comparison between predicted and experimental values of H, production.

there are no mass transfer limitations between the bulk and the
wall. In summary, the predicted production of the j-th gas compo-
nent (Fpmdj) from glycerol SCWG is expressed in Eq. ((12):

FprodJ = FGly,in * Vprodj<—gly * Dg - P 'T“'Xg]y (Tr) (12)

Where TrefXg]y(TR) is a reference conversion calculated from
the IIPF curves at the residence time of the reactor compartment.
Since the Damkohler number is several orders of magnitude lower
than one for every operational condition, it can be considered that
®m = 1. Fgy,in is the glycerol molar flow rate at the entrance of
the reactor compartment. Table 3 summarizes the reference con-
versions within the thermal window corresponding to reactor ma-
terials and the explored volumetric inflow rates.

The logarithmic mean of the temperature within the thermal
boundary layer suggests 600 °C as the reference temperature. Fig. 9
shows the hydrogen production predicted by the compartment
model in comparison with the experimental values. It can be read-
ily seen that the model captures the mean trend. van Bennekom
et al. [58] found that the glycerol conversion increased when in-
creasing temperature and residence time in supercritical water re-
forming in an Incoloy-825 reactor. The conversion was nearly in-
dependent of the feed concentration, which is in line with the
current results. Differences between experimental and predicted
values are expected mostly due to density fluctuations introduced
by the action of pressure regulators. In the vicinity of the critical
point, water density and heat capacity change steeply, greatly in-
fluencing the fluid mechanics and the heat transfer rate of the sys-
tem [45], which in turn could distort the expected reactivity de-
pending on the magnitude of the pressure fluctuations [10].
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Table 3
1IPF conversions at reference temperatures as a function of the volumetric inflow rate for both reactor materials.
Reactor Material ~ Inflow rate (mL/min) ~ 3%0°CX,, ~ 420°CX, BTy By Ty, 0K, B00CXg
Inconel-625 125 0.15 0.30 0.82 0.98 ~1 ~1 ~1
Inconel-625 250 0.05 0.08 0.30 0.55 0.85 0.90 0.97
Inconel-625 375 0.03 0.04 0.13 0.25 0.45 0.55 0.7
SS-316 125 0.15 0.30 0.82 0.98 ~1 ~1 ~1
S5-316 250 0.05 0.10 0.30 0.60 0.85 0.91 0.97
SS-316 375 0.03 0.04 0.13 0.25 0.45 0.55 0.7
0.05 25 =
MlInconel-625|
0.045 - 2.25|
| mSS316 3.5
0.04 - 2} 3.25
3
0.035 - 1.75] 275
> > | 25F
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Fig. 10. Empirical stoichiometric coefficients and carbon balance.

If only the glycerol pyrolysis reactions are considered, the stoi-
chiometric value VH,-_gy = 1.5 can be used since pathways 1 and
2 of Eq. (1) can be considered equiprobable for having similar ac-
tivation energies and rates. A fair agreement exists between the
model and the experimental results regarding orders of magnitude
in this context. However, a coincidence should not be considered
solely as proof of mechanism. Most of the products can subse-
quently be converted. This is especially the case of hydrogen, in-
volved in the methanation of carbon monoxide and the reduction
of the acetaldehyde intermediate. Therefore, the prediction based
on the stoichiometry of glycerol gasification might differ from the
experimental results. The ratio between the predicted values at
v =1 and the experimental results could be employed to deter-
mine global stoichiometric coefficients (m) summarized in
Fig. 10, which are useful to understand the influence of the op-
erational conditions on the selectivity of glycerol SCWG towards
gaseous products.

5. Influence of the wall material on the continuous SCWG
productivity

The stoichiometric coefficients obtained for the SS-316 reactor
are reasonable if considered non-catalytic towards hydrogenation
based on carbon balance. The atomic balance for hydrogen in SS-
316 shows the expected H, production that would come exclu-
sively from the glycerol pyrolysis pathways. However, the error of
the prediction shown in Fig. 10 reflects the difficulty of describ-
ing the behavior of hydrogen gas. The depletion of CO by water-
gas shift (Pathway 6, Eq. (13)) and methanation (Pathway 7, Eq.
(14)) reactions fairly explain that the CO, to CO ratio is about 40%
less than expected. According to the extensive characterization per-
formed by Guo et al. [18] in similar working conditions, both reac-
tions are considered slightly reversible and have similar activation
energies [49].

Moreover, water-gas shift reaction natural displacement to-
wards CO consumption is enhanced by the saturation environment
due to the presence of a high concentration of water [34]. More-
over, Pathway 6 is catalyzed by nickel, which impact over glycerol
gasification is well characterized by Iliuta and Iliuta [23]. On the

other hand, Pathway 7 is limited by hydrogen, although it is cat-
alyzed to a lesser extent by the presence of nickel.

ke

il
C0+H,0 _CO; +H,

ks

ks (600°C) = 0.21 M~! min! Eas = 77 kj/mol

k_6(600°C) = 0.009 M~' min-!  E,_g = 145 kj/mol (13)
k. (600°C; cat) = 4 M~! min~'Kgy! Egs. = 15 kj/mol
Ky
CO + 3H, (_CH4 + H,0
k-7
k7 (600°C) = 59.9 M~" min~1 Egy = 74 kJ/mol
k_7(600°C) = 0.006 M~" min~! Ee7=83k/mol  (14)

k7,(600°C; cat) = 7.2 M~ min~Kgy! Eq7. = 31 k/mol

Carbon balance was successfully captured for the case of us-
ing SS-316 as wall material, enforcing the idea of acetaldehyde
total conversion at the active zone of the reactor compartment.
The carbon imbalance observed in Inconel-625 might be assignable
to nickel susceptibility to either altering the mechanism of glyc-
erol conversion to alternative intermediates or to coke formation
[21,31,56,58,67,68], which could have been accumulated over duty.
However, coke formation from CO is also limited by the rather low
concentration of hydrogen. It is observed that a residence time
is required on the order of hours to obtain measurable amounts
of carbon [41,42], mostly because it implies hydrogen consum-
ing polymerization reactions [57]. Moreover, it is well known that
nickel catalyze carbon SCWG [67], and the excess of supercritical
water inhibits the formation of carbon.

slow
gy
CO +H, - C+ H,0

fast

(15)

Inconel-625 seemingly depletes the produced hydrogen, at least
partially; its high nickel content is likely accelerating subsequent
pathways that consume formerly produced hydrogen. Methane
productivity is favored when Inconel-625 is employed as reactor
material, coinciding with its catalytic effect to the detriment of hy-
drogen productivity. Pathways 3 and 4 of Eq. (4) are considered
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equiprobable due to presenting similar activation energies (114 and
110 kJ/mol, respectively), which are less probable than pathway 5
(67 kJ/mol). Therefore, it is unclear if the higher methane relation
can be attributed to methanation activity or if the acetaldehyde py-
rolysis (pathway 5 in Eq. (4)) is favored at the high nickel content
reactor wall. In addition, acetaldehyde hydrogenation reactions are
very fast [54], present even lower activation energies than pathway
5 (Eq. (4)), and are favored at high pressures [5]. Thus, methane
and C2 hydrocarbon production suggest that the aldehyde inter-
mediate is mostly converted without producing hydrogen.
Ethylene is obtained from the reduction of the acetaldehyde in-
termediate, followed by dehydration (Eq. (16)). Reduction of ac-
etaldehyde can be achieved either by hydrogenation (Pathway 8a)
or by disproportionation reaction (Pathway 8b) involving remnant
glycerol as hydrogen donor from its hydroxyl groups [55]. Eq. (16)
shows estimations of uncatalyzed acetaldehyde reduction path-
ways, in which activation energies come about to be fairly com-
parable to Pathways 3 and 4. Although ethylene is observed as
a minor product, it is another indicator of the Inconel-625 cat-
alytic activity, not only due to their dominant nickel presence cat-
alyzing hydrogenations [11] but also chromium content could en-
hance the activity towards Pathway 8b [55]. It is worth recalling
that the major portion of Inconel-625 is made of nickel (61.4%)
and chromium (21%), followed by molybdenum (8.5%), iron (4.5%),
and niobium (3.8%), among several other trace elements. Moreover,
chromium presence is incremented on the surface of Inconel alloys
when exposed to corrosive environments, such as supercritical wa-
ter [19,61]. Also, water acts as a catalyst of ethanol steam reform-
ing and dehydration in supercritical conditions [4], which is worth
mentioning, although this affects both reactor materials similarly.

kgq
CHCHO+Ho = ¢ peon ™ (CHy), + Hy0

CH3CHO + C3HgOs

Eqsa ~ 86 kj/mol
E.gp ~ 100 kJ/mol

(16)

—

Overall production of C2 hydrocarbons seems to be enhanced
by more than 50% when the empirical stoichiometric coefficients of
SS-316 and Inconel-625 are compared. Ethylene hydrogenation (Eq.
(17)) kinetic data available in the literature fairly explains the ex-
cess observed in the productivity of ethane, despite the low avail-
ability of ethylene and hydrogen. The nickel surface lowers the ac-
tivation energy for ethylene hydrogenation abruptly (Pathway 9a,
[20])compared to an iron surface (Pathway 9b,[35]).

ka

(CHy), +Hy . (CHy),os0 = 23 Kl/mol
=

Eqop = 72 kJ/mol a7
Gasification reaction networks are naturally complex, especially
for hydrogen. Pinkard et al. [45] implemented in-line Raman spec-
troscopy, which allowed to faster follow the continuous gasification
productivity of primary alcohols without the issue of gas sampling;
it was found that the dispersion of the observed hydrogen produc-
tivity can be as high as 50% in the case of a simpler model com-
pound such as ethanol. The chaotic behavior of hydrogen comes
from its high reactivity involved in most subsequent pathways as a
reagent or product. Eq. (18) summarizes the contributions for hy-
drogen productivity, where the individual pathways will be influ-
enced by several factors, such as pressure fluctuations [10], mixing
regimes [46], and catalytic activity of the reactor wall surface, es-
pecially in the case of Pathways 5 to 9 within a reactor made of
a highly complex composition, such as the Inconel family, among
other nickel-based alloys made for high-pressure and corrosion re-
sistance [19,61].
dCy

at = 2k + kz)Ceg + [(3’(3 + 5kq)Cine + keCco]Cw

- [3k7cco + kgaCine + kBC(C2H4)]CH2 (18)
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The manifest tendency of Inconel-625 to facilitate hydrogen
consumption mechanisms is well known, and it has been observed
in the present work. However, nickel-rich alloys are preferred de-
spite being ten times more expensive than stainless steel [1,2] for
their resistance to high pressures and corrosion [3]. Retarded heat
transfer can be easily handled by adjusting the length and wall
thickness of the reactor. On the other hand, moderating undesired
catalytic effects is more complex. In an effort to increase the gasi-
fication efficiency of Inconel-625 towards hydrogen production, an
initiative such as pretreatment of the inner reactor with hydro-
gen peroxide might have positive results in terms of reproducibil-
ity [7]. Reductive pretreatment, such as hydrogenolysis of the wall
material, improved gasification efficiencies [57]; however, the su-
percritical water re-oxidizes the nickel metal. Surface modification
of heavy-duty resistant nickel-based alloys focused on controlling
undesired hydrogen-consuming pathways is currently a very active
topic in the field of Supercritical Water Gasification [29,45].

6. Conclusions

Supercritical Water Gasification of glycerol was carried out in
laboratory-scale tubular reactors made of industrially relevant ma-
terials, such as Stainless Steel 316 and Inconel-625. The reactors
were operated in a continuous mode at 25 MPa inside an elec-
tric oven set at a temperature of 610 °C. Experiments were con-
ducted at molar inflow rates between 0.03 and 0.4 mol glycerol
per minute with water to substrate relation between 10 and 50.

An integral model was implemented considering the tubular
equipment as a heat exchanger compartment in series with a wall
reactor; this conception captures the global dynamics of the sys-
tem. Heat transfer characteristics of the reactor wall had little in-
fluence on the relative size of the compartments. On the other
hand, thermal conductivity has a significant impact on the res-
idence time distribution. Inconel-625 transfers heat 20% slower
than SS-316, so it takes a longer time to reach the supercritical
condition. Thus, the heat transfer characteristics of the wall mate-
rial have to be considered in the sizing of the reactor. The length
of the heat transfer portion enlarges when the fluid velocity in-
creases. Glycerol content is observed to have an inappreciable in-
fluence on both compartment sizes and residence time distribu-
tion. Initial flow rates have a modest effect on the residence time
distribution.

Overall efficiency was successfully estimated considering that
the active zone of the reactor compartment is inside the thermal
boundary layer adjacent to the tube wall. First Damkéhler numbers
in the order of 10~% point to a highly efficient mass transfer be-
tween the active and low reactivity zones inside the reactor com-
partment. Considering that the temperature distribution within the
reactor compartment does not vary significantly, the fluid velocity
has the most sensible impact on the thermal boundary layer thick-
ness and thus on the reactor efficiency.

Hydrogen productivity was fairly predicted despite its complex
behavior. Beside explaining gasification productivity in continuous
non-isothermal operation, this tool allows obtaining empirical sto-
ichiometric coefficients to understand the gaseous product output.
Atomic balance of carbon, hydrogen, and oxygen suggests that the
residence time on the active zone of the reactor compartment is
enough for complete glycerol pyrolysis. Acetaldehyde intermediate
is mostly converted to hydrocarbons and carbon monoxide. How-
ever, the reactor’s active zone is just a fraction of the volume con-
centrated in the vicinity of the reactor wall, which explains the
observed conversion and the remarkable effect of the reactor wall
material on the hydrogen empirical stoichiometric coefficients. Us-
ing Inconel-625 as reactor wall material, methane, ethane, and
ethylene productivities are enhanced, which is well explained by
the hydrogenolysis and thermal decomposition of the acetalde-
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hyde intermediate. Inconel-625 produces 50% more C2 hydrocar-
bons and 40% more CH,, reducing a 50% the H, yield. The cat-
alytic effect of Inconel-625 is detrimental to hydrogen productiv-
ity since it increases the rate of subsequent pathways that use the
produced hydrogen as a reagent. The high amount of nickel con-
tent in Inconel-625 explains the majority of the difference between
both reactor materials.
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Digestate, a nutrient-rich substance, is a potential resource of income in biogas plants. It can be utilized as a soil
amendment and solid biofuel due to containing inorganic and organic compounds. However, concerning the
environmental regulations, there is a requirement for further processes, including hydrothermal carbonization

Eilrg:jlt::eewmm (HTC). Regarding the selection of optimum conditions from the experimental data, this study proposes the en-
Hydrochar Y ergetic yield as the performance indicator from the techno-economic viewpoint, taking solid load and relative

equipment size comparison into account as well as the heating value of hydrochar. The energetic yield is the
energy content in hydrochar as the heating value per unit mass of reactor inlet, MJ/kg reactor inlet. Among the
investigated data for various digestates, the optimum feedstock and conditions were HTC agricultural residue
(with 5.02 Energetic yield MJ/kg reactor inlet) at 200 °C and the residence time of 1 h with 30 % solid load based
on the energetic yields, i.e. selected for process simulation. This study also investigates required experimental
data for enabling mass balance and simulation models. In addition to yield and proximate analysis of feedstock
and hydrochar, the characterization of process water is important for representing the dissolved organics. The
available data influences the accuracy and closure of elemental mass balances for process simulation. In addition,
this study also investigates simulation aspects for producing hydrochar with 20 % moisture content as well: the
impact of property method on energy balance, the heat of reaction compared to the literature values, and heat
integration concepts. SRK, PSRK, NRTL, and IDEAL methods reported the same value, —122 kW, as the heat duty
of the reactor. This value corresponds to —1.46 MJ/kg dry solid and —1.74 MJ/kg dry-ash-free solid inlet as the
heat of reaction.

1. Introduction

Sustainable development is defined by the United Nations [1] as “the
development that meets the needs of the present without compromising the
ability of future generations to meet their own needs.” Therefore, sustain-
able development goals are designed to mitigate the excessive usage of
fossil fuels, providing affordable and clean energy, environmental pro-
tection, and socioeconomic development [2,3]. In the current linear
economic model that non-renewable resources are used; they end up as
waste material that produces large amounts of pollutants and waste

[4,5]. On the contrary, a circular economy (CE) is based on recycling
wastes and energy production from renewable resources [6]. In this
regard, international organizations, including European Union (EU), set
guidelines according to UN Agenda [7] to reduce the negative effects of
non-renewable resources and move towards CE and sustainable
development.

To address the negative effects of non-renewables and move towards
sustainability, there is a need for renewable alternatives like biofuels.
Biochemical conversion technologies and making use of enzymes of
microorganisms is an appropriate closed-loop process in the CE concept

Abbreviations: AGR, Agricultural residue; AD, Anaerobic digestion; BMP, Biochemical methane potential; COD, Chemical oxygen demand; CE, Circular economy;
CMD, Cow manure digestate; ECD, Energy crops digestate; EU, European Union; FWD, Food waste digestate; HHV, Higher heating value; HTC, Hydrothermal
carbonization; Mtoe, Mega tonnes of oil equivalent; MSW, Municipal solid waste; NC solids, Non-conventional solids; OHWD, Organic household waste digestate; SS,
Sewage sludge; SCWG, Supercritical water gasification; TOC, Total organic carbon; VGF, Vegetable, garden, and fruit waste; WS, Wheat straw; YW, Yard waste.
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[8]. Anaerobic digestion (AD), composting, and fermentation are
considered the default processes for converting organic waste feedstock,
including agricultural waste, manure, animal slurry, and municipal solid
waste (MSW), into biofuels [9-11]. Biogas and digestate, the products of
the AD process, have dual benefits in energy production and waste
management [12]. Biogas is a vital energy contributor in the transition
to renewable energy resources and toward sustainable development in
many countries. According to assessments and potentials in the EU [13],
biogas production is expected to increase from 28.8 to 40.2 Mtoe in 2030
(the current production level is 14.9 Mtoe). Digested sludge, digestate,
which is rich in nutrients, is commonly used for agricultural application
or incineration [14,15]. According to statistics, there is no accurate data
for digestate production; however, based on estimations for EU28,
approximately 180 million tons of digestate are produced annually [16].

Development of the AD process for energy production increased
volumes of the generated digestate year by year. However, environ-
mental restrictions limited the direct usage of the digestate. The re-
strictions are imposed by the presence of high amounts of nitrogen,
heavy metals, organisms, and pathogens due to the contaminants and
pollution of soil and water [17,18]. Storage and transportation of the
oversupplied digestate lead to high costs [19,20]; therefore, there is a
need for further process.

Digestates can be treated via physicochemical, biological, and me-
chanical methods to recover and remove nutrients [21,22]. Among
physicochemical technologies, thermochemical treatments are feasible
technologies for managing organic wastes to produce valuable biofuels,
heat, and power. Especially, hydrothermal treatments using water as a
solvent and reactant are specialized for handling the high moisture
content of wastes, that reviewed by many scientists [23-29]. Among the
hydrothermal processes, analysis of operational problems in hydro-
thermal liquefaction (HTL) and supercritical water gasification (SCWG)
processes concluded that the hydrothermal carbonization (HTC) pro-
cess, with lower operating conditions, reduces the risk of operational
problems reviewed by Ghavami et al. (2021) [30]. In addition, pro-
cessing digestate through HTC reduces the global warming potential and
increases the exergy efficiency compared to composting digestate [31].
HTC is a viable thermochemical process to convert the digestate to
hydrochar and recover solid carbon and energy without drying pre-
treatment [32-35]. Hydrochar could be replaced as a substitute for
fossil fuels due to its higher carbon content, HHV, lower ash, and the
richer oxygenated functional group as compared to digestate [36-38].
Meanwhile, it is suitable for use in conventional combustion processes
due to the similarity of the energy content and chemical structure of
hydrochar to natural coal [39]. In recent years, the HTC has been
investigated to produce remediation and conditioner agent for soil
improvement and fertilizer [40-42]. The HTC process is followed by
densification or palletization processes to improve the storage and
transportation properties of the solid fuel [43].

Various types of digestate feedstock can be used in the HTC process.
Comparing HTC of municipal solid waste (MSW) digestate and agri-
cultural residue (cow dung) digestate at 200 °C temperature for 4.5 h
residence time, Pawlak-Kruczek et al. [44] concluded that wet MSW
digestate is more profitable for energy purposes because of higher en-
ergy densification (1.406 for MSW digestate and 1.123 for agricultural
residue digestate). Among the feedstocks, including digestates of
organic household waste (OHWD), energy crops (ECD), and cow manure
(CMD), ECD showed the highest solid yield while OHWD showed the
lowest solid recovery, as observed in the experiments by Cao etal. [17].
The severity of the reaction increased the carbon content of hydrochars
from OHWD and ECD [17]. In another study on HTC at 150-250 °C, with
a solid load of 10-30 % by weight and with 1 h residence time, the
highest heating value (HHV) was obtained from agricultural residue
(AGR) digestate among different digestates, such as sewage sludge (SS),
AGR, vegetable, garden, and fruit waste (VGF), and residual municipal
solid waste (MSW) [45]. Sewage sludge digestate resulted in a low HHV
hydrochar compared to higher lignin-containing feedstock; meanwhile,
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AGR digestate had a lower ash content corresponding to higher carbon
content [46]. However, despite HTC being implemented industrially for
sewage sludge by TerraNova company in Germany [47] and for pulp and
paper sludge in Finland [48,49], further progress on HTC of digestates
requires process simulation, integration, and techno-economic assess-
ment based on the experimental results.

The physicochemical properties of hydrochar strongly depend on the
digestate, its origin, and the process conditions. These properties can
guide the selection of optimum feedstock and conditions as well as the
end-use application of the hydrochar [50,51]. HTC process is governed
by various factors including temperature and residence time. An in-
crease in temperature reaction increases energy yield due to enhance-
ment of the HHV and decreases solid yield, and significantly decreases
hydrochar yield [52]. The combined effect of residence time and tem-
perature on hydrochar properties is still not clear; therefore, further
research is needed. Residence time and the reaction temperature are
defined by a single factor which is the severity of the HTC reaction
(Equation 1):

Tyre — 100

Ry = Tm-exl’( 1475

) Severity factor (€]

where Ry is the severity factor, Tyrc is the HTC temperature (°C), and tyes
is the residence time (min). The increase of the severity factor has a
positive effect on the dry basis carbon content [17,53]. At high tem-
peratures, higher reaction activity leads to the transition of water-
soluble components into aqueous and gaseous phases and transferring
of organic matter [54,55]. Increased temperature enhances hydrochar
thermal stability due to increased carbonization and devolatilization,
according to Nzediegwu et al. [56].

Digestate origin also influences the hydrochar properties [17]. The
higher carbon content feedstock results in higher energy density in
hydrochar [57]. For instance, sewage sludge digestate results in a low
HHV hydrochar compared to lignin-containing feedstock, while diges-
tates with lower ash content results in higher carbon content in hydro-
char [46]. Meanwhile, according to Fujiwara et al. [58], a high amount
of lignin and hemicellulose is identified as the limiting factor in the
anaerobic process, i.e. non-lignocellulosic feedstocks being more suit-
able for the AD process. The degradability of cellulose, hemicellulose,
and lignin are affected by the rigid structure of the pseudo-components
to be used in AD.

During the HTC process, the digestate is carbonized at relatively low
temperatures and autogenous pressure. The HTC process is conducted in
the subcritical condition in which the water characteristics change
dramatically. An increase in the temperature below the critical point
(374 °C) results in weakening water’s hydrogen bonds, an increase in
dielectric constant, and produces high ionization constants. The
subcritical condition increases H' concentration which boosts acid-
catalyzed reactions [59]. The overall behavior of the HTC reaction is
exothermic, in which the hydrogen and oxygen content is reduced by
various reaction mechanisms [60,61]. These mechanisms include hy-
drolysis, dehydration, decarboxylation, aromatization, condensation,
and polymerization [35]. The first stage is hydrolysis, in which the
biomass feedstock is degraded to oligomers and monomers; in this stage
monomers like 2-furfural and 5- hydroxymethylfurfural (5-HMF) are
produced. In the dehydration process, the amount of OH groups de-
creases, causing a lower O/C ratio [62]. The decarboxylation stage re-
duces C=0 and COOH groups leading to decreasing O/C ratio of the
solid product [63]. According to Ahmed et al. [33], the HTC process
temperature range is capable of treatment of polluted problematic
biomass, including sewage sludge, and the problematic compounds
transform or thermally degrade during the HTC process. In addition, the
necessary treatment is provided by the HTC process to recover nutrients
and produce energy while addressing sterilization and sanitation. In
another study, Lu et al. [64] applied co-HTC of SS and polyvinyl chloride
(PVCQ) to transform heavy metals and chlorine. Mn and Zn were removed
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effectively, the toxicity of Ni and As was reduced, and dechlorination
efficiency improved by the addition of PVC.

Reviewing the simulated models of HTC of organic waste and
biomass, Ischia and Fiori [60] concluded the lack of focus on the HTC
system and specifically the reactor as the heart of the process. Regarding
the phenomena in the reactor, chemical kinetics and heat transfer are
weakly understood, thus complicating or even preventing the mecha-
nistic models. For instance, the inorganics in trace amounts are usually
neglected when investigating the reaction mechanism and kinetics, such
as N, P, Na, Si, K, Ca, and Mg. Transformation of these species can
catalyze or affect hydrochar formation, structure, and other product
pathways. Few studies are conducted on each pathway, and process
development for various value-added products is time-consuming and
expensive [65]. Moreover, the heat of reaction is obtained only based on
the overall reaction while missing the heat of reaction versus the space
in a reactor or residence time, i.e. the stages of reactions [27]. In addi-
tion, heat transfer models are affected by a lack of information on the
changes in density, porosity, and permeability of biomass due to unex-
plored reactions [27]. There is also a lack of information on component
interactions and reactions in different process severities during hydro-
thermal processes. Most HTC experiments are carried out in bench-scale
batch reactors; however, commercialization and industrialization of the
HTC process require more investigations on the continuous process for
validation of product yields. Meanwhile, the separation of HTC products
(hydrochar, process water, and gas product) has great importance as
well. The experimental studies conduct complete dewatering for char-
acterization purposes with the methods suitable only for lab-scale (such
as microfilters and oven-drying the solid), while industrially applicable
dewatering requires specific investigation. Comparing innovative
methods for dewatering, Gao et al. [66] considered different operational
modes and concluded dewatering hydrochar at the same hydrothermal
temperature by mechanical compression resulted in the lowest moisture
content (45.49 %) in hydrochar. It is worth mentioning that the hy-
drothermal fluid was transferred before the dewatering process. A better
understanding of the HTC process and gaps provides information for
future research and investigation to improve the process and upgrade
the products.

Due to the complicated reaction kinetics and mechanisms, simula-
tion models are simplified based on the experimental results rather than
mechanistic kinetic models. Simulations based on experimental results
require sufficient characterization data of hydrochar, process water, and
gases to enable the mass balance. However, some experimental studies
might focus on the impacts of process conditions on hydrochar yield and
quality rather than presenting a complete set of data sufficient for mass
balance. Nevertheless, it is possible to simulate the HTC process based
on experimental results involving adequate characterization of hydro-
char and process water [67-69]. Meanwhile, the gas yield is typically
calculated by differences in experimental studies [45,57,62]. In addi-
tion, the gas is assumed to be carbon dioxide only due to other gases
being generated in negligible amounts. However, the gas composition
was observed to include 70-90 % of carbon dioxide by the studies also
investigating the gas outlet of the HTC process [70,71]. To sum up, it is
needed to investigate the required characterization data regarding mass
balance and the impact of experimental data on the accuracy of the
process simulations.

Constructing a representative simulation model is crucial in energy
balances and selecting the optimum process conditions and integration
concepts. However, the simulation models of HTC involve simplifica-
tions that can influence the energy balance results sharply. For instance,
McGaughy and Reza [72] simulated HTC of food waste in Aspen Plus
based on the experimental yields obtained in a batch reactor at
200-260 °C with a residence time of 30 min. Moreover, digestate and
hydrochar are defined as non-conventional solids in the simulations;
however, default values are considered for heating values calculated by
Aspen Plus through empirical relations instead of user-defined values.
As a matter of fact, the empirical relations in Aspen Plus are derived
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originally for coal [73]. This affects the heat of the reaction calculated
by the simulation model. Therefore, there is a need for simulation
models as representative as possible based on the experimental results.

Besides the sufficient characterization of products and dewatering
data, simulating an HTC process also requires selecting optimum con-
ditions. It is beneficial to have a clear indication enabling the compar-
ison of various conditions from the techno-economic viewpoint at an
early stage to filter the promising sets of conditions for further process
design and feasibility assessment. Some performance parameters
include energy densification, energy recovery, and carbon recovery. On
the other hand, the current process performance parameters do not
include the combined impact of process conditions from the techno-
economic viewpoint. The energy densification does not explicitly
determine the optimum temperature due to the opposite trend of
hydrochar heating value and yield with temperature. Meanwhile, dry-
basis yield and carbon recovery do not involve the impact of solid
load and residence time on the equipment sizes. Therefore, it is needed
to determine a criterion implying the relative comparison of equipment
sizes as well as hydrochar outcome.

This study aims to illustrate a simulation model for the HTC of
digestates regarding the industrial application, to determine experi-
mental data required for the simulation, and to define an evaluation
criterion for selecting the optimum feedstock and conditions from the
technical viewpoint. The study complies with the data of various feed-
stocks processed at various conditions, establishes the optimum feed-
stock conditions set via the defined criterion, and presents the process
simulation results. The digested feedstock and optimum conditions are
selected based on the calculation of energetic yield per reactor inlet as
well as considering residence time. The simulation results include en-
ergy balance, heat and electricity requirements for the process, and the
impact of the thermodynamic method. The simulation model also in-
volves dewatering followed by thermal drying of hydrochar down to 20
% moisture content in the final product. HTC of organic waste is an
emerging technology to move towards sustainability and a circular
economy. In this regard, process modeling and simulation provide in-
formation to predict and optimize the process conditions and products.
This research article provides a reliable simulation for the commer-
cialization of the HTC process as well as a proper criterion for selecting
the promising sets of conditions and required characterization data for
mass balances.

2. Selection of feedstock and process conditions

This study compares various digestates as feedstock and process
conditions studied in the literature, such as digestates of food waste,
sewage sludge, and agricultural residue (mixture of maize, grass silage,
and manure). Table 1 summarizes the elemental composition and the
chemical energy content (HHV) of different types of digestates tested in
various studies, and Table 2 gives the related properties of resulting
hydrochar in different operational conditions and product yields as
obtained in the studies listed in Table 1. In addition, Table 2 also gives
the calculated energetic yields for each set of feedstock-condition ex-
periments. This study illustrates the comparison of feedstock and pro-
cess conditions based on energetic yield; however, the various digestates
have been tested under different conditions in different studies. It should
be noted that proper comparison can be made when all the digestates are
tested under the same conditions. Nevertheless, the comparison in this
study is still useful for selecting promising sets of conditions and
observing the impact of conditions.

Table 2 introduces a process performance indicator, namely ener-
getic yield, as the criterion for the selection of optimum process condi-
tions. This performance parameter gives an indication of techno-
economic comparison at the early stage of process development, while
dry-based yield is more informative on conversion and chemistry. For
instance, a techno-economic assessment on supercritical water gasifi-
cation (SCWG) of Kraft black liquor showed that the economically
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Table 1
Elementary composition of different digestates.
Digestate sample HHV C H N S o Ash Ref.
mwJ/
Kg)
Energy crops 16.4 403 46 21 03 240 287 [171
(ECD)
Cow manure 17.0 426 50 20 04 343 157
(CMD)
Organic 13.4 343 4.0 1.9 02 238 358
household
waste (OHWD)
Wheat straw (WS) 20.1 41.7 5.6 09 0.2 37.8 13.8 [74]
Food waste 13.2 329 30 40 02 294 305 [75]
(FWD)
Yard waste (YW) 16.7 39.4 5.3 10 0.5 32.2 12,6
Mix FW & YW 14.95 36.2 4.2 7.0 03 30.8 215
Agricultural 17.8 441 51 32 03 313 160 [45]
residue (AGR)
Municipal solid 15.6 24.1 1.7 1.5 02 16.9 55.6
waste (MSW)
Sewage sludge 14.9 286 31 34 15 165 469
(S)
Vegetable, garden ~ 14.9 295 30 20 03 214 438
and fruit waste
(VGF)
Manure 14.6 26.8 3.4 1.7 04 229 44.8 [54]
Manure & whey 15.9 28.2 3.6 1.7 0.5 20.3 45.7

*C, H, O, N, S and ash are reported based on weight percent dry basis.

optimum hydrogen production was not achieved at the process condi-
tions of maximum dry-based hydrogen yield because of lower revenue
by the off-gas than the optimum set of conditions [76]. Consequently, it
was proposed to determine the hydrogen and energy yields on a non-
inert basis (ash being the only inert) for SCWG processes together
with residence time and reactor material [77]. This is also applicable to
other hydrothermal processes when selecting the optimum conditions.
The ash amount is relatively less in SCWG and to be separated within the
reactor, i.e. not affecting the majority of the process equipment.
Meanwhile, HTC of digestate involves higher ash content, and the ash is
split between process water and hydrochar. Therefore, this study in-
troduces the energetic yield on the basis of the total inlet to the reactor.
The energetic yield represents the energy content of hydrochar via its
heating value per unit mass of reactor inlet, in MJ/kg reactor inlet. The
energy content takes the combination of hydrochar yield and heating
value into account while the reactor inlet basis takes the relative
equipment size into account. For instance, for processing a defined
amount of dry feedstock, low solid load results in streams with high flow
rates, i.e. larger equipment and energy requirement. Similarly, the
residence time is also a direct indication of reactor size together with the
energy yield parameter. When the energetic yields are close, the resi-
dence time is another parameter to compare the sets of conditions. For
example, HTC of energy crop digestate resulted in the same energetic
yield at 210 °C with 2-hour and 5-hour residence times, i.e. no reason to
consider higher residence time and larger reactor. Similarly, HTC of
wheat straw digestate resulted in the same energetic yield at 240 °C with
2-hour residence time and at 260 °C with 8-hour residence time. Among
the feedstocks and condition sets in Table 2, the HTC process gives the
most efficient outcome for AGR digestate at 200 °C, 30 % solid load, and
1-hour residence time, i.e. 5.02 MJ/kg reactor inlet.

3. Process description and simulation
Prior to the simulation, it is needed to define the capacity, the
components, and thermodynamic methods. Therefore, a process model

is simulated in Aspen Plus V11.1 based on the following assumptions:

o The process is simulated in steady-state mode.
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e The property method and free-water methods are PSRK (Predictive
Soave-Redlich-Kwong) equation of state and STEAMNBS,
respectively.

The stream class is defined as ‘MIXNC’, i.e. mixed of conventional
and non-conventional compounds.

The digestate feedstock rate was considered as 1000 kg/h with 30 %
solid load, i.e. 700 kg/h water and 300 kg/h of dry feedstock.

The dissolved organics in process water are represented as one non-
conventional compound.

The chemical and physical properties of hydrochar, digestate, and
ash, considered non-conventional solids (NC solids), are estimated by
‘HCOALGEN’ and ‘DCOALIGT’ (with codes of 6 for user input values
of HHV of these components).

The HTC reactor is considered a RYIELD block based on the mass
balance with experimental results.

The gas product of the HTC process is considered as 90 % CO», 6 %
CO, 3 % CHy, and 1 % H; by volume for enabling the mass balances.
Air is defined as 79 % nitrogen and 21 % oxygen gases by volume.
The target product is hydrochar with a maximum of 20 % moisture
content.

The component list involves conventional substances of water, car-
bon dioxide, carbon monoxide, methane, hydrogen, oxygen, and nitro-
gen, besides non-conventional substances of digestate, hydrochar,
dissolved organics, and ash. The digestate and hydrochar are defined to
represent the dry-ash-free part, while ash is defined as a separate
component. Since ash is split to process water and hydrochar, it can be
more convenient to define ash separately when using a split block in the
simulation model, i.e. distributing ash as a component.

An appropriate thermodynamic property method is required to
model a process simulation and achieve reliable results. Physical prop-
erty methods facilitate the interpretation of component behavior under
process conditions. Property methods are chosen based on the involved
components and simulation conditions. Consequently, selecting the
property method was one of the basic and critical steps.”IDEAL’ based
method [57,62] and SRK [72] were used in some studies for the HTC
process. However, the existence of non-conventional components
(digestate, ash, and hydrochar) and moderate pressure do not support
the selection of the ‘IDEAL’ base method. Alternatively, SRK and PSRK
are suitable for mild or high-pressure processes, including polar and
non-polar components and light gases. This study compares different
property methods, including SRK, PSRK, NRTL, and ‘IDEAL’ base, to
achieve more accurate data. Soave-Redlich-Kwong (SRK) equation of
state gained wide popularity and occupied many thermodynamic
packages, including Aspen Plus, due to its simplicity and engineering
flexibility [78]. Moreover, this method is recommended for high-
pressure conditions [79]. The SRK property method can be used for
non-polar or mildly polar mixtures and provides reasonable results in all
temperatures and pressures consistent in the critical region [80,81].
Predictive Soave-Redlich-Kwong equation of state (PSRK) was devel-
oped by Gmehling based on the SRK equation and used the UNIFAC
method in calculating mixture parameters [82]. This equation of state is
able to capture the non-ideal interactions and predicts the properties of
pseudo-components [83]. In addition, the PSRK method can predict
binary interactions at any pressure and can be used for the mixture of
polar, non-polar, and light gases. This property method provides accu-
rate results in high temperatures and pressures and is also close to the
critical point [84]. The nonrandom two-liquid (NRTL) property method
has been widely used in vapor-liquid and liquid-liquid equilibrium
(VLE and LLE) to characterize the critical solution temperature and LLE
immiscibility [85,86]. It is also recommended for a highly non-ideal
chemical system by Aspen Plus.

The process simulation for HTC of AGR digestate involves the heat
exchange between the reactor downstream and feed stream, heating the
feed further to reach the reaction temperature, the reactor, separation of
the solid product, and thermal drying to decrease the moisture content
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Table 2
Properties of hydrochars from HTC of digestates as conducted by the studies referred in Table 1.
Feedstock digestate HTC conditions Hydrochar Process performance
Turc (°C) tres (h) Solid load (%) C (%) H (%) 0 (%) HHV (MJ/kg) Yield Energetic yield
(% dry basis) (MJ/kg reactor inlet)
ECD 210 2 15 41.2 3.9 219 23.1 79.5 1.92
5 42.4 3.8 20.2 24.0 77.8 1.92
230 2 40.8 3.5 20.4 23.2 71.8 1.68
5 42.0 3.4 16.8 24.9 66.1 1.61
250 2 41.6 3.2 15.8 25.1 61.3 1.47
5 42.0 3.1 14.0 25.9 58.6 1.41
CMD 210 2 15 46.9 4.6 27.5 22.7 75.3 2.10
5 47.2 4.2 26.3 22.6 71.2 1.95
230 2 47.7 4.0 24.1 233 65.7 1.81
5 50.7 4.0 19.1 25.8 58.3 1.75
250 2 51.0 3.8 17.9 26.1 52.7 1.57
5 52.4 3.9 16.1 27.2 52.4 1.63
OHWD 210 2 15 32.7 3.0 21.1 20.4 79.2 141
5 35.6 3.2 19.2 22.4 75.5 1.52
230 2 33.6 2.9 17.1 22.3 72.8 1.35
5 34.6 2.7 14.4 23.7 68.9 1.32
250 2 34.3 2.6 13.1 24.4 67.9 1.29
5 35.7 2.7 12.6 25.2 65.8 1.32
WS 220 2 59.9 5.3 33.4 23.4 55.3 1.94
4 64.0 5.5 28.8 25.5 48.8 1.87
6 67.2 5.1 26.1 26.3 57.9 2.28
8 70.3 5.1 229 27.7 53.3 2.21
240 2 70.6 4.7 23.0 27.3 56.8 2.33
4 15 73.2 4.8 20.1 28.6 51.6 2.21
6 74.1 5.1 18.8 29.5 49.3 218
8 74.5 5.0 18.5 29.5 50.5 2.23
260 2 64.2 4.0 30.0 23.3 45.9 1.60
4 71.4 4.7 22.2 27.6 51.1 2.12
6 70.6 4.1 23.6 26.3 57.6 2.27
8 74.0 4.9 19.2 29.1 55.3 2.33
FWD 250 2 10 34.4 3.6 12.0 139 51.0 0.71
YW 54.4 5.2 18.9 20.7 47.0 0.97
Mix FW & YW 44.1 4.6 15.7 189 44.0 0.83
AGR 200 1 10 52.0 6.9 23.1 21.6 60.0 1.30
20 50.8 6.0 24.4 20.7 67.8 2.81
30 51.2 6.1 22.8 20.9 80.1 5.02
250 10 57.3 6.3 11.5 24.0 47.2 113
20 57.1 6.6 12.0 24.2 51.1 2.47
30 56.7 5.8 12.7 23.3 49.4 3.45
MSW 200 1 10 22.6 1.6 11.7 15.5 85.0 1.32
20 21.4 1.6 13.9 15.6 87.1 272
30 24.0 1.8 12.2 15.4 85.7 3.96
250 10 23.0 1.6 9.7 15.6 82.0 1.28
20 21.7 1.6 7.9 15.6 84.1 2.62
30 23.4 1.7 7.8 15.5 83.5 3.88
Ss 200 1 10 34.0 4.2 13.0 15.0 72.6 1.09
20 34.0 4.2 14.0 15.1 76.1 2.30
30 35.2 4.4 12.7 15.4 78.0 3.60
250 10 34.4 4.0 9.2 15.2 65.6 1.00
20 34.7 4.1 10.6 15.3 67.9 2.08
30 36.4 4.3 9.0 15.7 69.5 3.27
VGF 200 1 10 26.3 2.7 14.4 14.8 79.5 1.18
20 32.2 3.3 13.3 15.1 80.9 2.44
30 30.4 3.1 12.5 149 79.8 3.57
250 10 26.4 2.6 8.3 14.8 71.1 1.05
20 27.8 2.7 9.0 14.9 71.4 2.13
30 29.1 2.9 5.4 15.0 73.7 3.32
Manure 180 1 25 28.9 3.4 16.2 11.4 79.5 2.26
210 31.4 3.5 9.1 13.0 75.7 2.46
240 32.5 3.3 3.2 13.7 65.7 2.25
Manure & Whey 180 1 25 36.7 4.2 12.9 15.5 86.6 3.36
210 35.5 3.8 13.6 14.5 81.1 2.95
240 37.7 3.9 6.0 16.1 68.3 2.75

of hydrochar. The process simulation model is depicted in Fig. 1. The
stream “FEED” is pumped to a pressure of 45 bars to ensure the liquid
phase at the reaction temperature and exposed to heat exchange with
the reactor downstream as represented by the units “HE1” and “HE2”.
The feedstock reaches the temperature of 180 °C after this heat exchange
by specifying 20 °C. Afterwards, the heating conducted in the “HEATER”
unit represents the external heating to reach the reaction temperature of

200 °C. The reactor unit “HTC” operates at the constant temperature of
200 °C, thus resulting downstream at the same temperature. The reactor
is represented with a RYIELD block with user-defined yields based on
experimental data. After heat exchange with the feedstock, the reaction
mixture goes through expansion and separation. The dewatering is
represented as a split block to separate process water, namely
“DEWATER”. Then, separating process water as the stream “PWATER”,
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Fig. 1. Simulation model of HTC process.

the hydrochar goes through thermal drying with air. The dryer is rep-
resented as air compressed to 1.2 bars and heated to 110 °C, hydrochar-
air contact, and flash separation to separate dried hydrochar and humid
air. Aspen Plus calculates this part in equilibrium while the industrial
driers operate with excess air to reduce the equipment size. The stream
“EXCESAIR” represents the excess air in the dryer. The drying is con-
ducted to reduce the moisture content down to 20 % moisture to avoid
molding in case the product is transported or stored before further
usage.

The mass balance is required to define the yields on a non-inert basis
for Aspen Plus simulation and to determine the representation of or-
ganics in the process water stream. The experimental results include the
ultimate analysis of digestate and hydrochar, the yields, and process
water characterization for HTC of AGR digestate [45]. The data used in
mass balance are shown in Table 3.

The mass balance involves the following steps based on the available
characterization data:

—
=

. determining the hydrochar, gas, and liquid flow rates using the
yield data and total mass balance

nitrogen elemental balance to determine the nitrogen amount in
process water

III). carbon amount in process water calculated with C:N ratio

1V). elemental balance of sulphur to determine the sulphur amount in
process water

D.

=

Table 3
Characterization results of feedstock, process water, and hydrochar [45].

V).

ol

elemental balance of carbon to determine carbon in gas, i.e.

carbon dioxide

determining the mass flow rates of gas species via the carbon

element amount and composition of gas

VII). calculating the hydrogen and oxygen content of organics in
process water by using chemical oxygen demand (COD) and
biochemical methane potential (BMP) data (i.e. writing hydrogen
amount in terms of COD and other elements, then using solver
function in excel to reach the BMP data by adjusting oxygen
content)

VIII). determining the water amount in process water via the liquid

flow rate and organic and ash content

VD).

fe)

Conducting these steps includes a few assumptions as well. The gas is
assumed to have no nitrogen and sulphur as HzS or NOy, i.e. all the ni-
trogen and sulphur in feedstock being split between hydrochar and
process water. In addition, the lab-scale experiments involved oven
drying of hydrochar after complete dewatering through microfilters, i.e.
the amount of evaporated water representing the difference between gas
flow rate calculated from the yield and carbon dioxide flow rate calcu-
lated from carbon balance. In addition, the experimental BMP is utilized
as the theoretical one to enable the calculation despite the small error in
the elemental balances of hydrogen and oxygen.

Sample Ultimate analysis (wt% dry) Proximate analysis (wt% dry)
C (%) H (%) O (%) N (%) S (%) Ash (%) FC VM HHV
(MJ/kg)
Feedstock 44.1 5.1 313 3.2 0.3 16.0 13.8 70.2 17.8
Hydrochar 51.2 6.1 228 3.5 0.10 16.3 17.0 66.7 20.9
Process water
CN 5.8 TOC BMPey, 178.6 Nml CH,/g COD
18.8 g/L
TN 3.3g/L COoD
54.6 g/L
Yields
Hydrochar 80.1 wt% dry-based
Liquid 16.8 wt% dry-based

Gas 3.1 wt% dry-based
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4. Result and discussion
4.1. Mass balance for the reactor using the experimental results

The methodology of mass balance depends on the available charac-
terization data. The extent of sample analysis also determines the ac-
curacy of mass balances. The total mass balance is enabled with yields of
hydrochar and liquid as well as ultimate and proximate analysis of
feedstock and hydrochar. To determine the components and yields for
the process simulation, the next step is to identify the process water. The
carbon, nitrogen, and sulphur contents are directly calculated from the
elemental balances, while the hydrogen and oxygen occur as generated
water and in the organic content. With the available data for this case,
the hydrogen and oxygen content of dissolved organics are calculated
via experimental BMP and COD. From the energetic viewpoint, an
insignificant mismatch in hydrogen and oxygen balances is caused by
utilizing the experimental BMP in a stoichiometric calculation. Alter-
natively, a more accurate determination can be enabled by CHNS
analysis of the dissolved content in process water. Moreover, CHNS
analysis and experimental BMP together provide biodegradability in-
formation of the process water as well: theoretical BMP from the
elemental composition versus experimentally measured value. This is an
important consideration regarding recycling the process water to the
anaerobic digester in a biogas production plant. Another assumption in
the mass balance is the gas composition due to the unavailability of gas
composition analysis. This can also cause a slight mismatch in the
elemental balances of carbon and hydrogen. Most of the experimental
HTC studies determine the gas yield by difference through total mass
balance, not measuring the composition. The HTC studies analyzing the
gas compositions observed that carbon dioxide is the most dominant one
(90 % by volume or more), followed by carbon monoxide (3-8 % by
volume), and the remaining amount as hydrogen and methane [87,88].
Moreover, trace amounts of light hydrocarbons can also occur only in
severe conditions [88]. The mismatch in determining the gas can be
considered relatively insignificant from the preliminary mass balance
and energetic viewpoints focusing on hydrochar production, despite gas
composition being important from the environmental viewpoint. On the
other hand, this slightly affects also the identifying process water as well
for recycling or disposal, especially when CHNS analysis is not available
for process water.

The mass balance for the HTC reactor is shown in Fig. 2, defining ash
as a separate component and inert, i.e. digestate and hydrochar non-
conventional components representing dry-ash-free portions of feed-
stock and solid product. Table 4 shows the ultimate and proximate
analysis of non-conventional compounds defined in the simulation
model. Representing ash separately, the digestate and feedstock com-
positions are calculated to represent dry-ash-free portions of those. In
addition, all the organic content in process water is represented as a
single non-conventional compound, namely organics, to enable mass
balance. This might have a slight impact on the energy balance since the
heating value of the organics is then calculated empirically within the
simulation model. Another alternative could be introducing a set of

HTC Reactor

— T=200°C —
252 kg/h digestate P =45 bar 703.37 kg/h water
48 kg/h ash t=1h 201.08 kg/h hydrochar
700 kg/h water 48 kg/h ash
39.23 kg/h organics
7.89 kg/h €O,
0.33 kg/h CO

0.096 kg/h CH,
0.004 kg/h H,

Fig. 2. Mass balance for the HTC reactor.

Energy Conversion and Management 270 (2022) 116215

conventional compounds per the functional groups in process water.
However, this representation does not ensure a precise representation
regarding elemental balance and heating value. Moreover, this requires
a more intensive characterization of process water. Ash is the only inert
component; Table 5 shows the yields defined in the simulation model on
a non-inert basis. The non-inert-based yields are calculated as the mass
flow rate of a product divided by total inlet except ash, i.e. the sum of
water and dry-ash-free amounts. These yields are introduced as the input
values to the RYIELD block of the simulation model. The calculations are
determined in Supplementary Material for the mass balance around the
reactor and the yields.

4.2. Dewatering and thermal drying

The reactor downstream has slightly over 70 % water content, as
shown in Fig. 2. Therefore, hydrochar product is obtained after dew-
atering and thermal drying. The dewatering in this study is based on the
experimental filtration results presented by Aragon-Briceno et al. (2022)
[62]. The water content of the hydrochar stream is reduced to 50 % in
the dewatering unit while recovering 85 % of the dry solid inlet in the
hydrochar by spending 79.09 kJ/kg of dry solid. Afterwards, thermal
drying is applied to reduce the moisture content down to 20 % by
weight. The heat requirement for thermal drying is assumed as 3.82 MJ/
kg of water evaporated based on the energy balance of HTC of sewage
sludge at 200 °C with a residence time of 45 min, as presented by Zhao
et al. (2014) [89]. Despite the different feedstock and slightly shorter
residence time, this heat requirement is reasonable for preliminary
assessment since the energy amount is obtained experimentally by
drying the hydrochar. Nevertheless, this amount of energy was calcu-
lated when drying the hydrochar completely, while drying down to 20 %
moisture content might require less energy. Fig. 3 shows the mass and
energy balance for dewatering and thermal drying. The calculations are
determined in Supplementary Material for the energy requirements of
dewatering and thermal drying.

4.3. Energy balance and the impact of the thermodynamic property
method

The process was simulated with four property methods mentioned in
Section 3 to compare the convenience of these methods for the HTC
process. Table 6 shows the heat duties of heat exchangers and power
consumptions pump and compressor when the process is simulated with
PSRK, SRK, NTRL, and IDEAL methods. NTRL and IDEAL methods result
in the same heat and power values, while the results with SRK and PSRK
methods differ for pump and heat exchangers involving the feedstock
and reactor outlet. This study selects the PSRK method for evaluating
energy balances because of temperature and pressure conditions and
non-conventional compounds.

The heat of reaction plays an important role in heat integration;
therefore, it is important to validate the calculated values. The heat of
reaction is obtained via two methods: Hess’s law based on the formation
enthalpies and differential calorimetry measurements [90]. Calculating
the heat of reaction via Hess’s law requires proper representation of
organics in process water and accurate measurement of the heating
value of hydrochar. Meanwhile, calorimetry measurements require
proper imitation of HTC conditions regarding temperature and resi-
dence time. Therefore, improvements are needed in the heat of reaction
aspect. The simulation model calculates the heat duty of the reactor
based on the enthalpies, i.e. Hess’s law. For the case in this study, all
investigated thermodynamic methods result in the same value, —122
kW, as the heat duty of the reactor. This value corresponds to —1.46 MJ/
kg dry solid and —1.74 MJ/kg dry-ash-free solid inlet. The calculated
heat of reaction is within the range of reported ones in the literature
despite the need for more verification. For instance, the heat of reaction
was measured as —1.07 MJ/kg dry-ash-free cellulose (with 9 % standard
deviation) and —0.76 MJ/kg dry-ash-free wood (with 32 % standard
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Table 4
Non-conventional compounds in the simulation model.
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NC components Ultimate analysis (wt%)

Proximate analysis (wWt%)

C H N S (0] Ash FC VM HHV (MJ/kg)
Digestate 52.5 6.07 3.81 0.36 37.3 - 16.4 83.6 21.19
Hydrochar 61.2 7.29 4.18 0.12 27.2 - 20.3 79.7 24.97
Ash - - - - - 100 - - -
Organics 17.6 9.57 3.0 1.7 68.1 - - 100 Default value

Table 5
The calculated yields as defined in the simulation.

Component Yield (kg/kg non-inert)
Hydrochar 0.2113

‘Water 0.7390

Organics 0.04122

CO, 0.008289

Hy 0.000004186

CH4 0.0001005

co 0.0003516

deviation) at 240 °C with 10-hour residence time assuring the complete
reaction [91]. It was also observed that the heat of the reaction increases
with residence time and temperature as well. The measured heat of the
reaction varied from —0.59 to —1.33 MJ/kg-cellulose at the temperature
range of 180-240 °C with a 3-hour residence time [92]. Similarly, the
heat of the reaction was measured as —2.53 and —3.47 MJ/kg of dry
wood at 180 °C with 2.5-hour and 5.83-hour (350 min) residence times,
respectively [93].

After selecting the thermodynamic method, the stream temperatures
are also determined based on the energy balances. The simulation is
based on processing 1000 kg/h wet digestate of AGR with 30 % solid
load at 25 °C. The ‘FEED’ stream is pumped to a pressure of 45 bar,
causing a one-degree increase in temperature. The heat exchange of the
feedstock and reactor outlet cools the reactor outlet down to 49 °C while
the feedstock is heated to 180 °C. The feedstock is further heated to
200 °C and transferred into the reactor. The reactor is assumed to
operate isothermally while exothermic conversion results in heat release
in the reactor. For instance, this excess heat from the reactor can be used
to heat the air inlet for thermal drying, thus covering around three
fourth of the heat required for thermal drying. The reactor outlet cooled
down to 49 °C goes through dewatering and thermal drying. For thermal
drying, the air temperature increases from 25 °C to 46 °C when com-
pressing to 1.2 bars. In addition, the hydrochar product is calculated to

be at 33 °C due to the evaporation of water, and exhaust air is at 70 °C.

The energy need of the process can be determined through the en-
ergy balances as heat and electricity requirements. The pump and the
compressor require electricity. Meanwhile, the external heat re-
quirements include heating the feedstock to the reaction temperature
(“Heater” unit) and heating the air for thermal drying (“HEATAIR” unit)
while the reactor releases heat because of exothermic conversion (“HTC”
unit). As a further heat integration, the heat released by the reactor can
also be utilized to heat the air inlet for thermal drying. This will reduce
the external heat requirement for thermal drying. Table 7 shows the
energy balance and net energy requirements of the process.

Table 6
Comparison of different property methods.
Property PUMP HE1,2 HEATER HEATAIR HTC COMPRESS
method
Power Heat Heat Heat Heat Power
kw) kW) (kW) (kw) kw) (kw)
PSRK 1.75 150 21 162 -122 56.4
SRK 1.37 170 24 162 —-122 56.4
NRTL 1.32 162 25 162 -123 56.4
‘IDEAL’ 1.32 162 25 162 -123  56.4
Table 7
Heat and power requirements of the HTC process.
Electricity requirement
PUMP 1.75 kW
COMPRESS 56.4 kW
Total electricity consumption 58.15 kW
Heat requirement
HEATER 21 kW
HEATAIR 162 kW
HTC —122 kW
Net heat consumption 61 kW

Process water: 591.5 kg/h
499.12 kg/h water

39.23 kg/h organics
36.00 kg/h hydrochar
8.83 kg/h ash

7.89 kg/h CO,

0.33 kg/h CO

0.096 kg/h CH,
HTC sludge: 1000 kg/h Dewatering 0.004 kg/h H, _
703.37kg/hwater — | 55kWpower [ Exhaustair: 9153.41 kg/h

201.08 kg/h hydrochar
48 kg/h ash

9000 kg/h air
153.41 kg/h water vapor

39.23 kg/h organics
7.89 kg/h CO,
0.33kg/h CO
0.096 kg/h CH,

Hydrochar sludge: 408.5 kg/h

Drying
56.4 kW power  [—— Hydrochar product: 255.09 kg/h
162 kW heat 50.84 kg/h water

204.25 kg/h water
165.08 kg/h hydrochar
39.17 kg/h ash

0.004 kg/h H,

Air:

165.08 kg/h hydrochar
39.17 kg/h ash

9000 kg/h air

Fig. 3. Block diagram of dewatering and thermal drying.
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When configuring the heat integration and energy balance, an
operational issue is the pumpability of the feedstock with respect to solid
load and target pressure. The energy balance shown in Table 7 assumes
that the digestate is fluid and pressurized with a pump; however, a high
solid load can cause the stream to be sludge rather than fluid, depending
on the biomass nature and the pump type. The pumpability limits
(maximum solid load) decrease with target pressure and particle size
[94]. An assessment of high-pressure pumps for HTL processes stated the
pumpability limit for sewage sludge is 22 % solid load at 220-300 bars
while lignocellulosic biomass has the pumpability limit of 10-18 % solid
load at 206-320 bars [94]. A similar assessment is required specifically
for digestates and HTC conditions to investigate the pumpability limits.
In the case of the digestate feedstock and reactor downstream being not
pumpable as high solid load as 30 %, a single exchanger might not be
applicable for heat transfer from the reactor downstream to the feed-
stock, thus requiring another heat integration concept. Fig. 4 shows an
example of heat integration for the slurries not being pumpable and
transferred by other means, e.g. screwdrivers or pistons, with the same
stream names as in the simulation model illustrated in Fig. 1. This
integration involves utility water cooling the reactor downstream and
heating the However, this heat transfer is conducted with two heat ex-
changers, thus slightly increasing the investment cost. Moreover, this
heat integration will increase the need for energy needed for heating the
feedstock to the reaction temperature. The feedstock is heated to 160 °C
instead of 180 °C, i.e. 40 °C gap to the reaction temperature instead of
20 °C. The energy balance showed that 21 kW is needed to heat the
feedstock from 180 °C to 200 °C. Meanwhile, this requirement will in-
crease to 42 kW when using the heat integration in Fig. 4.

5. Future perspectives

The HCT process is a prominent alternative for waste valorization
from a technical viewpoint. Meanwhile, based on the aforementioned
discussions in previous sections, some identified challenges and future
recommendations are listed below.

o Reaction kinetics and mechanism

Due to the complicated phenomena inside the reactor (including
reaction mechanism, kinetics, and heat and mass transfer), rather than
mechanistic models, reactor design is based on empirical studies in
laboratories providing limited insight into the nature and function of the
reactions. This causes issues for in-process scale-up. The lab-scale results
also need to be verified in pilot-scale reactors, or the yields are to be
modified based on the results of pilot-scale reactors when scaling up the
process.

e Batch and continuous processes

Most experiments on the HTC process are limited to laboratory scale

46 °C

HEATING

160 °C

——{SLURRY} REACTOUT
200 °C

UTILITYW

46°C

Fig. 4. An alternative heat integration for slurries over the pumpability limits.
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and batch processes. Comparing batch and continuous processes, it can
be concluded that the limitations of the batch process are limited heat
recovery, limited feedstock load, and long heat-up and cool-down. Lack
of information on continuous mode is a great challenge in industriali-
zation and commercialization, and more importantly, reaching opti-
mum conditions in the continuous process is also challenging.

e Pumpability of feedstock

Pumping wet biomass feedstock containing organic solid waste at
high temperatures is another challenge, specifically in a continuous
process. Considering operational problems reviewed by Ghavami et al.
(2021) [30], pumping two-phase and highly concentrated feedstock in
the subcritical condition is one of the main challenges in dealing with
biomass feedstock to avoid clogging and maintain a steady flow rate into
the reactor. The pumpability of feedstock and product sludges will in-
fluence the heat integration as well. Therefore, an assessment of high-
pressure pumps is required specifically for digestates and HTC condi-
tions to investigate the pumpability limits.

o Integration of HTC and dewatering

The integration of the HTC process with the dewatering section can
reduce the moisture of the final product. Most post-dewatering methods
include filter press by a piston, centrifuge separation, and pressurized
HTC, which decrease the moisture content in hydrochar only up to 20 %
compared to the biomass feedstock and require a lot of energy for water
evaporation [62,66]. Dewatering in hot conditions directly and in-situ
mechanical compression is one of the methods that are rarely studied
and reported in the literature. However, it is also worth considering that
no clear trend was reported for the relation between potential water
recovery and thermal treatment and retention time. To the authors’
knowledge, the dewaterability properties of different biomass feedstock
are not widely investigated.

The aqueous phase contains secondary hydrochar and some organic
components that can be recovered to reduce the economic cost of the
HTC process.

e Energetic applications of hydrochar

Hydrochar has been used for combustion, gasification, and pyrolysis;
however, according to reports, its reactivity is not adequate in com-
bustion [95]. In addition, the conversion of N and S for air pollution
components requires more work to control the combustion [96]. Some
organic additives such as citric acid are needed to add to the hydrochar
to make it more stable for combustion [97]. Moreover, a detailed
analysis of ash composition shows the possibility of some operational
problems like corrosion, slagging, and fouling during combustion [98].
On the other hand, the pyrolysis and gasification processes require low
moisture biomass; high moisture and low-energy-density biomass
cannot be utilized in these processes. Nevertheless, hydrochar has
higher hydrophobicity, grindability, and energy density than biochar
produced via torrefaction [99]. The upgraded biomass in the HTC pro-
cess can improve the performance of gasification and pyrolysis
processes.

e Hydrochar as a fertilizer

The impacts of hydrochar in soil include nutrient release, minerali-
zation, carbon sequestration, higher fertilizer efficiency, water holding
capacity, and lowering N2O emissions in the presence of animal manure
[27]. The high amount of remaining nitrogen and phosphorous in
hydrochar shows its potential as a nutrient provider. It can also be added
to the soil to improve the effectiveness of the fertilizer and decrease
fertilizer loss [100]. The nutrient is slowly released into the soil over the
time that the plant grows by hydrochar [101]. The controlled release of
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nitrogen improves the efficiency of the fertilizer and, more importantly,
reduces the risk of pollution and environmental damages [102].

An important issue is heavy metal concentrations when applying
hydrochar as a fertilizer. Nevertheless, heavy metal concentrations of
hydrochar from digestates are usually within the standards. HTC of the
sewage sludge digestate of a biogas plant located in Turku (Finland)
resulted in hydrochars with low enough heavy metal contents to fulfill
the EU standards regardingfertilizers [103]. Meanwhile, many other
digestates have much lower ash and heavy metal content than the
sewage sludge digestate, including the AGR digestate simulated in this
study.

However, negative impacts were also observed depending on the
plant type, the dose of hydrochar and the C:N ratio [104]. For instance,
using manure digestates can cause overfertilization due to high nitrogen
content, while sewage sludge digestates can be more suitable for soil
amendment [61]. This can be addressed by engineering the hydrochar or
using activated carbon [27].

o HTC integration

Integration of waste valorization processes has great importance in
the bioeconomy to produce value-added products [105]. In addition,
intermediate products produced in regional processes play a crucial role
in the overall biomass supply chain network [105]. There is much po-
tential in this regard and fewer studies that require more research and
investigations [106]. For instance, the integration of the AD process
followed by HTC is still under evaluation. According to the literature,
applying a hydrothermal treatment as a post-treatment after AD could
extract the energy from biomass digestate [107-109]. Compared from a
techno-economic and life cycle assessment point of view, integration of
the HTC system for sewage sludge reduces environmental impact, ac-
cording to Medina-Martos et al. [110]. Furthermore, considering that
plastic wastes are also a major problem, co-HTC of biomass and halo-
genated plastics improves the hydrochar quality by enhancing the
removal of chlorine and inorganics [28].

6. Conclusion

More research and studies are recently driven to conversion of
digestate from AD into value-added products due to the increase of AD
process for organic waste/biomass treatment and the environmental
restrictions for its direct usage. Hydrothermal carbonization is proper
for high-moisture feedstock as a prominent method for waste valoriza-
tion in the subcritical region.

This research article investigates the simulation aspects of the HTC
process of the digestate to estimate the optimum condition and to
formulate mass and energy balances. Regarding the selection of opti-
mum conditions, the energetic yield is defined as the energy content in
hydrochar per reactor inlet from the techno-economic viewpoint:
implying the relative equipment sizes and the optimum compromise of
the opposite impact of temperature on hydrochar yield and heating
value. It is concluded that mass balance is enabled by adequate char-
acterization of process water as well as the feedstock and hydrochar. In
addition, the accuracy of mass balance can be increased with more data
on process water (e.g. CHNS) and gas composition. The accuracy of mass
balance influences the simulation model as well since the reactor outlet
is defined based on the experimental results. The adequate character-
ization will provide accurate elemental balances by representing or-
ganics in process water accurately and defining the observed gas
composition rather than assuming. The energy balance is obtained
through the simulation results after formulating the mass balance. Due
to the importance of the heat of the reaction in heat integration, the heat
duty of the reactor was estimated based on the reactor inlet and outlet as
well as the heating values of the feedstock and hydrochar. The heat of
the reaction is also verified by comparing the data reported in the
literature for model compounds and similar biomass feedstocks.
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The main challenges and future aspects include investigating the
product yields in a continuous, pilot-scale reactor and verifying the heat
of reaction with the real biomass under the scope. The product yields
might differ in an industrial application from the lab-scale results due to
different reactor configurations and heat integration. Therefore, the
feasibility assessments should be conducted with the pilot-scale results
closer to the industrial process. In addition, even though the heat of
reaction can be justified by comparing the literature values, the accuracy
of energy balance can be improved by measuring the exact heat of re-
action for the real biomass feedstock and reaction conditions. In addi-
tion, more investigations are needed on the reaction kinetics, different
reaction pathways, and transport phenomena to enable mechanistic or
semi-mechanistic models.
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ARTICLE INFO ABSTRACT

Handling Editor: Krzysztof (K.J.) Ptasinski The objective of this article is to investigate the integration of a digestate treatment with a biogas plant pro-
cessing sewage sludge and food waste via process simulations: co-HTC of mixed digestates and supercritical

Keywords: water gasification (SCWG) of the aqueous effluent. The optimum co-HTC conditions are selected based on the

Biorefinery energetic yields, comparing relative equipment sizes besides the hydrochar product. The selected conditions are

Co-hydrothermal carbonization
Integration of hydrothermal processes
Nutrient recovery

Process simulation

200 °C, 30 % solid load, and 1-h residence time for the mixing ratios in scope: energetic yields of 3.58-3.59 MJ/
kg reactor inlet. These conditions result in more than 60 % K, P, and N recovery on hydrochar. SCWG of the
aqueous effluent provides complete mineral recovery in the solid form and surplus energy production through
syngas while causing some nitrogen loss as N gas. Although the co-HTC data is calculated from individual HTC
results, the synergetic effect on the energetic yield does not affect the selection of optimum conditions as
investigated through co-HTC of sewage sludge and food waste (the origins of the digestates). Consequently,
biogas plants can evolve into multi-product biorefineries through the proposed integration. Meanwhile, this
study can guide future co-HTC experiments of food waste and sewage sludge digestates and reduce the required
runs.

EU28 pointed to approximately 180 million tons of digestate generation I V
annually [16]. Therefore, the valorization of the digestate becomes a

significant concern [17,18]. Furthermore, nutrient recovery is crucial in
waste management: phosphorus and nitrogen as the basis of fertilizers.
However, supply problems can occur due to limited phosphorus re-
sources and the energy-intensive production of nitrogen-based fertilizers
[19]. Efficient recovery of critical elements is essential regarding the
sustainability of food supply and circular economy [20,21]. Ara-
goén-Briceno et al. suggested hydrothermal carbonization (HTC) as a
prominent option for enhanced nutrient recovery [22].

HTC gains attention due to its capability of treating wet biomass,
cost-effectiveness, efficient energy consumption, and less toxicity
[23-25]. It produces a coal-like, energy-dense hydrochar product at
180-250 °C temperatures in autogenous pressure [26,27]. Six com-
panies have already applied the HTC process on an industrial scale for
nitrogen and phosphorus recovery, mainly processing SS and integrating
it with wastewater treatment plants [22]. Some other concepts include
producing hydrochar within the ISO/TS17225-8 standards from FW via
HTC coupled with AD [28] and energy recovery from SS via integrating
HTC and aqueous phase reforming [29]. Reviewing sustainable

1. Introduction

Solid waste management has become a significant concern due to
increasing waste amounts related to population growth, widespread
urbanization, and the massive consumption of resources [1-7]. Two
major wastes, sewage sludge (SS) and food waste (FW), are directly
related to the population. According to FAO (The Food and Agriculture
Organization of the United Nations), the global generation of FW and SS
are 1.6 billion tonnes and 45 million dry tons per year, respectively [8,
9]. SS and FW are complex wastes containing proteins, lipids, and car-
bohydrates. Moreover, SS contains high ash and harmful contaminants,
such as pharmaceuticals, heavy metals, and microplastics [10,11].
Similarly, conventional disposal of FW produces greenhouse gases, foul
odor, and leaching [12,13]. Therefore, it is crucial to reduce and reuse
waste through effective strategies.

Organic wastes are widely treated via anaerobic digestion (AD) to
produce biogas: deriving 25 % of all bioenergy from biogas is possible
based on EU policy estimates [14,15]. Increasing the application of AD
implies increasing digestate discharge (a by-product of AD). Statistics for
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List of abbreviation

Anaerobic digestion AD

Biochemical methane potential BMP
Combined heat and power CHP
Chemical oxygen demand COD
Co-hydrothermal carbonization Co-HTC
Carbon retention CR

Energy yield EY

Food waste FW

Food waste digestate FWD

Heavy metals HMs

Higher heating value HHV
Hydrothermal carbonization HTC
Mixing ratio MR

Predictive Soave-Redlich-Kwong PSRK
Process water PW

Retention R

Synergistic coefficient SC

Synergistic effect SE

Supercritical water SCW
Supercritical water gasification SCWG
Sewage sludge SS

Sewage sludge digestate SSD

management of food waste digestate (FWD), HTC was stated to be the
most promising valorization option, including direct application to land,
composting, and pyrolysis [30]. Therefore, HTC of various digestates are
investigated for integrating biogas plants [31].

Since biogas plants typically process multiple wastes, HTC of mixed
digestates (co-HTC) is essential and results in a synergetic effect (SE).
Co-hydrothermal carbonization (co-HTC) is a favorable technique to
improve the hydrochar properties, compared to HTC of a single feed-
stock, elevating the yield, higher heating value (HHV), and thermal
behavior of hydrochar [32]. For instance, adding 50 % cellulose or
hemicellulose to SS increased HHV by 111-117 % and reduced the ash
content from 71.2 % to 34.7-48.5 % [33]. Co-HTC of SS and model
compounds of FW resulted in only 20 % of nitrogen remaining in
hydrochar [34]. The Co-HTC of SS and banana stalk improved hydro-
char properties and migration of heavy metals (HMs) [35]. The feed-
stock mixing ratio acted as an important parameter affecting the
hydrochar yield, HHV, and energy yield (EY). Increasing the SS to FW
ratio showed an upward trend in hydrochar fuel properties and com-
bustion performance.

Similarly, adding lignocellulosic biomass improved the yield and
properties of hydrochar produced via co-HTC of SS and lignocellulosic
biomass [36]. Kavindi et al. [37] applied hydrochar from co-HTC of rice
straw and sewage sludge digestate (SSD) to remediate solid form Cr(VI)
from agricultural soil, observing better microbial activity with the rice
straw:SSD mass ratio of 1:1. Zhao et al. [38] observed hydrochar char-
acteristics improved because of the SE of distillers grains and SS: fuel
ratio, activity, HHV, and combustion efficiency of the hydrochar
increasing with the proportion of distillers grains. To sum up, the effects
of co-HTC are different and highly dependent on the composition of the
feedstock combinations. Nutrient-rich SS and FW are related to popu-
lation and urbanization, thus implying many large-capacity biogas
plants are processing these wastes. For instance, a biogas plant in
Finland (Stormossen) processes FW and SS in different digesters, thus
having two digestates [39].

Meanwhile, more experimental studies on co-HTC of FWD and SSD
must be conducted. However, conducting co-HTC experiments in a vast
combination range of mixing ratios, temperature, residence time, and
solid load would be too costly and time-consuming. Therefore, the
promising sets of conditions can be selected for the experimental veri-
fication by using individual HTC results as a preliminary assessment.

HTC discharges a high amount of process water (PW) containing
considerable dissolved organic compounds, minerals, and nutrients. PW
contains about 15 % of the feedstock energy, 20-50 % of biomass or-
ganics, and high nutrients such as phosphorus and nitrogen [40-42].
Nutrient recovery supports the sustainable usage of resources and re-
duces environmental pollution by replacing conventional fertilizers. In
other words, PW needs further treatment due to containing toxic com-
pounds and needing to recover nutrients [43]. The first option is wa-
tering the fields nearby after treating PW to remove the organic content.
However, this might cause overdosing of the soil with the same element

recovered dominantly in PW [44]. Another option is recirculating PW to
the HTC process [45] or the AD reactor [46]. However, circulating the
PW to the AD reactor introduces a risk since biological processes are
sensitive to toxic compounds and heavy metals [47] despite the poten-
tial to increase biogas yield.

Meanwhile, circulating the PW to the HTC reactor increased the
hydrochar mass yield and HHV without damaging the carbon content in
hydrochar [48,49]. Some studies achieved a 5-10 % increase in
hydrochar mass yield [50] and up to 15 % increase in the hydrochar
energy yield [51] by recirculating PW to the HTC process. In addition,
PW recirculation reduces wastewater production [43] and is an effective
method for heat recovery [52]. This option is suitable when operating
with a low solid load, i.e., diluting the dewatered digestate. However,
the optimum reaction conditions might not require dilution of the
digestate feedstock. For instance, the optimum conditions of HTC were
determined as 30 % solid load when counting relative equipment size
and energy requirements [53]. Alternatively, the minerals can be
recovered effectively through precipitation or electrochemically [54,
55]. Meanwhile, dissolved organics are still to be treated after these
methods. In other words, there is a need for PW treatment to recover
minerals and nutrients in a solid form as well as energy recovery uti-
lizing the organic content.

Considering its high water content, PW can be treated through
another hydrothermal process. Supercritical water gasification (SCWG)
is a promising technology that produces syngas while recovering the
minerals and nutrients in a solid outlet. This method has great impor-
tance both in energy production and fertilizers. SCWG occurs at higher
temperatures and pressure than the critical point of water (374 °C and
22.1 MPa). SCW becomes a suitable solvent for organics and gases but
has no solubility for salts [56]. The impact of pressure is relatively minor
when operating at 23-29 MPa [57,58]. Temperature is usually around
400-500 °C for catalytic SCWG (e.g., ruthenium and nickel) and higher
without a heterogeneous catalyst [59]. The syngas yield increases with
temperature and residence time, while too long residence time can cause
char formation via repolymerization [60-62]. A main operational issue
is the risk of reactor plugging due to char formation and solid deposition
[63].

Nevertheless, char formation is reduced since a process’s aqueous
effluent contains smaller molecules than the primary feedstock [64].
Some studies investigated the integration of SCWG with the HTC process
for various feedstocks, e.g., SS and FW, e.g., enhanced syngas production
and complete recovery from the digestate stream [65-67]. In addition, a
SCWG reactor enabling solid separation (e.g., configuration proposed by
Ghavami et al. [63]) would provide the recovery of char, including
minerals and nutrients. The char outlet can be transferred to the fields
nearby or far away, like hydrochar.

This study aims to construct and simulate a process integration
concept valorizing the digestates of a biogas plant processing SS and FW
to reach circularity. The integrated process cases involve co-HTC of the
digestates with or without SCWG of PW, enabling complete circularity



N. Ghavami et al.

or only digestate treatment with a relatively low investment cost. The
optimum conditions for co-HTC of SSD and FWD are selected based on
combining the individual HTC results of each digestate due to the lack of
experimental co-HTC data of these digestates. This selection helps
obtain preliminary results of the proposed concept and directs future co-
HTC experiments towards promising sets of conditions.

2. Material and method

2.1. The integration concept and the selection of optimum co-HTC
conditions

The scope of this study is to integrate a co-HTC process into a biogas
plant, processing SS and FW in parallel. The biogas plant generates
digestates dewatered to 30 % solid content. The proposed integration
scenario is depicted in Fig. 1. The aqueous effluent (i.e., PW) is the outlet
stream of the simulated process when integrating only co-HTC. The
other scenario is the co-HTC of digestates and SCWG of PW: recovering
the nutrients and minerals in solid products and producing syngas from
the organic content in PW.

The co-HTC data is generated based on the individual HTC results of
the digestates. Supplementary Material 1provides the complete list of
experimental HTC results from various studies and generated co-HTC
data at the matching conditions [6,31,36,68-77]. The co-HTC data
cover the range of 150-250 °C, 10-30 % solid load, and 0.5-2 h of
residence time. Table 1 shows the analysis of digestates used in gener-
ating co-HTC data.

The optimum conditions are selected based on the energetic yields of
co-HTC data. The energetic yield is defined as the energy content of
hydrochar per unit mass of the reactor inlet [53]. The co-HTC hydrochar
yields and heating values are calculated as the mass-weighted average of
individual results, as shown in Equations (1) and (2), where MR repre-
sents the mixing ratio. Then, the energetic yields are calculated, as
shown in Equation (3). Finally, the co-HTC conditions resulting in the
maximum energetic yield are selected for the simulations.

(Yieldssp x MRssp) + (Yieldpwp x MRrwp)

co — HTC Yield (%) = MResp - MRrup

@
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Table 1

Analysis of the selected digestate samples (dry basis).
Digestate ~ HHV C H N S o Ash Ref.

(MJ/kg) (%) (%) (%) (%) (%) (%)

SSD1 149 28.9 3.2 3.4 1.5 16.1 46.9 [31]
SSD2 14.4 33.3 4.6 4 1.2 20.3 36.7 [681
SSD4 115 30.3 4.2 3.5 2.3 18.8 40.9 [61
SSD7 14.3 29.6 4.3 4.4 1.6 20.1 40.1 [36]
FWD1 149 29.5 3.0 2.0 0.3 21.3 43.9 [31]
FWD3 19.7 46.0 6.5 2.7 0.3 36.6 8.0 [75]
FWD4 13.4 34.3 4 1.9 0.2 23.8 35.8 [76]

As an important parameter, the SE is evaluated by the synergistic
coefficient (SC), comparing between the experimental co-HTC results
and calculated values from the individual HTC results. This study in-
troduces SC on the energetic yield (i.e., the proposed selection criteria)
to evaluate the reliability of calculated co-HTC data as shown in Equa-
tion (4): where Energetic yieldexperimental and Energetic yieldcalculated
represents the values calculated from the experimental co-HTC data and
from combining the individual HTC data, respectively. However, due to
the lack of experimental co-HTC data on SSD and FWD, the co-HTC data
on SS and FW reported by Zheng et al. [78] are used to investigate the SC
on energetic yield concerning temperature and mixing ratios.

Energeticyield,, — Energeticyield,

x100

(O]

SConenergeticyield (%)= Energeticyieldmmns
catcutate

2.2. Process simulation

This study investigates the process integration to a biogas plant
generating 300 kg/h SSD and 300 kg/h FWD on a dry basis. To inves-
tigate the possible capacity increase and SE effect, the co-HTC simula-
tions involve the mixing ratios of SSD:FWD as.

e 1:1 (300 and 300 kg/h dry)
e 1:3 (300 and 900 kg/h dry)
e 3:1 (900 and 300 kg/h dry)

-0 — HTC HHV
co ( X (Yieldssp x MRysp) + (Yieldryp X MRpyp)

MJ ) _ (Yieldssp x HHVssp x MRsp) + (Yieldpwp x HHVsp x MRewp)

(co — HTC Yield) x (co — HTC HHV) x Solid load (%)

(2)

MJ
Ej ic yi =
nergetic yield (kg reactor inlet)

100 x 100
Biogas
Food waste
Biogas Mixed digestate

Sewage sludge

—_—

[©)]

— Gas

Co-HTC Hydrochar ,—» Syngas
|_, Aqueous

>, SCWG —— CHP
effluent

\— Char

Fig. 1. Process integration block diagram.
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Fig. 2. Process simulation of Co-HTC and SCWG.

Fig. 2 shows the integrated processes simulated in Aspen Plus V11.1.
The co-HTC section consists of pressurizing and heating the feedstock,
reactor, dewatering, and thermal drying the hydrochar down to 20 %
moisture content. The simulation starts with pumping and two-step
feedstock heating to the reaction conditions. The first heating step is
the heat exchange with the reactor outlet (REACTOUT"), and the second
is the external heat (‘HEATER’). The reactor operates at a constant
temperature, i.e., isothermal reactor, and is represented by a RYIELD
block. After heat exchange with the feedstock (‘HE1' and ‘HE2’), the
reactor outlet is conducted to the dewatering unit (‘DEWATER’) to
separate hydrochar and PW, reducing the hydrochar moisture content to
50 % with the energy requirement of 79.09 kJ/kg dry solid [79]. Some
portion of hydrochar remains in the PW, calculated based on the dew-
atering concept [79]. Finally, the hydrochar is dried by hot air (P = 1.2
bar, T =110 °C) to reach 20 % moisture. Since industrial dryers operate
with excess air, the heat requirement of thermal drying is assumed to be
3.82 MJ/kg water evaporated [80]. Therefore, the air flowrate (‘AIR’) is
adjusted so that the heat duty of the ‘HEATAIR’ unit corresponds to the
mentioned requirement. The air flow is split as the equilibrium
(‘HOTAIREQ’) and the excess air (‘EXCESAIR’). The outlet drying
streams are the hydrochar product (‘HCHAR’) and the exhaust air
(‘EXHAIR’). When integrating only co-HTC, the stream ‘PWATER’ is an
outlet stream. For the 1:1 mixing ratio, the simulation continues with the
SCWG of PW, as shown in Fig. 2. The ‘PWATER’ stream is conducted to
the flash separation to remove gases (PWFLASH’) and pressurized to
250 bars (‘PUMPSCWG’). Afterwards, the stream is exposed to heat
exchange with the reactor outlet (‘(HE3’ and ‘HE4’) and external heating
(‘HEATSCWG’) to reach the desired temperature. Since the SCWG re-
action is endothermic, the SCWG inlet is heated to 625 °C, and the outlet
of an adiabatic reactor is at 600 °C. The SCWG reactor is first simulated
with a yield reactor to decompose non-conventional components into
elemental ones (‘SCWGDEC’). After separating the ash in the solid
separator (‘SOLIDSEP’), the remaining components are conducted to the
SCWG reactor represented by a RGIBBS block (‘SCWG’), determining the
outlet by minimizing Gibbs free energy. After cooling down via heat
exchange with the PW, the SCWG outlet stream is expanded to 1 bar
(‘EXPAND’) and conducted to the flash separator to separate syngas and
aqueous phase (‘AQEFLASH’).

The component list and thermodynamic property method are
selected similarly to the previous article on HTC of agricultural residue
digestate [53]. The components include water, digestate, and hydrochar
as dry-ash-free, ash, dissolved organics, CO2, Hy, CH4, CO, Ng, O3, HaS,
and NHj3. Ash is an inert and a separate component to facilitate the mass
balance. Additionally, the dissolved organics in PW are defined as a
single, non-conventional component. The mixed digestates, organics,

and hydrochar are defined as dry-ash-free, non-conventional compo-
nents. The physical properties of non-conventionals are estimated via
‘HCOALGEN’ and ‘DCOALIGT’. The heating values of digestates and
hydrochars are calculated as the mass-weighted average of the indi-
vidual heating values, while the heating value of ash is introduced as 0.
Heating values of dissolved organics are calculated based on a correla-
tion valid for a wide range of substances [53]. The thermodynamic
property method is selected as Predictive Soave-Redlich-Kwong (PSRK),
except the RYIELD and RGIBBS reactors representing the SCWG reactor
simulated with the IDEAL method.

At the selected co-HTC conditions and flow rates of each digestate,
conducting a mass balance using the experimental HTC results de-
termines the reactor yields (per unit mass of non-inert) and ultimate and
proximate analysis of non-conventionals. Supplementary Material
2shows the individual HTC mass balances and the co-HTC balance at the
selected conditions and digestates. The mass balance is conducted
through the following steps.

Hydrochar, liquid, and gas flow rates based on total mass balance
and yield data

Nitrogen elemental balance to determine the nitrogen content in PW
Gas flow rates calculated based on the assumed mole fractions as
CO2: 0.9, Hy: 0.01, CH4: 0.03, CO: 0.06 [81].

Assuming no ash, sulfur, and nitrogen in gas product [82].

Carbon and sulfur mass flows in PW calculated via elemental
balances

Hydrogen and oxygen contents of organics in the PW estimated
based on chemical oxygen demand (COD) and biochemical methane
potential (BMP)

The simulation results are evaluated regarding the products and
energy requirements. The recovery measures are carbon retention and
the recovery of fertilizer elements (K, P, N). The retention of elements
can be calculated as shown in Equation (5) [83]. The recovery of each
component can be calculated similarly, i.e., the percentage of an
element in hydrochar relative to the carbon in the feedstock.

_ Mass of element in hydrochcar
" Mass of element in feedstock

Retention (R) x100 5)

The energy requirements are obtained from the simulation results.
Electricity is required to operate the pumps pressurizing the reactor
inlets (PUMP’ and ‘PUMPSCWG’), the dewatering (‘DEWATER’), and
the air compressor in the HTC section (‘COMPRESS’). External heat is
required to heat the feedstock after heat exchange with the co-HTC
reactor outlet (‘(HEATER’), to heat the air introduced for hydrochar
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drying (‘HEATAIR’), and to heat the SCWG reactor inlet after heat ex-
change with the outlet (HEATSCWG’). The heat duty in HEATSCWG
heater is 25 % electricity and 75 % heat requirement due to high-
temperature heating compromising the combined heat and power
(CHP) production via steam. The split is based on the conventional CHP
plants with steam turbines: 25 % electricity, 60 % heat, and 15 % heat
loss [84]. Moreover, CHP production via syngas can fulfill the energy
requirement. Similarly, the energy generation from syngas combustion
is 25 % electricity and 60 % heat. Meanwhile, the co-HTC reactor re-
leases heat when operating isothermally because of exothermic re-
actions, thus causing a negative heat requirement.

3. Result and discussion
3.1. Selection of optimum co-HTC conditions

Selecting the optimum conditions plays a crucial role in the eco-
nomic performance. Determining optimum conditions at the early stage
of process development is beneficial. However, the impacts of conditions
are comprehensive and interdependent. In particular, temperature has
the opposite effect on the hydrochar yield and heating value: the yield
decreases with temperature while the heating value increases. More-
over, increasing residence time slightly improves the yield and heating
value [6,75]; however, increasing residence time can also decrease the
yield at long residence times (e.g., more than 2 h) or high temperatures
[75,76].

Furthermore, it is crucial to compare the relative equipment size and
energy requirement, i.e., implicitly the investment and operation costs.
The residence time directly affected the reactor size. In addition, the
equipment size is directly influenced by the solid load of the reactor
inlet, not counted in dry-based or dry-ash-free yields. The impact of solid
load on the equipment size is very dominant compared to a slight effect
on the product. Therefore, stating the need for a comprehensive meth-
odology, Ozdenkgi et al. (2020) [61] evaluated the conditions of SCWG
based on hydrogen and energy yields with the basis of a non-inert
reactor inlet.

Similarly, Ghavami et al. (2022) [53] introduced the energetic yield
as the energy content of hydrochar per unit mass of the reactor inlet. The
energetic yield is the first criterion when selecting the optimum condi-
tions: compiling the impacts of conditions on the product yield, heating
value, and relative equipment size. When different sets of conditions
give close energetic yields, the other criteria are the residence time
(comparing the reactor size), the reactor material, and the catalyst load
[53,611.

The co-HTC of FWD and SSD is simulated at the optimum conditions
with maximum energetic yields. Table 2 shows the energetic yields
concerning the conditions and mixing ratios. The optimum energetic
yields are obtained as 3.59, 3.58, and 3.59 MJ/kg reactor inlet for the

Table 2
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SSD1:FWD1 ratios of 1:1, 1:3, and 3:1, respectively, at 200 °C with 30 %
solid load and 1-h residence time. Meanwhile, it is worth noting that the
proper comparison can be made when the specific digestates of a biogas
plant are exposed to co-HTC experiments, considering that the feed-
stocks at different studies are not identical. Nevertheless, this study is
still helpful for selecting the sets of promising conditions and intro-
ducing the comparison methodology.

Due to the SE of different constituents, the feedstock types and
mixing ratio are important factors influencing the hydrochar yields and
heating values [32,35]. For instance, a co-HTC review listed SCs on
hydrochar yield and CR for various mixed wastes, e.g., swine
manure-sawdust, textile-waste paper, waste-textile-FW, and SS-pine
wood [85]. However, no experimental data exists on the co-HTC of
FWD and SSD. Nevertheless, the mixture of SS and FW can cause a
similar synergetic impact with the mix of SSD and FWD, as the origins of
these digestates. An investigation on co-HTC of SS and FW presented
experimental results at 180-280 °C and 7 % solid load with the SS:FW
ratios of 70:30, 50:50, and 30:70 [78]. Increasing the SS ratio resulted in
higher hydrochar yield due to higher inorganic content: the highest
yield with 70 % SS. Meanwhile, FW contributed to the increase in the
product heating value.

Since this study selects the optimum conditions based on the ener-
getic yield, the SC on the energetic yield indicates the role of SE in the
optimum conditions. Therefore, Fig. 3 shows the SCs on the energetic
yields for the experimental results of co-HTC of SS and FW presented by
Zheng et al. (2019) [78]. The complete data is given in Supplementary
Material 3, including the digestate analysis, hydrochar yields, and
heating values. It can be seen that the SC decreases with temperature,
except for 70 % SS feedstock at 280 °C. The SCs are 10.2-11.9 % at
180 °C and reduce to negative values at higher temperatures.

Nevertheless, SC on the energetic yield does not affect the choice of
optimum temperature, except for 70 % SS feedstock. Furthermore, the
SC would potentially be very close to zero at 200 °C, i.e., SE introducing
only a minor impact on the energetic yields. Therefore, it can be ex-
pected that the optimum conditions of co-HTC of SSD and FWD can be
selected by combining the individual HTC data for the preliminary in-
vestigations, which enables the selection of promising conditions for
future co-HTC experiments.

3.2. Mass balances

The co-HTC reactor yields are calculated by using the data on the
defined mixing ratios (SSD1:FWD1 as 1:1, 1:3, 3:1) and the selected
conditions (200 °C, 30 % solid load, and 1 h for all the mixing ratios),
presented by Parmar and Ross [31]. The properties of non-conventionals
are also determined through these calculations, as shown in Supple-
mentary Material 2. These are introduced as inputs to the simulation
models. Table 3 shows the feedstock and hydrochar properties with

The co-HTC results and the energetic yields for the SSD:FWD ratios of 1:1, 1:3 and 3:1, respectively.

Feedstock Conditions Hydrochar Process performance
T (°C) Solid load (%) tres (h) Yield (% dry) HHV(MJ/kg) Energetic yield (MJ/kg reactor inlet)
SSD1:FWD1 200 10 1 76.177.8 74.3 14.89 14.85 14.94 1.131.151.11
20 78.579.7 77.3 15.10 15.10 15.10 2.37 2.41 2.33
30 78.979.478.5 14.99 15.02 15.27 3.59 3.58 3.59
250 10 68.4 69.7 67.0 15.15 14.89 15.09 1.021.04 1.01
20 69.7 70.5 68.8 15.09 15.00 15.20 2.102.122.09
30 71.6 72.3 70.6 15.34 15.17 15.52 3.293.31 3.28
SSD7:FWD1 150 20 1 89.8 89.4 90.2 15.10 15.05 15.15 2.71 2.69 2.73
200 79.079.978.0 15.1515.1215.17 2.392.422.37
250 71.071.1 70.7 15.05 14.97 15.12 213213214
SSD1:FWD3 200 10 1 57.9 50.6 65.3 18.77 21.48 16.67 1.09 1.09 1.09
SSD2:FWD3 250 10 0.5 54.8 44.6 64.9 19.42 22.47 17.33 1.06 1.00 1.12
SSD4:FWD4 210 15 2 83.8 81.5 86.0 11.64 11.76 11.52 1.461.441.48
230 75.274.076.5 11.9412.16 11.71 1.351.351.34
250 69.9 68.9 71.0 12.44 12,57 12.32 1.311.30 1.31
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Synergetic impact for co-HTC of SS and FW

—o—30% SSand 70 % FW
—o—50% SS and 50 % FW

5
70% SSand 30 % FW
—_
I 0
~ 180 280
Q
wn-5
-10
-15
-20
Temperature (°C)
30% SS and 70 % FW 50% SSand 50 % FW 70%SS and 30 % FW
08 07 056
” —t
—e—experimental ~o—experimental
075 o5k
—o—calculated - calculated -
So. E ] -]
] > Sos2
> 12 >
20 \ s Q05
: \| |2 ; \
5 06 N | 2 Doag »
< / w v
&y £ —s—experimental
055 ¢ 046
~—calculated
05 04 044
180 200 20 20 260 280 180 200 20 200 260 280 180 200 20 20 280
Temperature (°C) Temperature (°C) Temperature (°C)
Fig. 3. The energetic yields (MJ/kg reactor inlet) and SE on the energetic yields (%).
Table 3 Table 5
Feedstock and hydrochar properties (daf). Calculated yields in kg/kg non-inert.
Material C (%) H (%) 0 (%) N (%) S (%) HHV(MJ/kg) Component SSD:FWD ratio
1:1  Digestate  53.48  5.68 34.25  4.94 1.65  27.29 11 1:3 31
Hydrochar 6273  7.14 2467 413 134 2031
1:3  Digestate 5303 551 3613 424 108 2692 :‘Vy‘:mha' gégg g';sg g';gg
Hydrochar 6328 6.83 2543 356  0.89  30.27 Oa er 0033 0038 0029
3:1  Digestate 5395 585 3231 567 223  27.67 C(r)ga“‘cs oo 006 ppen
Hydroch: 62.21  7.42 23.94  4.68 1.75 2840 2 - . g
ycrochar Hy 8.479E-06 8.291E-06 8.668E-06
CH4 0.0002 0.0002 0.0002
co 0.0007 0.0007 0.0007
Table 4
The elemental analysis and heating values of organics. . .
ek i & errors in elemental balances. Therefore, this study conducts mass bal-
SSD:FWD ratio  Dissolved organics (dry-ash-free) ance with the priority as follows: total mass balance to define the flow
C%) H®%) 0% N(%) S(®%) HHV (MJ/kg) rates, digestate and hydrochar analysis to identify the feed and product,
11 2484 261 5803 1076  3.76 4.29 assumed gas composition, elemental balances around the reactor to
1:3 28.61  2.96 57.35  8.79 2.29 6.70 determine elemental contents of PW, and finally using COD and BMP
3:1 19.86 215 5892 1337 570 1.10 data to determine the content of hydrogen and oxygen in the dissolved

different mixing ratios. Table 4 gives the elemental analysis and heating
value of the dissolved organics. Table 5 reports the co-HTC reactor yields
introduced in the RYIELD block in kg/kg non-inert.

An essential aspect of processing the experimental data is prioritizing
the characterization data and determining the simulation inputs [53].
For instance, the mass balance in this study reveals a mismatching
carbon amount in the organics when calculated through carbon
elemental balance or nitrogen elemental balance and the C:N ratio of
PW, i.e., affecting the hydrogen and oxygen calculations and causing

organics and water amount in the PW stream. The ultimate and proxi-
mate analysis on solid samples is reliable because drying at low tem-
peratures avoids further decomposition. In contrast, CHNS analysis of
PW can involve higher uncertainty since light organics can evaporate
during sample drying. The accuracy can be improved further through a
more profound analysis of PW and ash. Ash is considered inert despite
including some inorganic carbon.

Meanwhile, equilibrium reactions also convert inorganic carbon to
carboxylates [86]. Consequently, it is beneficial regarding accuracy to
utilize the most reliable characterization data first. The mass balance
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results are sufficient for the preliminary assessment despite requiring
further improvements.

After determining the inputs, the process is simulated to determine
the mass and energy balances. Table 6 shows the flowrates following the
block diagram depicted in Fig. 4. The digestate flowrate is based on the
mass balance calculation (determined in Supplementary Material 2),
and the rest is extracted from the simulation. The mass balance indicates
several aspects of the process. Comparing the reactor inlet and outlet
shows that water participates in the reactions. A small amount of water
is consumed in the SSD:FWD ratios of 1:1 and 3:1 while being generated
to a smaller extent in the mixing ratio of 1:3. Additionally, SSD causes
slightly more gas formation than FWD while FWD results in slightly
more dissolved organics. Dissolved organics is another aspect since PW
has 4.7-5.4 % of organics, i.e., potential for further recovery. Further-
more, Table 6 indicates that most ash is recovered within the hydrochar,
which encourages the usage of hydrochar as a fertilizer.

After flash separation, the PW is conducted to SCWG, removing the
dissolved gases for the mixing ratio 1:1. The stream information is re-
ported in Table 7. The mass balance indicates that 61 kg/h water is
consumed in SCWG reactions, thus contributing to the formation of
syngas. This observation is consistent with the experimental studies
observing hydrogen and oxygen gasification efficiencies as more than
100 %, i.e., elements of water being converted besides the solid content
[86]. The carbon representing char is observed in negligible amounts in
the simulation. It is beneficial to process the aqueous effluent in SCWG
to reduce the char formation, rather than the original feedstock, because
it includes dissolved and smaller molecules. Meanwhile, the SCWG
reactor may not reach equilibrium, and unhydrolyzed content (e.g.,
hydrochar in PW) may cause a char outlet. Therefore, SCWG results are
to be validated through experimenting with the specific stream,
although simulations are helpful for preliminary assessment.

The mineral and nutrient recovery is improved through the ash
outlet of the SCWG reactor. In the case of a reactor configuration
enabling solid separation, the minerals can be recovered entirely
because of no solubility in SCW. Meanwhile, nitrogen recovery in-
troduces a challenge due to distribution into different phases. Nitrogen
gas is observed due to ammonia decomposition as an equilibrium re-
action. The PW includes 9.2 kg/h nitrogen element. According to the
SCWG results, most nitrogen element is converted into gas, 8.85 kg/h of
Ny. Despite observing fewer amounts, the experimental studies also re-
ported nitrogen gas formation. For instance, a survey of SCWG of SS

Table 6
Mass flows of the co-HTC process in kg/h.
Stream Component SSD:FWD ratio
11 1:3 31

DIGESTATE Digestate 327.6 664.2 646.2
Ash 272.4 535.8 553.8
Water 1400 2800 2800

HTCOUT Hydrochar 242.75 470.66 500.34
Ash 272.4 535.8 553.8
Water 1396.95 2803.1 2784.7
Organics 57.30 130.44 98.76
Gases 30.60 60.00 62.40

PWATER Water 999.43 2000.44 1997.27
Ash 45.35 57.86 123.54
Hydrochar 72.34 145.94 143.20
Organics 57.30 130.44 98.76
Gases 30.60 60.00 62.40

HCSLUDGE Water 397.52 802.66 787.43
Ash 227.05 477.94 430.26
Hydrochar 170.41 324.72 357.14

AIR Air 17550 35450 34760

EXHAUSTAIR Air 17550 35450 34760
Water 298.43 603.7 591.02

HCPRODUCT Water 99.09 198.96 196.41
Ash 227.05 477.94 430.26
Hydrochar 170.41 324.72 357.14

Energy 291 (2024) 130221

HTC Reactor

Digestate HTCOUT
T =200°C | i }—'
s | Dewatering PWATER
T=1h \ HCSLUDGE
Air Thermal EXHUSTAIR
Drying
HCPRODUCT

Fig. 4. The block diagram of the integrated co-HTC process.

Table 7
Mass flows in the SCWG section for 1:1 SSD:FWD ratio.

Flow rates (kg/h)

Component HPPWATER SYNGAS SCWGAQEF
Water 997.71 51.06 885.79
Ash 45.35 - -
Hydrochar 72.34 - -
Organics 57.30 - -

CO2 0.62 143.40 0.15
co 0.0009 2.14 0.0001
CH,4 0.0004 26.27 0.002
Hay 1.26e-5 6.63 0.0004
Ny - 8.85 0.0003
H,S - 3.31 0.01
NHj3 - 0.17 0.19

observed 10-20 % nitrogen recovery in the solid phase, the majority in
liquid, and significant amounts in gas [87]. Thus, a considerable portion
of nitrogen is converted into gas, although the ammonia decomposition
might not reach equilibrium. Nitrogen transformation depends on the
feedstock composition during the HTC and SCWG processes. Nitrogen
retention rate is higher in co-HTC of SS with different feedstocks,
including FW and garden waste, due to various interactions between
organic waste and SS [41]. In the co-HTC of SS and FW model com-
pounds, about 67 % of the nitrogen is transformed to the PW in the form
of NH4 and organic-N, and only 20 % to the hydrochar, resulting in a
36-60 % rise in nitrogen retention [34].

Additionally, nitrogen transformation is affected by temperature:
47.3 % of nitrogen transformed to the aqueous product at 160 °C, while
69.2 % transformed at 250 °C during HTC of SS [88]. In this study, about
38 % of the nitrogen in the digestate is transferred to the dissolved or-
ganics, i.e., inlet to the SCWG reactor. Table 8 reports the retentions in
hydrochar for carbon, potassium, phosphorus, and nitrogen. It can be
seen that increasing SSD promotes carbon, potassium, and nitrogen
retention; however, FWD promotes phosphorus retention.

Regarding the usage of hydrochar from co-HTC of SSD and FWD, its
utilization as a fertilizer is potentially more suitable than energetic
usage. The heating values of hydrochar products are relatively low due
to high ash content, causing a longer time for complete combustion [89].
Meanwhile, the hydrochar recovers most the nutrients and minerals,
thus making it feasible to transport to the agricultural fields. The
remaining nutrients and minerals in PW can also be recovered as a solid
product, e.g., through SCWG, as in this study or a precipitation process.

Table 8
Retention of different elements.

SSD-FWD ratio

Retention (%) 1:1 1:3 31

Carbon 86.91 84.56 89.28
Potassium 66.97 63.97 70.77
Phosphorus 67.23 75.70 62.92
Nitrogen 61.93 59.35 63.92
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3.3. Energy balance

The energy balances are obtained from the simulation results.
Table 9 and Table 10 present the energy requirements of the co-HTC
process for all the mixing ratios and the SCWG section for the 1:1 mix-
ing ratio, respectively. The energy requirements in the co-HTC section
are proportional to flow rates with only minor deviations regarding the
mixing ratio, except for the reactor. Contrarily, the reactor heat duty
differs sharply depending on the mixing ratio: the heat of reaction in-
creases with SSD proportion. From the heat integration viewpoint, the
released heat from the reactor can sufficiently cover the heat required
for thermal drying in all the mixing ratios. Heating the feedstock re-
quires different utility due to the temperature range; nevertheless, the
heat released from the reactor exceeds the sum of this requirement and
the need in drying, except the SSD:FWD ratio of 1:3. The SCWG of PW
provides more energy production. The net heating value of the syngas is
9.03 MJ/kg. The CHP production from syngas covers most of the power
consumption and provides extra heat. The net power requirement re-
duces from 124.9 to 16 kW and increases the net heat production by 331
kw.

It is essential to determine the heat of reaction and verify it with the
literature. It can be determined through Hess’s law (the enthalpy change
between reactants and products) or by calculating the system’s
exchanged thermal power [90]. The calculated heat duty of the reactor
is reported in Table 9, which is equivalent to —2.56, —2.12, and —2.90
MJ/Kgdry-solid and —4.69, —3.83, —5.39 MJ/Kgdry-ash-free-solid for 1:1, 1:3,
and 3:1 SSD:FWD ratios, respectively. There is a lack of information
about the heat of reaction of co-HTC of SSD and FWD; nevertheless, the
obtained heat of reactions is within the reported ranges for FW (-1.19
MJ/Kgdry-solid)s SS (—2.62 MJ/kgdry-solia), organic waste (—7.30
MJ/Kgdry-solid), and glucose (—1.06 MJ/Kgdry-sotid) [90-92]. The heat of
reaction differs depending on the severity of conditions and the feed-
stock composition. For instance, the experimental condition for SS was
250 °C and 20 h residence time [91].

The energy balance calculations are functional for preliminary
analysis despite uncertainties in non-conventional properties. The
possible errors due to non-conventional properties are minimized since
water dominates the streams. For instance, the duties of heat exchangers
involve a minor uncertainty because of the specific heat of non-
conventionals calculated via the empirical correlations meant for coal.
Moreover, the dissolved organics introduce uncertainty in its heating
value. Therefore, the results help select the optimum conditions and
feasibility assessments. At the same time, further improvements can
include validating of energy balances on a pilot scale and a more ac-
curate representation of non-conventional properties, e.g., temperature
dependence of specific heats.

3.4. Operational aspects and simulation limitations

Although this study provides a valuable methodology to select the
optimum conditions and process simulation models, it is worth noting

Table 9
Co-HTC energy requirements.

SSD-FWD ratio

11 1:3 31
Electricity requirement (kW)
PUMP 3.5 7 7
COMPRESS 110.0 222.3 217.9
DEWATER 11.4 221 23.2
Total 1249 251.4 248.1
Heat requirement (kW)
HAETER 40.45 80.8 80.9
HEATAIR 316.26 638.8 626.4
CO-HTC —427.2 —706.8 —967.1
Total —70.49 12.8 —259.8
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Table 10
SCWG energy balance.

Electricity requirement (kW) Heat requirement (kW)

HTC Section 124.9 HTC Section —70.49
PUMPSCWG 31.5 -

0.25 x HEATSCWG 11 0.75 x HEATSCWG 33
Electricity outcome (kW) Heat outcome (kW)

0.25 x SYNGAS 151.68 0.6 x SYNGAS 364.05

the limitations: verification of synergetic impact, stream rheology, and
SCWG limitations, including solid recovery, thermodynamic method,
and reaching the equilibrium state.

The reliability of the generated co-HTC data is verified by using the
experimental co-HTC of the origins (SS and FW) due to the lack of data
on the co-HTC of these digestates. The SCs on the energetic yield are
near zero around the optimum temperature, and the waste types have
similar constituents. Meanwhile, verifying the synergetic impacts of
those digestates through the co-HTC experiments is essential.

Stream rheology is important for biorefinery design, specifically in
piping, heat requirement, and pumping. Slurries with more than 20 %
solid load behave like non-Newtonian fluids [93]. It depends on the
feedstock, particle size, and sludge concentration, and the energy
requirement increases with sludge concentration [94]. This study sim-
ulates co-HTC integration with a 30 % solid load. If the feedstock slurry
is too viscous to pump, the process can be integrated with a lower solid
load (e.g., 20 %). However, lowering the solid load will proportionally
increase the energy requirements and equipment sizes due to the
increased flow rates. Another alternative is transporting the feedstock
through screwdrivers and modifying the heat integration, as shown in
Fig. 5. This increases the external heat requirement and requires extra
power for the screwdriver while saving investment and operation costs
through relatively smaller equipment sizes.

The simulation of SCWG assumes reaching equilibrium. The minerals
accelerate some reactions in the conversion mechanism, e.g., water gas
shift reaction and steam reforming, and suppress the char formation
[59]. The feasible residence time of SCWG is relatively short, e.g., up to
5 min, due to high pressure causing high reactor cost [61,95]. Mean-
while, the decomposition of intermediates might be kinetic-limited.
Moreover, char is negligible in the simulation results; however, the
unhydrolyzed portion of organics can form char, of which the

46 °C
‘ Heating
Cold IN % Cold Out
26°C 160 °C
Warm Utility
180 °C
Cooling
Shurry React Out
200 °
Utility
46 °C

Fig. 5. Alternative heat integration for a viscous slurry [53].
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gasification is kinetic-limited. In addition, ammonia decomposition de-
pends on the residence time and might not reach equilibrium, e.g., less
nitrogen loss in syngas. Therefore, the results of SCWG of PW can be
experimentally verified as a further investigation. Another simulation
limitation is the assumption of complete solid recovery. This requires a
particular reactor configuration, e.g., multiple riser tubes for gas outlets
while precipitating the solids [63].

Despite high pressure and polar compounds, the SCWG reactor units
are simulated with the IDEAL method. However, several other methods
implied exothermic reactions. Only the IDEAL method provided
reasonable results regarding temperature, dropping from 625 to 600 °C.
This is consistent with the simulations of SCWG of black liquor con-
ducted using the PSRK method, resulting in a 15 °C temperature drop
[95].

4. Future aspects

Co-HTC of FWD and SSD is an innovative approach for waste man-
agement and energy production. Integrating the co-HTC process with
SCWG enables nutrient recovery and syngas production. This study is a
preliminary assessment of integrating co-HTC of SSD and FWD followed
by SCWG of PW with biogas plants. It can enlighten the further process
development steps.

o Experimental data

Simulation studies provide a practical preliminary assessment, while
experiments can verify the simulations. First, experiments at promising
condition sets can address the lack of experimental data on the co-HTC
of SSD and FWD. The experiments can cover a range of conditions
around the selected optimum values: e.g., 180-220 °C, 0.5-1.5 h, and
20-30 % solid load. Furthermore, experiments on the SCWG of PW are
needed for more accurate syngas and solid outlets. The accuracy can be
improved through deeper characterization of ash and PW and temper-
ature dependences of physical properties of non-conventional
components.

o Feedstock variation and co-processing with other wastes

SSD and FWD have various compositions affecting the process effi-
ciency and product. The particular waste should be specifically experi-
mented with when developing the process integration. Furthermore, a
biomass supply chain requires multi-feed-multi-product processes to
enable a circular economy [96]. Therefore, a future aspect can involve
another waste into the SCWG or the co-HTC reactor. This can increase
the capacity and improve the economic performance but requires
co-processing experiments [97].

e Commercial viability and scale-up

The proposed integration has shown promise at the lab-scale and
industrial implementations. HTC is applied commercially by several
companies, i.e., being economically feasible [41,98]. Similarly, SCWG
was stated as economically feasible even for a more challenging feed-
stock (black liquor), provided the operational issues are addressed
effectively [95]. SCWG introduces high investment costs due to high
flow rates and pressure [99]. The integration of co-HTC can be an option
when preferring lower investment costs. Meanwhile, SCWG of PW en-
ables a high amount of CHP production and complete recovery of the
minerals despite increasing the investment cost.

5. Conclusion
This study investigates integrating co-hydrothermal carbonization of

digestates and supercritical water gasification of process water with a
biogas plant processing sewage sludge and food waste in parallel. The
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hydrochar can be used as a fertilizer, while syngas can provide CHP
production. The optimum co-hydrothermal carbonization conditions are
selected based on the energetic yields, comparing the relative equipment
sizes besides the product yield and quality. The co-hydrothermal
carbonization data is generated from the individual HTC data of each
digestate due to the lack of co-hydrothermal carbonization experimental
data on sewage sludge digestate and food waste digestate. The results
indicated that the optimum co-hydrothermal carbonization conditions
were 200 °C, 1-h residence time, and 30 % solid load. These conditions
provide remarkable nutrient recovery on the hydrochar: 64-71 % po-
tassium, 63-76 % phosphorus, and 59-64 % nitrogen recoveries.

Furthermore, supercritical water gasification of process water pro-
vides further mineral and nutrient recovery in solid form, which is
beneficial for logistics. Additionally, using syngas for combined heat and
power production provides surplus energy. Meanwhile, supercritical
water gasification sharply increases the investment cost, i.e., it is an
effective option for large-capacity plants.

Despite the uncertainties, this study is helpful for preliminary
assessment and directing the co-hydrothermal carbonization experi-
ments towards promising ranges of conditions. Two main uncertainty
factors are the heat of reaction in the co-hydrothermal carbonization
and the synergistic effect of mixing feedstocks. The heat of reaction from
the simulations (-2.56, —2.12, and —2.90 MJ/kgdry-solia and —4.69,
—3.83, —5.39 MJ/Kgdry-ash-free-solid for 1:1, 1:3, and 3:1 sewage sludge
digestate and food waste digestate ratios, respectively) matches with the
literature values for similar feedstocks and model compounds. Similarly,
this study investigates the synergistic coefficient on the energetic yields
for co-hydrothermal carbonization of sewage sludge and food waste due
a to lack of data on co-hydrothermal carbonization of sewage sludge
digestate and food waste digestate. The synergistic coefficient decreases
with temperature in all mixing ratios and is close to zero at the selected
co-hydrothermal carbonization temperature. This investigation de-
termines that the SE has no significant impact on choosing the optimum
conditions. Therefore, future co-hydrothermal carbonization experi-
ments can involve narrow ranges of conditions around the selected op-
timum (e.g., 180-220 °C, 20-30 % solid load, and 0.5-1.5 h residence
time) rather than numerous experiments.

In conclusion, biogas plants can be evolved into multi-product bio-
refinery facilities through the hydrothermal treatment of digestate.
Hydrothermal carbonization is the option for producing hydrochar with
a relatively low investment cost, followed by supercritical water gasi-
fication of process water providing energy production and further re-
covery of nutrients.
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Abstract

The current economic model produces large amounts of waste causing environmental
problems. In contrast, circular economy focuses on the efficient utilization of resources,
increasing materials’ lifecycle, recycling, and decreasing environmental damage.
Biorefineries are the foundation for accomplishing sustainable development goals and
transitioning to the circular economy. Biomass wastes are sustainable feedstock for
biorefineries and are increasing due to population growth and urbanization.
Thermochemical conversion technologies specifically supercritical water gasification,
hydrothermal liquefaction, and hydrothermal carbonization are viable technologies for
wet biomass feedstock. Therefore, the objective of this article is to investigate a possible
biorefinery integration scenario with the mentioned processes and the feasibility of the
integrated processes. A study on biorefinery processes could facilitate the transition to a
circular economy and sustainability and provide a holistic view for decision-makers.

Keywords: Circular economy, Biomass waste, Biorefinery, Thermochemical conversion
methods.

1. Introduction

Growing waste production due to urbanization and population growth results in several
environmental risks. For instance, sewage sludge (SS) is one of the major waste streams.
The generation of SS in the 27 European Union member countries, (EU-27), varies
between 0.1 kg per population equivalent and year to 30.8 kg per population equivalent
and year [1]. SS contains organic content, inorganic compounds, various microorganisms
and pathogens, nitrogen and phosphorous and toxic pollutants [2]. Therefore, energy
recovery and the disposal process of SS is quite challenging.

Different methods with various operating conditions are applied for processing SS
including supercritical water gasification (SCWQ) at temperatures higher than 400 °C,
hydrothermal liquefaction (HTL) at 250—400 °C, and hydrothermal carbonization (HTC)
at 180-280 °C [3]. The superiority of the mentioned processes is the removal of costly
pre-treatment drying in biomass conversion to biofuels [4]. Water’s physical
characteristics have an important role in hydrothermal processes. The physical properties
change significantly at the sub-critical and critical regions and consequently, water
behaves like a non-polar organic solvent and a catalyst in hydrothermal processes [5]. In
HTL, the organic matter is liquefied at moderate temperature to biocrude oil and other
by-products such as aqueous phase (AP), bio-char, and gaseous products [6]. HTL
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process consists of three main steps: depolymerization followed by decomposition and
recombination [7]. HTC technology is a proper approach to converting wet biomass
feedstock to a carbonized solid (hydrochar) with a moderately high heating value as a
solid fuel and nutrient-rich aqueous phase [8,9]. The HTC process mechanisms include
hydrolysis, dehydration, decarboxylation, aromatization, condensation, and
polymerization [10]. It is worth mentioning that the aqueous phase from HTL and HTC
contains a huge amount of organic and inorganic compounds that need further processing
[11,12]. SCWG is one of the effective thermochemical technologies for converting
organic matter to hydrogen-rich gas products which used by Modell for the first time in
the 1970s [13,14]. As reviewed by Ghavami et al. [5], SCWG resulted in char formation
being inevitable, especially with feedstocks involving unhydrolyzed large molecules,
causing reactor plugging. Therefore, in order to reduce the risk of char formation and
precipitation, the aqueous phase from HTL and HTC is considered as the SCWG
feedstock because of involving lighter and dissolved organics [15].

Integration of mentioned processes as a biorefinery concept is considered a sustainable
approach to move towards a circular bioeconomy, carbon neutrality, waste management,
and biofuel production [16]. Biorefineries are integrations of various processes producing
multiple value-added products, in contrast with the traditional approach with a single
product. Moreover, multiple products increase the rate of return on investment and protect
against market uncertainties and fluctuations [17]. Designing a biorefinery requires a
comprehensive understanding of integrated processes. In our previous article, we studied
the integration of the HTC process to a biogas plant [10]. Therefore, the objective of this
study is to investigate the integration of hydrothermal processes with a biogas plant.

2. Process description and feedstock selection

Figure 1 depicts a complete view of the proposed biorefinery. SS feedstock is divided
between anaerobic digestion (AD) and HTL unit operations, and the digestate from the
AD process is directed to the HTC process. The aqueous phase of HTC and HTL
processes enters the SCWG process for syngas production. The HTC process of SS
digestate is at 200 °C and autogenous pressure with 30% solid load. The HTL process is
simulated under the condition of 350 °C and autogenous pressure with 19% solid load.
The aqueous phase from HTL and HTC gasified in 600 °C and 250 bar condition.

|—‘ Biogas
SS Hydrochar

— 1 Digestate|
AD ——— HIC —

r Gas AP ‘ Ij‘ Syngas
| HTL ‘——~ Biocrude
SS | S Solid SCWG
AP

— Solids

Figure 1. Flow diagram of the proposed biorefinery

Table 1 reports the dry basis elemental composition and the heating values (HHV) of the
feedstocks and products based on the experimental results [18,19]. HTL, HTC, and
SCWG processes are simulated in Aspen Plus V11.1 according to the following
assumptions. The physical and chemical properties of non-conventional solids (NC
solids) are estimated by ‘HCOALGEN’ and ‘DCOALIGT’. Heating values for non-
conventional components are calculated with a unified correlation valid for wide range
of substances [20]. Gas phase in HTL contains 85.3 mol% CO», 0.9 mol% H,, 6.4 mol%
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CHa, 4.4 mol% CO, and 2.9 mol% N». Gas phase in HTC contains 90 mol% CO», 1 mol%
Hz, 3 mol% CHa, 6 mol% CO.

Table 1. Dry basis elementary composition of feedstocks and products [18,19]

Sample HHV (MJ/kg) C H N S o Ash | Yield
SS 14.1 33.1 5.5 5 0.7 259 29.8 -
SS digestate 14.9 28.7 3.1 34 1.5 16.4 46.9 -
Biocrude 28.3 53.3 6.01 3.9 1.1 29.9 4.7 37.1
Hydrochar 15.4 34.5 4.3 2.9 1.2 12.8 443 78

Prior to the simulation, it is needed to define components, thermodynamic method, and
capacity. The component list is a combination of conventional and non-conventional
substances including water, hydrogen, oxygen, carbon dioxide, carbon monoxide,
methane, and nitrogen as conventional besides SS, digestate, hydrochar, biocrude oil,
dissolved organics, and ash as nonconventional. The thermodynamic method selected
PSRK for HTC and HTL sections while Peng-Robinson used for the SCWG section. In
addition, mass balance is required to define yields on a non-inert basis for the RYIELD
reactors in HTC and HTL processes. Yield reactors are used due to the presence of non-
conventional substances in the HTL and HTC feedstocks. The yields of the HTC reactor
are calculated as 0.15, 0.81, 0.04, 0.005, 2.64e-6, 4.22¢-5, and 0.00015 for hydrochar,
water, organics, CO», H,, CHa4, and CO, respectively. Similarly, the HTL yields are 0.05,
0.02, 0.83, 0.02, 0.06, 3.14e-5, 0.0016, 0.0019, and 0.0013 for biocrude oil, solid, water,
organics, CO,, Ha, CHa4, CO, and N, respectively. For the SCWG process, a yield reactor
is used to decompose the non-conventional components to the stable elemental
components. Then, after separating ash, RGIBBS reactor is used as an equilibrium reactor
based on minimizing Gibbs free energy. Figure 2 depicts the process simulation of the
proposed biorefinery.

Figure 2. Process simulation of the proposed biorefinery

In the HTC section, the digestate feedstock (DIGESTAT) is pumped to 45 bars and is
heated to 200 °C to reach the reaction condition in the HTC reactor. The stream exchange
heat with the reactor downstream by units ‘HE1” and ‘HE2’ up to 180 °C and then reach
the temperature 196 °C by the external source in HEATHTC heater. The product mixture
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goes through expansion and separation after heat exchange with the feedstock. Hydrochar
is separated from the process water in the dewatering section and is dried down to 20%
moisture by compressed air at 110 °C and 1.2 bars as described more in detail by Ghavami
et al. [10]. The HTC process water is conducted to a flash separation for removing gas
products and then mixed with the HTL process water. In the HTL part of the simulation,
SS feedstock (SSFEED) is pumped to 170 bars and is heated to 350 °C to be prepared for
the reaction condition and same as the HTC part the reactor product exchange heat with
the feedstock by units ‘HE3’ and ‘HE4’, then it reaches reaction condition by HTATHTL.
The product mixture is passed through a filter to remove the HTLSOLID after heat
exchange with the SS feedstock. HTL products (gas, biocrude oil, and aqueous phase) are
separated via a drum after expansion. The mixture of aqueous effluents (AQTOTAL) is
pumped and heated with the same procedure as HTC and HTL to 250 bars and 720 °C.
After the heat exchange with the aqueous mixture (units ‘HE6’ and ‘HE7”) and expansion,
the syngas is separated in a flash unit.

3. Result and discussion

3.1. Mass balance

Different methodologies applied for mass balance calculations due to using various
feedstock and data availability for each process. For the HTC and HTL sections, mass
balance calculations were conducted by hydrochar, biocrude oil, liquid, and gas yields as
well as proximate and ultimate analysis. Moreover, oxygen and hydrogen in organics
calculated by experimental COD and BMP. Ash content in biocrude oil is assumed as
4.72% based on error bars of the dry-ash-free elemental composition. In SCWG section,
mass balance calculations in the decomposition reactor were based on elemental
compositions. Figure 3 depicts mass balances for HTC, HTL, and SCWG reactors.

691.9 kg/h Water

127.8 kg/h Hehar 1285.9 kg/h Water
140.7 kg/h Ash .
159.3 kg Digestate TR OGS 344 ko Hebar
140.7 kg/h Ash ) o ey
Sl St HTC reactor | 4-6kg/h CO2 21.6 kg/h HTL organics T —
2 0.164 kg/h Other gases 34.7 kg/h HTC organics ;; 7‘i(g/hBC02
0.33 kg/h CO2 0.98 ke/h CO
790 kg/h Water 0.0003 kg/h CO 21 kg/h CH4
49.8 kg/h Biocrude 0.0001 kg/h CH4 7.2 kg/h H2
21.5 kg/h Solid 6.6e-6 kg/h H2 ) - ke/h S o
133.4ke/h SS 56.6 kg/h Ash SCWG reactor 35.6 kg/h NO
56.6 kg/h Ash 21.6 kg/h Organics

700 kg/h Water HTL reactor 55.7 kg/h CO2
3.474 kg/h Other gases

Figure 3. Mass balance in HTC, HTL, and SCWG reactors

3.2. Energy balance

Table 2 reports power and heat requirement for the proposed biorefinery as well as energy
obtained from HTL solid and syngas. The electricity requirement results from the pumps
and the compressor while heat requirement results from the external heat supplied to air
and HTC and HTL reactor inlets. Since SCWG inlet is at high temperature, it is
compromising the combined heat and power (CHP) production. Therefore, the duty of
“HEATSCWG” unit is considered as 25 % electricity and 75 % heat requirement.
Similarly, the CHP obtained from combustion of syngas and HTL solid is also assumed
as 25 % electricity and 75 % heat. The biocrude oil can also be used as a fuel in the
process or be upgraded to a transportation fuel. Meanwhile, the hydrochar can be used as
a fertilizer, benefiting from the nutrients and minerals. In addition, the remaining fertilizer
elements can be recovered from SCWG process as the solid outlet.
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Table 2. Power and heat requirement for the biorefinery

Electricity requirement (kW) Heat requirement (kW)
PUMPHTC 1.7 HEATHTC 16.1
PUMPHTL 7.8 HEATHTL 50.2

PUMPSCWG 15.1 HEATAIR 162.1
COMPRESS 56.4 DEWATER 5.9

0.25 x HEATSCWG 41.9 0.75 x HEATSCWG 125.6

Total 122.9 Total 359.9

Electricity outcome (kW) Heat outcome (kW)

Syngas 152.8 Syngas 458.3

HTL solid 38.5 HTL solid 115.5

Total 191.3 Total 573.8

3.3. Feasibility and future aspects

The proposed biorefinery process is applicable to biogas plants with various feedstocks.
Hydrothermal processes are suitable for converting the wet biomass. In addition, the
nutrients and minerals can be recovered on the solid downstreams regarding the usage as
a fertilizer. The total heat and power that required for the biorefinery is 482.8 kW and the
total produced energy is 765.1 kW.

The proposed process has high potential in terms of feasibility since the combination
improves the economic performance and overcome the operational issues of each
conversion method. HTC is industrially applied for sewage sludge [21], and SCWG was
stated to be potentially feasible for a more challenging feedstock (black liquor) [4]. HTL
is stated to be feasible for large-scale [22]; meanwhile, it is possible to improve via co-
HTC as well. SCWG of aqueous effluents produces syngas sufficient for net CHP
production and addresses the discharge issue of HTL and HTC sections.

4. Conclusion

The scheme of a biorefinery is proposed in this article and integrated processes including
HTC, HTL, and SCWG are simulated in Aspen Plus. Heat and electricity requirements
are defined based on the simulation results. Moreover, the process is able to produce
CHP especially via syngas after covering the energy requirements as well as the biocrude
oil product and solids to be used as fertilizers.
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