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Abstract

In light of the pressing issues of resource depletion and waste accumulation,
it becomes imperative to embrace inventive strategies that align with the fun-
damental principles of a circular economy. By embracing a circular economy
and adopting a waste-to-resource approach, we have the potential to minimize
resource extraction, waste generation, and our carbon footprint. An area of great
untapped potential lies in the biomass wastes produced across diverse industrial
supply chains. This work presents the �ndings of a comprehensive research pro-
ject focused on exploring the valuable and sustainable application of hydrochar in
various sectors, including energy, industrial, and building. The primary objective
of this study was to demonstrate the potential bene�ts of hydrochar utilization,
and the e�ectiveness of the hydrothermal carbonization conversion process, with
an emphasis on valorizing the use of biomass waste, promoting a circular economy
and a waste-to-resource approach, and encouraging sustainable development in
industries, as well as identifying areas for improvement. Via a combination of
experimental investigations, data analysis, and case studies, this research pro-
ject highlights the signi�cant advantages of incorporating hydrochar derived from
winemaking industry residues and municipal solid waste management into di�er-
ent applications. Through the optimization of the hydrothermal carbonization
process and a thorough kinetic analysis, the study showcases how hydrochar, from
the winemaking industry residues, is a valuable carbon-rich material that can be
utilized as a renewable energy source contributing to the transition towards a more
sustainable energy landscape. Furthermore, the thesis examines the industrial ap-
plications of hydrochar, revealing its potential as a valuable resource in the electric
arc furnace steelmaking industry. With the support of computational �uid dynam-
ics and life cycle assessment analysis was recognized that by substituting fossil-
based carbonaceous materials with hydrochar-based alternatives, industries can
reduce their reliance on non-renewable resources, minimize environmental impact,
and enhance overall sustainability. Moreover, to provide a sustainable solution to
the challenges associated with municipal solid waste management, hydrothermal
carbonization process conditions were deeply investigated to obtain hydrochar with
enhanced properties to be used as an admixture for the production of a sustainable
plaster as carbon-capture, thermal insulation, moisture absorption, and acoustic
insulation material. As a result, insights were provided into its suitability and po-
tential for improving sustainable building practices. The outcomes of this research
work shed light on the multifaceted bene�ts of hydrochar utilization, demonstrat-
ing its capacity to address pressing environmental challenges and contribute to a
more sustainable future. The �ndings provide valuable insights for policymakers,
industries, and researchers, paving the way for the widespread adoption and fur-
ther advancement of hydrochar applications across di�erent �elds.
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Chapter 1

Introduction

1.1 Motivation

Among the main challenges for society today, climate change and the sustain-
able and responsible use of natural resources are on top of the political environ-
mental agenda. Governments, organizations, and individuals are increasingly re-
cognizing the importance of adopting sustainable practices and supporting research
initiatives that drive innovation in renewable energy, resource e�ciency, and waste
management. As we face the challenges of resource depletion and waste accumu-
lation, it is crucial to explore innovative approaches that align with the principles
of a circular economy. By adopting a circular economy and a waste-to-resource
approach, resource extraction, waste generation, and our carbon footprint might
be minimized. Biomass wastes generated from various industrial supply chains
represent a signi�cant untapped resource. By harnessing thermo-chemical pro-
cesses, we have the opportunity to transform these wastes into valuable products,
thereby contributing to the development of a sustainable and circular bioeconomy.
Through comprehensive research and analysis, the potential of biomass waste val-
orization may be unlocked, identifying e�cient and economically viable pathways
to convert these wastes into value-added products such as biofuels, biochemicals,
and biopolymers. This research endeavor holds tremendous promise in not only
reducing waste and environmental impact but also creating new economic oppor-
tunities and fostering a more sustainable future for industries and communities
alike. By shifting towards renewable and bio-based alternatives, the reliance on
fossil fuels can be reduced, mitigating environmental pollution, and promoting a
more equitable and resilient society. In this context, research on the valorization
of biomass wastes through thermo-chemical processes contributes to the broader
objectives of climate change mitigation and sustainable resource management.
In light of what is aforementioned, the scope of this research is to explore alternat-
ive approaches for treating biomass wastes, intending to enhance the attractiveness
of hydrochar. Hopefully, the insights gained from the �ndings of this research may
have the potential to contribute towards a more sustainable transition.

1.2 Objectives

Overall, this thesis on the valorization of biomass wastes through thermo-
chemical processes for value-added product production in a circular economy ap-
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Chapter 1. Introduction

proach contributes to the �eld of sustainable waste management and resource
utilization. A conceptual layout of the proposed research line is presented in Fig-
ure 1.1 .

Figure 1.1: Conceptual layout of the proposed research line, which is the main
focus of the present thesis work.

The research aims to provide practical insights, innovative solutions, and a
comprehensive understanding of the environmental implications of biomass waste
valorization. By promoting a circular economy approach, the study seeks to pave
the way for a more sustainable and resource-e�cient future. By adopting circu-
larity, the aim is to create a closed-loop system where biomass wastes are diverted
from traditional disposal practices and instead transformed into valuable outputs
through thermo-chemical processes.
Besides, the environmental bene�ts and potential trade-o�s associated with the
production of hydrochar through the hydrothermal carbonization (HTC) of bio-
mass residue from the winemaking industry and municipal solid waste were ex-
amined. Critical HTC parameters, physical-chemical characteristics of products,
deep understanding of hydrochar formation mechanisms, process improvement,
and potential hydrochar applications have been thoroughly assessed. Moreover,
a comprehensive assessment of the environmental impact of the production, us-
age, and application of hydrochar as a substitute for fossil coal in the steelmaking
industry was provided.

The main outcomes of this research project aim to demonstrate the valuable
and sustainable application of hydrochar in several �elds, energy, industrial, and
building. This approach maximizes the utilization of biomass resources, minimizes
waste generation, contributes to the sustainable development of industries, and
provides insights into potential areas for improvement.
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Chapter 1. Introduction

1.3 Thesis structure

This section provides a comprehensive overview of the organization and frame-
work of this PhD thesis. A visual representation of the thesis structure based on
the research Papers elaborated to demonstrate the potential, and sustainable ap-
plication of hydrochar in the energy, industrial, and building sectors is displayed
in Figure 1.2 .

The structure of the thesis is planned as follows:

⇒ A brief introduction on motivations, research objectives and structure of the
thesis is provided in Chapter 1 .

⇒ In Chapter 2 , an overview necessary to thoroughly understand the de-
veloped research scope is provided. In detail, it clari�es the environmental
burdens and the concerns of biomass waste management, prioritizing the val-
orization of winemaking industry residues and municipal solid waste. The
chapter continues by introducing the thermochemical processes as e�ective
solutions to valorize biomass wastes, focusing on hydrothermal carboniza-
tion. Finally, explains the wide potential application of hydrochar across
di�erent �elds and the aim of this work to utilize it in the energy, industrial,
and building sectors.

⇒ Once an explanation and discussion of the research project was provided, the
materials and methods employed in the experimental work are presented in
Chapter 3 .

⇒ Chapter 4 introduces the readers to the utilization of agricultural residues
and by-products for sustainable energy production and waste management.
In detail, the research Paper A on the HTC of winery and distillery by-products
provides crucial insights into the most suitable HTC process conditions to
obtain high-quality hydrochar. Afterward, the chapter delves into the re-
search Paper B by examining the pyrolysis and combustion kinetics of the
hydrochar produced under the optimized HTC conditions obtained in Paper
A. The chapter ends by describing the research activities carried out during
the months spent as a Visiting PhD Fellow at the Universidad de Córdoba,
Spain.

⇒ Following, Chapter 5 extends the research work by exploring the applic-
ability of hydrochar in the industrial sector. It begins by describing the
research Paper C focused on the computational �uid dynamic analysis of
the possible use of di�erent biochars as substitutes for fossil coal in the elec-
trical arc furnace steelmaking process. Next, the chapter looks into Paper D
which presents a a comprehensive assessment of the environmental impacts
associated with the production of steel using electric arc furnaces, wherein
pulverized hydrochar is utilized as a substitute for fossil coal, both as a
charged and injected material.

⇒ Chapter 6 delves into the application of hydrochar in the building sector
and emphasizes how hydrochar from HTC can provide a sustainable solution
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Chapter 1. Introduction

to the challenges associated with municipal solid waste management (Paper
E).

⇒ The overall conclusions, challenges, and perspectives that can be drawn from
this thesis are then presented in Chapter 7 .

⇒ The thesis concludes with the appendices.

Figure 1.2: Visual representation of the research papers in relation to the main
hydrochar application �elds.
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Chapter 2

Overview

2.1 Biomass waste management

Carbon is one of the most widespread and versatile elements in nature and is
responsible for our existence. Humans have been using carbon since the begin-
ning of our civilization. There are millions of known carbon compounds and many
thousands of these are essential for vital processes and important for organic-based
reactions. With the development of modern technology and the need for better-
performing materials, a larger number of new carbon materials with well-de�ned
nanostructures have been synthesized by various physical and chemical processes
[1]. Despite its widespread and natural occurrence on Earth, carbon has been
mainly synthesized from fossil-based precursors with sophisticated and energy-
consuming methodologies, consequently generating greenhouse gasses (GHG) and
toxic chemicals. The requirements of an evolving sustainable society are encour-
aging and developing awareness among the materials science community for a
need to introduce, improve, and develop novel technology in the most eco-friendly,
resource-e�cient manner possible. In particular, the progress of innovative carbon
materials from renewable resources is a quickly recognized area. The production of
low-cost and environmentally friendly high-performing carbon materials is crucial
for a sustainable future. Carbon has been created from biomass from the very
beginning, throughout the natural process of coal formation. Nature has been the
ancestor of carbon production from biomass and we only need to translate it into
a synthetic process.

It is considered biomass every organic substance deriving directly or indirectly
from the photosynthesis process. Biomass is a carbon-neutral resource because
CO2 released through its combustion and utilization processes does not lead to
an increase in atmospheric carbon dioxide as it is of biogenic origin. Biomass ori-
ginates from many di�erent sources, generally as a main product or by-product
and residue from agriculture, forestry, and organic waste [2], as displayed in Fig-
ure 2.1 .
Annually, the total sources of biomass in the EU-27 are estimated for approxim-
ately 1 billion tonnes of dry matter (tdm), of which 46% are unexploited residue
derived from agriculture (120 Mtdm), forestry (195 Mtdm), and organic waste (147
Mtdm) [3]. Signi�cant quantities of these residues are often disposed of improp-
erly, burned, dumped, or unplan land�lled, resulting in environmental pollution
and public health problems.
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Chapter 2. Overview

Figure 2.1: Di�erent types of biomass source.

Therefore, biomass waste management must be given due consideration to ensure
the proper generation, collection, transfer, and disposal. Waste management is an
expanding sector in the global environmental industry. When evaluating di�erent
biomass waste management industrial supply chains, a careful analysis has to be
conducted to identify the most suitable waste streams for valorization. In this
sense, various factors should be considered, such as their abundance, the presence
of valuable components, the need to address waste management challenges, and
the environmental impact of their disposal.

In this research work, prioritizing the valorization of winemaking industry
residues and municipal solid waste was a strategic decision driven by the recogni-
tion of their signi�cant potential for resource recovery, environmental sustainabil-
ity, and the promotion of a circular economy.

2.1.1 Winemaking industry waste

The winemaking industry produces a huge amount of waste, both in the form of
liquid and solid materials, the management of which causes economic and environ-
mental problems. This waste, with no economic value, is produced by viticulture,
wine industry, and alcohol distillery activities. Their inadequate management or
disposal can cause environmental burdens [4].
Viticulture generates vine pruning (VP), which is the main solid by-product of
the in-�eld interventions. Typically vine pruning is left or open-burned in the
agricultural �elds with signi�cant emissions of pollutants, in both gas and par-
ticulate phases [5]. Besides, the wine industry is responsible for the production
of fresh grape marc biomass, mainly constituted by grape skins, seeds, pulp, and
stalks obtained from grape pressing after wine production [6]. In Europe, ac-
cording to the European Council Regulation (EC) 491/2009, grape marc biomass
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2.1. Biomass waste management

should be sent to alcohol distilleries to recover ethanol, tartrates, and produce
spirit liquors [7]. However, this process produces two other �ow wastes, a solid
fraction, the exhausted grape marc (EGM), and a liquid stream, vinasse, whose
disposal and recycling represent a serious environmental problem. A large fraction
of EGM is simply disposed of and then dumped or settled in ponds constituting
a relevant environmental burden due to its high organic carbon content (31�54%)
[8]. EGM is also employed as compost or animal feed, or simply discarded as
natural waste in land�lls. Recent studies have demonstrated that EGM can be
fruitfully employed to extract high-added polyphenols, contributing to the devel-
opment of the bioeconomy in the wine industry [9]. Grape phenolic compounds are
of great interest for use as antioxidants, antimicrobials, and enzyme modulators
[10]. Moreover, the inadequate disposal of vinasse can cause salinization, sodi�ca-
tion, and acidi�cation of soil, due to its low pH, high biochemical oxygen demand
(BOD), high chemical oxygen demand (COD), and high solid content [11].
Italy is one of the major wine producers with an area dedicated to vine cultivation
of 657700 hectares in 2018 [12]. The wine industry produces approximately 3.0
t/ha of vine pruning, with an average moisture content of 45%, and about 2.7
t/ha of fresh grape marc, with a moisture content of 60% [13, 14]. Considering
also that about 10�15 L of vinasse are obtained per 1 L of ethanol produced [15],
the e�cient disposal of winery waste is a serious problem from an economic and
environmental point of view.
However, the main drawback to the recovery of winery and distillery waste is their
high moisture content which leads to an increase in transport costs and consump-
tion of energy needed for drying before use. In this context, the hydrothermal
carbonization (HTC) process could be a valuable and pro�table option to valorize
the winery and distillery waste. Only a few studies on hydrothermal carboniza-
tion of waste from the winemaking industry are available in the literature. Basso
et al. [16] conducted several HTC tests at di�erent temperatures and residence
times on fresh grape marc, obtaining an increase of higher heating value (HHV)
of the hydrochar from 43% to 54%, at 250°C depending on residence time. Basso
et al. Also, the behavior of grape marc constituents (seeds, skins) during HTC
at several process conditions (temperature: 180, 220, and 250 °C; reaction time:
0.5, 1, 3, and 8 h) was analyzed [17]. Duman et al. [18] analyzed the e�ects of
the HTC process on fuel characteristics and combustion behavior of hydrochar
obtained from vine pruning. In all these investigations distilled water was used as
reaction media to reach the useful moisture content of the substrate. However, the
use of pure water as a liquid source cannot be considered as an environmentally
sustainable practice in light of the global water scarcity. Venna et al. [19] and Li
et al. [20] used land�ll leachate as liquid source during HTC of yard waste and
food waste, highlighting that it had minimal impact on the fuel characteristics of
the hydrochars than distilled water. Also, Weiner et al. [21] demonstrated that
the use of organosolv wastewater had no negative e�ects on the HTC process of
cha� and hydrochar properties.
In this way, liquid waste e�uents, such as vinasse, could be an interesting option
that should be explored to analyze their in�uence on the carbonization rate and
the physical and chemical properties of the hydrochar.
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Chapter 2. Overview

2.1.2 Municipal solid waste

Approximately 232 million tonnes of municipal solid waste, or 517 kg per capita,
were produced in 2020 in the UE27. In the three years 2018�2020, there was an
increase of 3.7% in production overall [22]. In 2021, in Italy, the production of
municipal waste involved a quantity of about 30 million tons, the �nal solution
of which mainly involves land�lling. Such a solution not only occupies more and
more valuable space but also causes air, water, and soil pollution by discharging
carbon dioxide (CO2) and methane (CH4) into the atmosphere and chemicals and
pesticides in the land and the groundwater. This, in turn, is harmful to human
health, as well as the environment. Mechanical Biological Treatment (MBT) is
widely used as a form of pretreatment for land�lls or incineration. It is an essential
phase of the waste cycle since allows, through a process of selection (mechanical)
and treatment (biological), to:

� recover a further part of recyclable materials;

� make an appropriate selection of waste to be sent for incineration/waste-to-
energy plant, obtaining a lower emission of pollutants and a higher energy
yield;

� reduce the volume of material for �nal disposal and therefore the use of
land�lls and incinerators;

� ensure the conditions of biological stability of the waste to minimize the
formation of decomposition gases and leachate.

In an MBT plant, the unsorted MSW is mechanically sorted into three fractions,
i.e. material organic, recyclables, and waste. The recyclable fraction includes
materials such as glass, metals, plastics, rubber, rags, papers, etc. which can be
di�erentiated by separation and sieving. The recyclable components (glass, metals,
etc.) can be sent for recycling, while the non-recyclable components partly con-
tribute to the production of solid fuel to be sent to waste-to-energy plants, and
parts are sent to land�ll. The organic fraction is addressed to a biological stabil-
ization process (aerobic digestion). The output of the aerobic digestion is called
stabilized organic fraction (SOF), or o�-speci�cation compost, and it is codi�ed by
the European Waste Catalog (EWC) as EWC 19.05.03. This material is currently
discarded and land�lled, with additional costs. According to the Urban Waste
Report 2022 of ISPRA [23], in 2021 over 8.1 million tons of waste materials were
produced by mechanical biological treatment plants, which is about 560.000 tons
of SOF. Furthermore, leachate is generated from the MSW land�lling. Land�ll
leachate (LL) is a tainted liquid arising from the bottom of solid waste disposal
facilities that contains both soluble organic and inorganic compounds as well as
suspended particles [24]. In Italy, the regulation requires that it must be captured
and appropriately treated on the same site of the land�ll or transported in an ad
hoc plant duly authorized for disposal in the sewers. Currently, physicochemical
treatment methods such as reverse osmosis are widely used. Reverse osmosis mem-
brane technology plants are employed for LL treatment, producing two fractions:
the permeate (PF) (about 75%) and the concentrate (CF) (about 25%). Since the
permeate might be directed to the sewers, the concentrate remains a burden. In
this context, alternatives are needed to valorize the SOF, together with land�ll
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waste reduction, as well as the land�ll leachate and/or concentrate, leading the
waste management business towards a circular economy perspective. A valuable
option is to use all these wastes as precursors in the production of carbon-based
materials.
Several studies have investigated the HTC as thermal pre-treatment for di�erent
types of MSWs, or streams obtained from it. Ischia et al. [25], performed the
HTC to valorize municipal solid waste for biofuel production; the o�-speci�cation
compost was used by González-Arias et al. [26], to be co-processed by HTC with
olive tree pruning and obtaining a coal-like product with a high carbon content;
Periyavaram et al. [27], analyzed the thermal behavior of hydrochar derived from
HTC of food waste using leachate as moisture source; likewise, �liz et al. [28],
reported the technical feasibility of an industrial scale layout of an HTC plant by
using the wet fraction mechanically separated from mixed MSW or under sieve
fraction as solid substrate and water as moisture source.
Despite the many probable bene�ts, the potential application of LL or CF from
reverse osmosis plants as liquid substrates for HTC remains less explored.

Overall, by extracting valuable resources from these biomass waste streams, we
can reduce waste generation, promote sustainable practices, and contribute to a
more circular and resource-e�cient industrial system.

2.2 Biomass waste valorization

Among the numerous approaches to address the substantial volume of biomass
wastes, one e�ective solution is to yield bioenergy or produce value-added products
from it. In the middle of the current energy crisis, valorization of waste not only
presents a great opportunity for economic growth in many countries but also o�ers
the potential to create new jobs and foster international economic competition.
Under the Waste Framework Directive (WFD), the EU aims to transition from
linear economic processes to circular ones, e�ectively creating a recycling society
[29, 30]. The circular economy minimizes waste generation, maximizes material
recycling, and brings cost savings and reduced reliance on primary resources.
Nowadays, researchers are challenged in optimizing and developing technologies
to valorize these agro-industrial wastes from a circular economy perspective. The
main challenges in the biomass supply chain are seasonal availability, �uctuations
in the amount of residual biomass, availability in dispersed locations, the elevated
moisture content that makes it prone to degradation, and the low density of bio-
mass resulting in higher costs for storage and transportation [31]. Thus, depending
on the biomass residue characteristics need to adopt targeted valorization routes
to obtain a value-added product not only to outrage these challenges but also to
be suitable for the speci�c application.

At present, one of the most e�ective processes of converting biomass wastes
into bioenergy or other value-added products is thermochemical conversions (Fig-
ure 2.2 ). It includes two di�erent categories: dry technique and hydrothermal
processing. The dry thermochemical conversion regards the torrefaction, tradi-
tional carbonization, pyrolysis, and gasi�cation processes. Instead, hydrothermal
conversion includes hydrothermal carbonization (HTC), hydrothermal liquefaction
(HTL), and supercritical gasi�cation.

9



Chapter 2. Overview

Figure 2.2: Biomass conversion technologies.

Each conversion process has its own set of advantages and disadvantages. Dry
thermochemical conversion processes require a low moisture content in the bio-
mass, thus drying is normally a necessary process before biofuel production. Fur-
thermore, their e�ciency can be a�ected by feedstock variability, and uniform
particle size and shape. Wet thermochemical conversion processes seem to be a
good solution to dealing with the high moisture contained in biomass without dry-
ing, o�ering a wider range of feedstock suitability with a broad range of particle
sizes and shapes. However, the high pressure and water vaporization required for
the process might result in more energy-intensive.
Torrefaction is usually conducted under an inert environment and atmospheric
pressure in the temperature range between 200°C and 300°C at a low heating rate
[32]. During torrefaction, mainly hemicellulose decomposes and releases most of
the moisture, CO, and CO2. The torre�ed biomass normally has reduced volatile
content and increased energy density.
Compared to torrefaction, traditional carbonization is a long-term conversion re-
quiring higher temperatures from 300 up to 500°C, leading to maximizing the �xed
carbon (charcoal) [33].
Pyrolysis is a typical dry thermochemical decomposition process in the absence of
oxygen. It is generally performed between 400 and 700°C, normally at atmospheric
pressure. Pyrolysis of biomass mainly produces bio-oil, biochar, and noncondens-
able gas (CO, CO2, etc.). The proportions of the products vary depending on the
operating conditions, raw materials, and process con�guration. Generally, both
low temperatures and heating rates result in a high yield of biochar. To maximize
the yield of liquid a low temperature, high heating rate, and short gas residence
time process would be required. For higher fuel gas production, high temperature,
low heating rate, and long gas residence time process would be preferred [34].
Di�erently from the other dry thermochemical conversion processes aforemen-
tioned, gasi�cation is performed with a controlled �ow rate of gasi�cation agent
(air, oxygen, steam, or CO2) to convert biomass into a mixture of combustible
gases. These gases typically include carbon monoxide, hydrogen, methane, carbon
dioxide, and water. Normally operates in the temperature range between 700°C
and 1300°C. Oxidation, drying, pyrolysis, and reduction are the four key steps of
the gasi�cation mechanism [35]. The oxidation of part of the biomass is neces-
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sary to obtain the thermal energy required for the endothermic processes (drying,
pyrolysis, and reduction) and maintain the operative temperature at the required
value. On the other hand, the reduction step involves all the products of the pre-
ceding stages of oxidation, drying, and pyrolysis. The gas mixture and the char
react with each other resulting in the formation of the �nal syngas.
By considering wet thermochemical processes, hydrothermal liquefaction requires
temperatures in the range of 280°C � 370°C and high pressures (4 � 22 MPa) for
the reaction [36]. It is a complex process that comprises hydrolysis, decomposition,
isomerization, dehydration, repolymerization, etc. The main product from HTL
is tar (bio-oil), together with by-products of char, water-soluble substances, and
gases.
When the temperature and pressure increase to exceed the supercritical state
for water (above 370°C and 22 MPa) in nonoxidative conditions, the dominant
products are gaseous substances (mainly H2 and CO2 with lower amounts of
CH4 and CO), and the process is normally called supercritical water gasi�cation
(SCWG) [37]. As with HTL, SCWG can also process biomass directly without
additional drying pretreatment. The start temperature for SCWG can be much
lower than that for dry gasi�cation but a high pressure is required to reach the
supercritical environment.
Among the hydrothermal processes, during HTC the wet biomass remains heated
at a lower temperature range (150�350°C) over a few minutes to several hours
under autogenic pressure [38]. Under these conditions, wet biomass undergoes a
series of complex reactions (hydrolysis, dehydration, decarboxylation, aromatiz-
ation, and re-condensation), and three types of products are resulting from the
process [39, 40]. The main output is a carbon-rich solid material known as hy-
drochar, which accounts for approximately 45�70% of the product mass. A gas
phase, approximately 1�3% of the raw material, consisting mainly of CO2 (>90%
of the gaseous products) with small amounts of CH4, H2, and CO. A liquid fraction
(spent liquor), 5 and 25% of the mass of products, which is rich in bio-degradable
soluble organic compounds [41, 42]. The HTC process has several advantages. Un-
like pyrolysis, gasi�cation, torrefaction, and traditional carbonization, HTC can
e�ciently handle heterogeneous wet feedstock without pre-drying or separation
pretreatment, since water works as a reactant, solvent, and catalyst [43�46]. These
advantages make the HTC process applicable to various wet residues, including
agricultural and forestry residues [47], anaerobic digestate [48], sewage sludge [49],
algal biomass [50, 51], olive mill sludge [52], pulp and paper mill sludge [53] and
o�-speci�cation compost [54]. Nonetheless, within the HTC process, there are
present some disadvantages. These include the use of complex and costly systems
that use substantial amounts of water and further costs for the separation of the
solid and liquid phases, as well as the discharge of signi�cant quantities of wastewa-
ter [55, 56]. However, current research examining the possible valorization of the
spent liquor derived from the biomass HTC process highlights the commercial
rentability in a circular economy approach [56]. Possible solutions cited include
processes from which the resultant by-product represents a bene�t such as anaer-
obic digestion, nutrient recovery, bioplastic production, wet oxidation, and liquid
fertilizer [57�61].
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Nowadays, the idea of eco-sustainability, energy savings, circular economy, and
a waste-to-energy approach, ensures that these thermochemical conversion pro-
cesses are continually improved and developed for di�erent purposes. Among these
technologies, HTC is one of the most promising methods for biomass treatment.
HTC represents an alternative, eco-friendly technique to produce value-added ma-
terials from biomass. In this context, hydrochar has gained great attention as a
versatile material with various applications across di�erent industries. Hydrochar
can be used as a soil amendment to improve soil fertility and structure. It enhances
water retention, nutrient availability, slow-release fertilizers, and microbial activity
in the soil, leading to increased crop yields and improved soil health [62, 63]. Its
porous structure allows it to e�ectively remove contaminants such as heavy metals,
organic pollutants, and pharmaceuticals from water, making it a promising adsorb-
ent material for wastewater treatment and puri�cation [64, 65]. Hydrochar can be
used as a catalyst or support in catalytic aromatization. It can be activated under
high-temperature conditions to increase the speci�c surface area and porosity, and
chemically functionalized or decorated with metallic nanoparticles to strengthen
their catalytic activity [66]. Furthermore, hydrochar-based sca�olds have shown
promise in tissue engineering applications. Sca�olds made from hydrochar can
provide a three-dimensional structure that supports cell growth and tissue re-
generation. The surface properties of hydrochar can be modi�ed to enhance cell
adhesion and promote speci�c tissue formation [67, 68]. Moreover, Hydrochar can
be employed as a component in the production of construction materials such as
bricks, cement, plasters, and composites. It can improve the mechanical proper-
ties, the thermal and acoustic insulation [69, 70], and act as moisture absorption
[71] and carbon-capture material [72, 73]. Also, the great potential of hydrochars
as an alternative to fossil fuels due to their high carbon content, calori�c value,
increased hydrophobicity and grindability (which means reduced problems for stor-
age and transport), and carbon neutral potential has been largely evaluated [74].
Prasongthum et al. [75] investigated the production of hydrochar from oil palm
trunks, resulting in lower slagging and fouling issues during combustion in com-
parison to raw biomass. Sattasathuchana et al. [76] found that the utilization of
hydrochar from co-HTC of palm kernel shell and bamboo to produce electricity in
a municipal power plant could reduce the fuel storage size by 34%, save around
28000 USD/year of transportation cost and reduce 2300 ton/year of CO2 emissions
during burning in comparison of raw biomass. Yu et al. [77] explained that the
combination of HTC and pelletization on Ginkgo leaf residues is an e�cient tech-
nique to produce a solid biofuel with upgraded characteristics. Furthermore, in
the industrial sector the HTC process was demonstrated to be a valuable environ-
mental solution to produce hydrochar as a substitute for fossil coal for metallurgical
applications [78].

Considering all the aforementioned factors, in this work the HTC emerged
as the most suitable and e�ective thermochemical process for the valorization
of biomass waste and by-products from the winemaking industry and municipal
solid waste management. Furthermore, the versatile and sustainable nature of the
application of the hydrochar from HTC made this work focused on three main
sectors, energy, industrial, and building.
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2.3 Unlocking potential hydrochar applications

2.3.1 Energy sector

In connection with the rapid growth of the global population and the modern-
ization of people's lifestyles, our world is grappling with a multitude of pressing
environmental challenges. The latest United Nations Climate Change Conference
(COP 28), held in December 2023, marked the completion of the initial world-
wide assessment of global climate change e�orts under the Paris Agreement. The
outcomes revealed sluggish progress in various aspects of climate action, span-
ning from reducing greenhouse gas emissions and enhancing resilience to climate
change, to providing �nancial and technological assistance to vulnerable nations.
For the energy sector, to expedite action across all areas by 2030, countries made
the call to governments to hasten the shift from fossil fuels to renewable energy
sources in their forthcoming climate commitments [79]. Regarding these global
agreements, a roadmap towards the reduction of reliance on fossil sources has
been devised by the European Union (EU), increasing the production and utiliza-
tion of renewable energy sources (RES). In 2020 the EU surpassed its 20% target
of gross �nal energy consumption from renewable sources, as outlined in the 2009
Renewable Energy Directive (RED I), by achieving a 22% share [80]. The recent
agreement between the European Parliament and the Council in the recast RED
II (2018/2001/EU) introduced a new strengthening renewable energy target of at
least 42.5% share by 2030 (RED III) [81, 82]. This means almost doubling the
current share of RES in the EU. RES achieved their highest level of integration in
the power sector, accounting for 37.5% of the total electricity generated in the EU
in 2021. Subsequently, the heating and cooling sector followed with a RES share
of 22.9% while in transport contributed to 9.1% of the overall share [83]. Solid
biomass stands out as the most prominent renewable energy source, dominating
the renewable energy supply in Europe [84, 85]. It �nds extensive application in
heating and industrial sectors, accounting for a substantial 41% share in 2021.
Following behind are wind energy (13%), hydropower (12%), liquid biofuels (8%),
and biogas (6%), while heat pumps and solar photovoltaic represent less than 6%
individually. With its great potential to boost the EU to get on track with the
2030 agenda, biomass has become of central role in the clean energy transition.

As already mentioned, biomasses have several disadvantages to be used as
it is for energy purposes. Ence, they need to be pretreated to enhance their
chemical-physical characteristics. The hydrothermal carbonization process has
been largely evaluated as a valuable option to convert wet biomasses into solid
biofuels (hydrochars).

2.3.2 Industrial sector

Among the branches that constitute the industrial sector, metal production
has a relevant role. Currently, the iron and steel sector is responsible for about 3
gigatonnes of carbon dioxide (Gt CO2) emissions, corresponding to around 7% of
the global total CO2 emissions [86]. Therefore, the decarbonization of this sector
is crucial to meet the climate targets. The blast furnace-basic oxygen furnace (BF-
BOF) and electric arc furnace (EAF) are the two well-established steel-producing
routes. However, since the current dominant BF-BOF production route is con-
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siderably high energy and CO2-intensive, the industry is increasingly focusing on
diverting large capital investments from BF-BOF production to the scrap-based
steel production EAF route [87]. An EAF utilizes graphite electrodes to generate
electric arcs that melt the metal scrap. Coal contributes 11%, while electricity,
natural gas, and other sources account for 50%, 38%, and 1% of the total energy
input, respectively [88]. Typically, anthracite, coke (metallurgical or petroleum),
or graphite are employed as sources of carbon with two primary objectives. These
are used as charged materials that add extra carbon to the scrap and are burnt
to provide additional heat alongside the electrical energy used for melting. Also,
they are used as injected carbon to react with iron oxide in the slag during the
foaming process. This helps to protect the internal walls of the furnace from the
intense radiation of the arc and to enhance energy e�ciency [89]. Typically, when
fossil coal is used as the chemical energy source in EAF, it accounts for 40�70%
of the total direct emissions of the EAF [90]. Therefore, to reduce CO2 emissions,
replacing conventional fossil fuels with substitutes is a highly attractive option.
By replacing 60% of fossil carbon with biogenic carbon, the total CO2 emissions
from EAFs could be reduced by 19% [91]. Additionally, using biogenic material in
a mini-mill/EAF was found to reduce greenhouse gas (GHG) emissions by 5�11%
without by-product credits, and 7�15% with by-product credits [92]. Furthermore,
the potential for reducing CO2 emissions was estimated to be around 8�12% in the
Australian EAF opera-tions by using biogenic material in a variety of applications
[93]. In this context, the use of char derived from biomass/agricultural waste as
a substitute or auxiliary source alongside fossil coal has become increasingly in-
teresting. Moreover, fuels from biomass are considered carbon neutral since the
carbon dioxide emitted when they are burnt is o�set by the CO2 that was absorbed
by the plants during their growth [94]. Literature studies demonstrated biomass
chars application in EAF can partially substitute coal used as an injected powder
or charged within the basket. Fidalgo et al. [95] studied the thermochemical prop-
erties and reactivities of biochars derived from grape seed and pumpkin seed to
address their suitability to be used in EAF steelmaking. It was found that these
crop-derived biochars could replicate reactivities comparable to those of coals em-
ployed in the EAF steelmaking process. Yunos et al. [96, 97] investigated the
interactions of palm shells with EAF slag, involving a quantitative estimation of
changes occurring in the slag volume as a function of time. The results indicated
that the partial replacement of coal with palm shells is viable. Demus et al. [90]
tested biochars from agricultural residues as charge carbon in pilot EAF melting
trials. The evaluation of the results of these trials regarding steel, slag and o�-gas
composition showed no negative impact on the slag and steel chemistry in com-
parison to fossil coal. These results are in line with the lab-scale test of Robinson
et al. [98] which demonstrated that partial substitution of standard anthracite
carbon charge with biochar from woody biomass gave no deviation from normal
operating conditions in the EAF.
Recently, the e�ective application of lignocellulosic-derived hydrochar as a carbon-
aceous foaming agent in EAF was investigated [99].

Despite biomass chars presenting great potential for the metallurgical sector,
their use instead of fossil coal in EAF steelmaking is still challenging and needs to
be further investigated.
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2.3.3 Building sector

Overall, buildings account for 40% of energy consumption and 36% of GHG
emissions in Europe [100]. Improving the energy e�ciency of buildings is therefore
crucial to achieving the ambitious target of carbon neutrality by 2050, as de�ned
in the European Green Deal [101]. Since around 35% of EU buildings are over 50
years old, and 75% are energy ine�cient, there is an urgent need for intensive action
both on the design of new buildings and on the redevelopment of existing ones,
looking for smart solutions and energy e�cient materials [102]. The renovation
of existing buildings could reduce the total EU energy consumption by 5-6% and
CO2 emissions by around 5% [103]. The EU has recently introduced ambitious
new policies to help member states improve energy e�ciency in buildings. The
revised Energy Performance of Buildings Directive (EPBD) [104] and the Energy
E�ciency Directive (EED) [105] marked a clear milestone in Europe in the �eld
of building sustainability. Together promote:

� to reduce the average primary energy use of residential buildings;

� the construction of nearly zero energy buildings (NZEBs);

� to increase reliability, quality, and digitalization of Energy Performance Cer-
ti�cates (EPCs) with energy performance classes to be based on common
criteria;

� the modernization of buildings and their systems and better energy system
integration.

Moreover, have been introduced incentives for the renovation of public and
private buildings with high-energy performance improvements. The cumulative
impact of these e�orts at the national level will contribute to achieving 32.5% of
the energy e�ciency target for the EU by 2030 [103]. Alongside this, the develop-
ment of the attention to eco-sustainability has led to the emergence of innovative
ways of building design. Many governments have imposed laws to increase sustain-
ability in construction. In Italy, the DM 256/2022 recently revised the minimum
environmental criteria for buildings, focusing on a bio-eco-sustainable approach.
This implies a dialoguing set between materials with low environmental impact (re-
newable, durable, reusable, recyclable) and technological know-how for improving
energy performance. Green buildings, using sustainable, environmentally friendly
materials, can reduce the extraction of raw materials, decrease imports through
recycling, and improve energy performance. Recently, many papers have been
published on the admixture of chars from biomass into building materials to im-
prove the mechanical and hygrothermal performance of the material itself [106].
The high speci�c surface area and porosity of biochars play an important role in
improving the thermal conductivity, humidity control capability, gaseous pollutant
adsorption ability, as well as mechanical strength. Diverse biochars derived from
a variety of biomass wastes have been proven as successful admixtures in building
materials [107�109]. Among them, hydrochars from di�erent biomass residues were
investigated as a potential partial replacement in cementitious mortar [110, 111].
The application of hydrochar as building admixture material provides an oppor-
tunity for large-scale recycling of waste biomass, pushing society towards both an
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eco-sustainable and circular economy. Furthermore, by using hydrochar as an ad-
mixture, plasters and other building materials might bene�t from its low thermal
conductivity, high surface area, and porous nature. These properties work together
to enhance the plaster thermal insulation by disrupting the thermal bridging, ren-
dering the heat propagation routes multi-directional and hindering the e�ect of uni-
directional heat propagation, thus reducing the propagation of heat �ow [112, 113].
Additionally, hydrochar could increase the ability of the plaster to absorb sound, as
sound waves would disperse and converted into heat through refraction within the
increased porosity and interconnected pore networks of the admixture [114, 115].
Furthermore, a high surface area is favorable for the formation of a suitable pore
structure for CO2 uptake, which is subsequently mineralized into stable carbonates
after being released into the plaster matrix, and moisture adsorption, which can
help to regulate the relative humidity [112, 113, 116�118].
Therefore, further research may be directed towards innovative production tech-
nologies that would bene�t in terms of environmental sustainability, and public
health, and focusing on the virtuosic waste-to-resource approach, increasing the
viability of hydrochar applications.

Throughout this overview chapter, the background behind the choice of in-
vestigating the application of hydrochar from biomass waste of di�erent industrial
supply chains, as a solution to address the environmental impact of the energy,
industrial, and building sectors, has been clari�ed.
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Nomenclature

Abbreviation HTL Hydrothermal Liquefaction
GHG Greenhouse Gas SCWG Supercritical Water Gasi�cation
VP Vine Pruning RES Renewable Energy Sources
EGM Exhausted Grape Marc RED Renewable Energy Directive
HTC Hydrothermal Carbonization BF-BOF Blast Furnace-Basic Oxygen Furnace
MBT Mechanical Biological Treatment EAF Electric Arc Furnace
MSW Municipal Solid Waste EPBD Energy Performance of Buildings Directive
SOF Stabilized Organic Fraction EED Energy E�ciency Directive
EWC European Waste Catalog NZEBs Nearly Zero Energy Buildings
LL Land�ll Leachate EPCs Energy Performance Certi�cates
PF Permeate Fraction tdm tonnes of dry matter
CF Concentrate Fraction COD Chemical Oxygen Demand
WFD Waste Framework Directive BOD Biochemical Oxygen Demand
EU European Union HHV Higher Heating Value
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Chapter 3

Material and Methods

3.1 Materials

Throughout the realization of the research work presented in this thesis, various
materials were analyzed and applied. This section covers exclusively the materials
directly obtained by local and national suppliers. Moreover, further information
regarding additional materials selected through a thorough literature review is
given.

3.1.1 Winery and distillery by-products

During this research work, winery and distillery by-products were used in Paper
A, aimed at the optimization of HTC process parameters, to which I contributed,
and to perform the pyrolysis and combustion kinetic analysis within Paper B.
Moreover, the elaboration of Paper D relied on the utilization of the mass and
energy balance derived from the HTC laboratory experiments conducted on these
materials.

Vine pruning (VP) used for the experiments was obtained from a local farm in
Umbria, located in the Center of Italy, while exhausted grape marc (EGM) and
vinasse were collected from the Bonollo distillery (Italy) after ethanol and tartaric
acid extraction by the distillation process. VP (moisture content as received of 42
wt%) and EGM (moisture content as received of 71 wt%) were dried at 105°C for
24 h to remove residual moisture. Subsequently, dried biomasses were milled to a
�nal particle size smaller than 500 µm to obtain a uniform size distribution of the
particles. Vinasse was also �ltered with a 3 µm �lter paper before its use in the
HTC experiments.
Table 3.1 summarize the chemical and physical characterization of VP, EGM,
and vinasse.
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Table 3.1: Physicochemical characteristics of winery and distillery by-products.

VP EGM Vinasse

Ultimate Analysis [wt%daf ]
C 44.52 46.71
H 6.97 6.84
N 0.84 2.33
S 0.05 0.12
O 44.10 36.54
Proximate Analysis [wt%db]
Volatile matter 76.07 71.03
Ash 3.52 7.46
Fixed carbon 20.41 21.51
Lower Heating Value [MJ/kg,db] 17.59 19.20
Compositional analysis [wt%db]
Cellulose 31.46 11.50
Hemicellulose 12.37 7.31
Lignin 30.29 43.14
Extractives 6.27 11.83
Liquid analysis
pH 5.18
COD [mg/l] 23304
BOD [mg/l] 10440
TOC [mg/l] 9710
Total N [mg/l] 231
Total Phenols [mgGAE/l] 781
Note: db: dry basis; daf: dry and ash-free bases

3.1.2 Municipal solid waste

Within Paper E, the stabilized organic fraction (SOF), the land�ll leachate
(LL), and the concentrate fraction (CF) of the reverse osmosis of LL were obtained
from the same MSWs management plant located in Viterbo, Italy. The SOF was
collected from the MBT and locally sieved down to a particle size of approximately
2.5 mm before the laboratory experiments to remove any inorganic residues, e.g.
glass, metal, plastic, paper, etc. The LL was spilled from the MSW land�ll while
the CF came from the reverse osmosis plant, both located in the same area as the
MBT plant. The LL and CF were gathered in plastic containers and stored at a
temperature of +4°C.
The average values of the main chemical-physical parameters obtained for each
substrate are listed in Table 3.2 .
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Table 3.2: Physicochemical characteristics of the SOF, LL, and CF.

Fraction Substrate

Solid SOF
Ultimate Analysis [wt%daf ]
C 22.40
H 3.20
N 1.37
O 17.80
Proximate Analysis [wt%db]
Ash 55.82
Volatile matter 41.79
Fixed carbon 2.39
Liquid Land�ll Leachate (LL) Concentrate Fraction (CF)
pH 7.9 6.8
BOD [mg/l] 2150 638
COD [mg/l] 8380 2490
Conductivity [mS/cm] 25.6 23.7
Total solids [%] 2.0 1.4
Note: db: dry basis; daf: dry and ash-free bases

3.1.3 Additional materials

Among the research activities, a focus was the study and retrieval of data con-
cerning the state of the art of processes for the enhancement of biomass waste
and residue. As already mentioned, attention was paid to the HTC. In detail,
the hydrochar was considered to be eligible for metallurgical applications. In this
context, for the elaboration of Paper C the use of the hydrochar was evaluated
as a substitute to coal (anthracite) in the electric arc furnace as injected material
and reducing agent, in comparison to other biochars obtained via pyrolysis and
torrefaction.
The fuel properties and characteristics of the anthracite coal and each biochar
sample were obtained from a thorough literature review [1�3], and listed inTable 3.3 .
The biochar from torrefaction, slow pyrolysis, and HTC were named respectively
�T300�, �P500� and �H220� while the anthracite coal was �Ac�.

Table 3.3: Proximate and ultimate analysis of Ac [3], H220 [2], T300 and P500
[1].

Materials Proximate Analysis [wt%db] Ultimate Analysis [wt%daf ]
Ash VM FC C H N O

Ac 10.7 9.2 80.1 91.7 3.5 1.9 1.3
T300 36.6 42.2 21.2 67.6 5.3 1.8 24.9
P500 52.4 25.4 22.2 82.3 3.6 1.8 11.8
H220 6.7 72.5 18.3 51.9 4.8 0.04 43.2

Note: db: dry basis; daf: dry and ash-free bases
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3.2 Characterization

3.2.1 Ultimate analysis

Ultimate analysis was performed by using a LECO Truspec C-H-N analyzer,
in compliance with UNI EN 15104 standard method. The total content of sulfur
was determined following the UNI EN 15289 (method A) by using the induct-
ively coupled plasma emission spectrometer (Optima2000DV, Perkin Elmer). The
oxygen content was calculated by di�erence as:

O[%] = 100− (C +N +H + S + Ash) (3.1)

3.2.2 Proximate analysis

Proximate analysis was carried out following the standards EN 14774-2 for the
moisture content, EN 15148 for the volatile matter (VM), and EN 14775 for the
ash content, by using a thermogravimetric analyzer (TGA-701, LECO Co., USA).
Fixed carbon (FC) was computed by di�erence according to Equation (3.2). Each
analysis were conducted in triplicate.

FC[%] = 100− (Moisture+ V olatiles+ Ash) (3.2)

3.2.3 Compositional analysis

Compositional analysis, in terms of hemicellulose, cellulose, lignin, and ex-
tractives contents was performed according to the National Renewable Energy
Laboratory (NREL) protocols [4]. Non-structural materials in biomass often con-
tribute signi�cantly to mass closure and will interfere with the characterization
of carbohydrates and lignin. The procedure described in [5] was followed to both
remove and quantify the extractives in the biomass samples, using a two-step pro-
cess sequentially with water and ethanol in a Soxhlet apparatus.
After the extraction process, the determination of structural carbohydrates and
lignin content followed the procedure described in [6].
Structural carbohydrates and lignin make up the bulk of most feedstocks and often
represent the most interesting portions. The structural carbohydrates are typically
divided into two groups, cellulose and hemicellulose. The procedure used a two-
step acid hydrolysis to fractionate the biomass. Brie�y, after hydrolysis the solids
were separated from the liquid and the fractions were analyzed separately. Dur-
ing hydrolysis, the polymeric carbohydrates are hydrolyzed into monomeric forms,
which are soluble in the hydrolysis liquid. The liquid fraction hydrolyzed was ana-
lyzed via high-pressure liquid chromatography (HPLC). Acetyl groups were also
quanti�ed. The solid residue was processed by a gravimetric method in a mu�e
furnace, to determine the acid insoluble lignin content [7].

3.2.4 Heating value

The higher heating value (HHV) of the samples was measured according to the
UNI EN ISO 18125:2018 by means of a isoperibolic calorimeter (AC-350, LECO
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Corporation). Then, the lower heating value (LHV) was calculated as the di�er-
ence between the HHV and the latent heat of vaporization of water (qv = 2.26
MJ/kg) [8] as:

LHV [MJ/kg] = HHV − qv(w + 9H) (3.3)

where H is the hydrogen content, and w is the moisture content.

3.2.5 Speci�c surface area

In Paper E, the speci�c surface area of the hydrochar samples was examined
with an ASAP 2460 surface area analyzer (Micromeritics, USA). Based on the
Brunauer-Emmett-Teller (BET) method [9] the speci�c surface area was measured
based on nitrogen adsorption isotherm curves at 77 K. The samples were degassed
at 150°C before nitrogen adsorption. The instrument measures the amount of
nitrogen gas adsorbed onto the surface of the hydrochar samples, producing an
adsorption isotherm at each pressure point. These isotherms are then used to
determine the speci�c surface area using the BET equation. The BET equation is
a mathematical model that relates the amount of gas adsorbed to the equilibrium
pressure, allowing for the calculation of the monolayer gas adsorption capacity.
From this capacity, the speci�c surface area of the hydrochar samples can be
determined.

3.2.6 Analysis of liquid samples

In Paper B, feedwater and aqueous phases were characterized in terms of pH,
total organic carbon (TOC), total nitrogen (TN), chemical and biological oxy-
gen demand (COD, BOD), and TPC. pH was determined using a pH meter (HI
2221-02, Hanna instruments). COD, BOD, and TOC were determined according
to Standard Methods [10]. Total nitrogen is determined by a modi�ed Kjeldahl
method [11] through microwave digestion (CEM Mars Xpress, Matthews) with a
mixture of 37% HCl and 30% H2O2 and the following spectrophotometric determ-
ination of ammonium using the nitroprusside method [7]. Total phenols content
is determined by means of a spectrophotometer at 750 nm wavelength with Folin-
Ciocalteu reagent [12]. The results are expressed as mg of gallic acid per L of
liquid fraction.

3.3 Hydrothermal carbonization

A stainless-steel Parr 4560 mini-batch reactor with a volume of 600 ml was
used for the hydrothermal carbonization treatment. The removable ceramic band
heater was connected to the external control system (4848 reactor controller, Parr
Instrument) which allowed the setting of both the temperature and the rotational
speed of the stirrer. For each experimental run, the vessel was loaded with the
solid and liquid substrate and purged with nitrogen to remove the air from the
reactor. The reactor was heated up to the desired temperature with a heating rate
of 3°C/min while the stirring rate was set to 200 rpm. The residence time refers to
the holding time of the reactor after reaching the temperature set point. Then, the
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internal cooling coil connected with an external chiller allowed for an immediate
decrease in temperature by the coolant. The system is reported in Figure 3.1 .
Thus, the liquor was separated by using a Büchner funnel with a vacuum pump
and �lter paper (Whatman �lter paper, 8 µm). While the hydrochar was washed
with distilled water several times and oven-dried at 105°C for 24 h to remove
residual moisture, the liquid fraction was collected and maintained at +4°C for
further analyses.
The mass yield (MY) of the HTC process was calculated as the ratio of the mass
of hydrochar (Mf ) to that of the initial feedstock (M0) on a dry basis by using
Equation (3.4).

MY =
Mf

M0

∗ 100 [%] (3.4)

Moreover, within the elaboration of Paper E the deashing e�ciency (DE) of the
HTC process was evaluated according to Equation (3.5),

DE =
Ashfeedstock − (AshHydrochar,i ∗MY i)

Ashfeedstock
∗ 100 [%] (3.5)

where Ashfeedstock is the ash content of the raw biomass before the HTC treatment,
and AshHydrochar,i is the ash content of the hydrochar obtained from the HTC
process regarding the i-th test with a mass yield of MYi.

Figure 3.1: HTC reactor system: 1) HTC reactor; 2) Cooling system; 3) N2 gas
inlet; 4) External control system; 5) Thermocouple; 6) Stirring system; 7) Pressure
gauge; 8) Gas outlet; 9) Aspiration system
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3.4 Hydrodynamic cavitation

When the HTC process is scaled up to industrial size, the homogenization and
viscosity of the solid and liquid substrate mixture become essential parameters
a�ecting its pumpability. The pumpability of the slurry is limited by the type
of pump, which generally has an upper limit of about 10�15% solids (dry basis)
loading [13]. Thus, to further enhance the homogenization and viscosity of the
solid and liquid substrate mixture before the HTC process, the application of
hydrodynamic cavitation (HC) was investigated in this research work.

HC is a promising physicochemical process consisting of the phenomenon of
formation, growth, and rapid collapse of vapor cavities due to the reduced local
pressure [14]. The HC was performed by using single-step homogenization with
a controlled cavitation approach patented by SOLDO Cavitators [15]. The cavit-
ation unit, displayed in Figure 3.2 , is composed of a feed tank and a 5.5 kW
electric motor which provides power to a stainless steel rotor (cavitator) working
at 20 L/min, 3 bar, and 3600 rpm. The solid and liquid substrates were mixed at
the desired solid-to-liquid ratio and pumped inside the cavitator in a closed loop
until the �ow temperature reached the desired temperature set point.

Figure 3.2: Cavitation unit patented by SOLDO Cavitators [15].

3.5 Statistical method

Statistical experiments were conducted to analyze the intricate interconnections
between the key parameters and properties involved in the production of the hy-
drochar. Speci�cally,Box-Behnken experimental design (BBD), Central Composite
Face-Centered Design (CCF-CD) and Response Surface Methodology (RSM) were
utilized for this purpose. BBD and CCF-CD are a type of experimental design
that allows for the exploration of a response variable by systematically varying
the levels of input (or independent) variables. They are particularly useful when
the relationship between the independent variables and the response variable is
nonlinear or when there are interactions among the variables.
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BBD consists of a replicated center point along with a collection of points situated
at the midsection of every edge within the multidimensional cube delineated by the
speci�ed levels. On the other hand, CCF-CD involves setting up a design matrix
that includes a combination of factorial points, axial points, and center points.
The factorial points allow for the estimation of main e�ects, while the axial points
enable the assessment of curvature and interaction e�ects. The center points are
used for estimating experimental error and checking the model's adequacy.
A three-level, 3-factor BBD was employed in Paper A, while a three-level, 2-factor
CCF-CD in Paper E. The independent variables were coded at three levels (−1,
0, and +1), corresponding to the minimum, medium and maximum levels. Each
process factor level was carefully selected based on preliminary tests. Besides,
three properties were chosen as responses.

By analyzing the response at di�erent levels of the independent variables, the
optimal conditions for achieving the desired response can be determined. RSM
helps to pursue this aim by �nding the relationship between the response variable
and the independent variables, identifying signi�cant factors, and optimizing the
response within the experimental region. By using mathematical modeling and
response surface analysis, RSM enables to understand the relationship between
the input variables and the response variable, make predictions, and optimize
the process to achieve desired outcomes. To �nd a suitable approximation for the
relationship between the response and the set of factors, a second-order (quadratic)
polynomial equation was used according to Equation (3.6),

Yi = β0 +
k∑

i=1

βiXi +
k∑

i=1

βiiX
2
i +

∑ k∑
j<i=2

βijXiXj (3.6)

where Yi is the predicted i-th response, β0 is the intercept coe�cient, βi, βii
and βij are interaction coe�cients of linear, quadratic, and the second-order terms,
k is the number of independent parameters, and Xi and Xj are the independent
variables.
The software Minitab v17.1.0 (Minitab Ltd., Coventry, UK) was used to implement
the statistical model. The statistical signi�cance of the regression coe�cients was
examined by using analysis of variance (ANOVA) and regression analysis. This was
accomplished by using the Fisher's F-test at a 95% con�dence level. The coe�cient
of determination (R2), the adjusted coe�cient of determination (R2

adj), the lack
of �t (LOF) test, and the degrees of freedom (DF) were analyzed to evaluate the
adequacy of the quadratic models. In detail, the accuracy of the experimental data
is measured by R2 while the R2

adj values determine the deviation of data predicted
from the models. High di�erences values between these coe�cients are due to the
non-signi�cant model terms. Furthermore, the lack of �t test was carried out by
comparing the variability of the actual model residuals to the variability between
observations at replicate settings of the factors. A model is statistically signi�cant
at the 95% con�dence level if the P-value of the lack of �t test is higher than 0.05.
Furthermore, multi-response analysis, based on Derringer's desirability function,
was used to concurrently optimize the response variables [16]. Each response (Yi)
is converted into an individual desirability function (di), ranging from 0 to 1,
respectively the least and the most desirable case. It can be expressed by 3.7,
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di =


0[

Yi − Li

Ui − Li

]r
1

Yi ≤ Li

Li < Yi ≤ Li

Yi > Ui

(3.7)

where Li, Ui denote the lowest and highest values of Yi, while r is denoted
as the shape function for desirability, which is assumed as 1 in the case of linear
dependence.
According to the degree of optimization of the response Yi, 0 and 1 are respectively
the least and the most desirable cases.
The individual desirability are then combined into a composite desirability func-
tion (D) using the geometric mean, and when equal weightage are given and an
importance parameter equal to 1 is assumed for all responses, can be determined
as:

D = (dl × d2 × ...× dk)
1/k (3.8)

This single value of D gives the overall assessment of the desirability of the com-
bined response levels. D is a dimensionless function whose values fall in the interval
[0, 1]. D increases as the balance of the properties becomes more favorable. Ence,
when all the responses are on-target (di = 1 for every response), D is equal to
1. Also, if any di = 0 (that is, if one of the response variables is outside the
speci�cation limits) then D = 0 (that is, the overall product is unacceptable).

3.6 Thermogravimetric analysis

A TGA/DSC 3+ STARe System (Mettler Toledo, USA) was used to perform
thermogravimetric analysis (TGA) included in Paper B. The samples were placed
in a 70 µl Al2O3 pan and heated from room temperature (about 25°C) to 800°C
at constant heating rates of 10, 20, 30, and 40°C/min, assuming that complete
degradation of the sample is achieved at this temperature. Two gas atmospheres
of nitrogen (N2) and air (21%O2/79%N2) were used respectively to simulate pyro-
lysis and combustion conditions with a gas �ow rate of 50 mL/min. To ensure
reliable results, each test was replicated three times, and the averages were cal-
culated to account for experimental reproducibility, which fell within the range of
±3%. Before each test, a blank run was performed using an empty pan to com-
pensate for buoyancy e�ects. The weight loss (TG) curves and their respective
�rst-order derivatives (di�erential thermogravimetric (DTG)) were recorded over
time and temperature. Several parameters were directly computed by analyzing
the results to identify the main pyrolysis and combustion characteristics, i.e. the
initial temperature (Ti), the �nal temperature (Tf ), and the peak temperature
(Tp). Ti represents the temperature at which a conversion of 1% of the initial
mass is obtained after the initial weight loss caused by the moisture. Tf is the
temperature at which the degradation is almost complete and was de�ned as the
temperature at which the conversion rate reaches 1%/min at the end of the DTG
curve. The fuel reactivity was considered by accounting Tp which corresponds to
the temperature of the maximum weight loss rate. Lower reactivity is determined
by higher peak temperature [17].
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3.7 Kinetic, reaction mechanism, and thermody-

namic analysis

The integral iso-conversional methods of Starink (STK) [18], Kissinger-Akahira-
Sunose (KAS) [19], and Ozawa-Flynn-Wall (OFW) [20, 21] were used for studying
the decomposition kinetics by using data obtained from TGA within Paper B.
According to the Arrhenius equation, the general equation of reaction rate can be
expressed by Equation (3.9):

dα

dt
= k (T ) f (α) = Ae−(Ea/RT)f (α) (3.9)

where t is the time, T is the absolute temperature (K), A is the pre-exponential
factor (s−1), Ea is the apparent activation energy (kJ/mol), and R is the gas
constant (8.314 J/mol K), and f(α) is the reaction mechanism.
The conversion degree α during the reaction of the sample can be de�ned as:

α =
m0 −mt

m0 −mf

(3.10)

where m0 and mf represent the initial and �nal weights of the sample respect-
ively, and mt represents the weight of the sample at time t.
Rearranging Equation (3.9) by introducing the constant heating rate β=dT/dt
the di�erential form of the non-isothermal rate law becomes:

dα

dT
=
A

β
e−(Ea/RT)f(α) (3.11)

Since the di�erential form exhibits low accuracy, leading to scattered deriv-
ative curves, the integral form of Equation (3.11) is usually more suitable for
determining activation energy values [22, 23], which brings to Equation (3.12).

g (α) =

∫ α

0

dα

f(α)
=
A

β

∫ T

T0

e−(Ea/RT)dT (3.12)

As the integral form (Equation (3.12)) does not have an analytical solution,
the approximate solutions of STK (Equation (3.13)), OFW (Equation (3.14)),
and KAS (Equation (3.15)) were considered to determine the kinetic parameters,
since iso-conversional methods can obtain reliable kinetics parameters by using
multiple heating rates without requiring the reaction model [22].

ln

(
β

T 1.92

)
= −1.0008

Ea

RT
+ Const (3.13)

ln (β) = ln

(
AEa

Rg(α)

)
− 5.331− 1.052

Ea

RT
(3.14)

ln

(
β

T 2

)
= ln

(
AR

Eαg(α)

)
− Ea

RT
(3.15)

For the STK method, the activation energy can be obtained from the slope
of the �tted straight line by plotting ln(β/T1.92) vs. 1/T at the given conversion
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degree α. Similarly, by using the OFW method, based on Doyle's approximation
[24, 25], a linear relationship is established by plotting ln(β) against 1/T and the
resulting slope is equal to �1.052Ea/R. Lastly, from the KAS method, the value
of Ea can be determined from the slope of the �tted straight line formed by using
ln(β/T2) vs. 1/T.
While iso-conversional methods are highly accurate in determining Ea values, they
do not provide information about the pre-exponential factor. Thus, the energy
compensation e�ect (ECE) method was used to estimate the values of A. By tak-
ing the logarithm on both sides of Equation (3.11) and rearranging the terms, ln
Ai and Ea,i can be calculated from the intercept and the slope of the regression
lines by plotting ln[β(dα/dT)/fi(α)] vs. 1/T, where i refers to the mechanism
function listed in Table A.1 reported in Appendix (Section A.1 ). The linear
relationship between Ea,i and ln Ai, known as the compensation e�ect and de-
scribed by Equation (3.16), allows to �nd the compensation parameters a and b
[26].

lnAi = aEa,i + b (3.16)

Once the compensation parameters are determined, the values of A are obtained
with Equation (3.16) by using the Ea values beforehand determined by an iso-
conversional method.
To complete the kinetic triplet is essential to determine the decomposition mech-
anism, which could be predicted by the master-plot method. By approximating to
zero the lower limit (T0) of the integral on the right side of Equation (3.12), as
the rate of decomposition is extremely slow at ambient temperature [27, 28], the
mentioned equation can be rewritten in Equation (3.17):

g (α) =
AEa

βR
p(u) (3.17)

where p (u) =
∫ u

∞ −
(

e−u

u2

)
du is the temperature integral and u=Ea/RT. p(u)

has no analytical solution and can be expressed by numerical approximation as
Doyle's (Equation (3.18)), which gives su�ciently reliable results [29].

p (u) = 0.0048e−1.0516u (3.18)

Using a reference at point α=0.5 and according to Equation (3.17), Equa-
tion (3.19) is obtained:

g (α)

g (0.5)
=

p(u)

p(u0.5)
(3.19)

Thus, the experimental curves plotted as p(u)/p(u0.5) for a given α, using data
obtained at various heating rates, and the theoretical master plot represented as
g(α)/g(0.5) are comparable when an appropriate kinetic model is employed.
Establishing thermodynamic parameters such as changes in enthalpy (∆H), Gibbs
free energy (∆G), and entropy (∆S) is a prerequisite for scaling up a process to in-
dustrial level, as it enables accurate energy calculations [30, 31]. These parameters
were evaluated using kinetic data (Ea and A) and thermogravimetric data points
according to Equations (3.20) to (3.22), where kB is the Boltzmann constant
(1.381 × 10−23 J/K), and ℏ is the Plank constant (6.626 × 10−34 J/s).

∆H = Ea +RT (3.20)
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∆G = Ea +RTpln

(
kbTp
ℏA

)
(3.21)

∆S =
∆H −∆G

Tp
(3.22)

3.8 Computational Fluid Dynamic Analysis (CFD)

Energy and resource e�ciency are crucial factors for the economic production
of industrial plant. Plant experiments, which would be required to assess the
impact of various optimisation techniques, are costly and generally avoided for
safety concerns. Trials, in general, should not disrupt existing operations, and
there are not many pilot industrial facilities accessible for testing. An alternative
is a numerical simulation. Computational Fluid Dynamics (CFD) resources can
solve interpenetrating physical phenomena such as the solid particles combustion
and also evaporation, likewise the turbulence and the radiation together. CFD is
a sophisticated simulation tool with the potential to a�ord a comprehensive model
for industrial applications like EAF [32�34].

Following are described the computational and numerical techniques applied to
investigate biochar combustion and electrode radiation inside an EAF, formulated
in Paper C.

3.8.1 Numerical model

Fluid and thermodynamic processes are described by the Navier-Stokes (NS)
equations, balancing the �uxes of mass, momentum, energy, and species. The
commercial software ANSYS Fluent was employed. To decrease the computa-
tional e�ort necessary to run numerous design simulations and obtain trustworthy
�ndings, the steady-state Reynolds-Averaged Navier-Stokes (RANS) approach was
adopted [32]. The pressure velocity coupling is achieved through the COUPLED
algorithm. The Realizable k-ε model was applied in the model to solve the tur-
bulence, which agrees well with experimental data of gas �ows with coal particles
combustion [35]. The proposed model includes di�erent types of mathematical
methods such as turbulent �ows, multi-phase particle interaction, combustion re-
actions and radiation heat transfer. Hence, the following sub-models were applied.
The discrete phase model (DPM) is a useful method to simulate the particle tra-
jectory [36�38]. Since anthracite and each biomass sample were crushed and milled,
the particles diameter distribution was considered uniform. The discrete random
walk model was enabled for stochastic tracking of particles due to turbulence in the
�uid phase. ANSYS Fluent can simulate chemical species mixing and transport
by solving conservation equations that describe convection, di�usion, and reaction
sources for each component species. The species transport model was chosen to
solve these equations and the volumetric reaction option was enabled. Besides,
the Eddy-Dissipation model (EDM) was applied, assuming the reaction rates to
be controlled by turbulence [39, 40]. The P1 radiation model was adopted in the
present model to e�ciently solve the radiation arising from the electrodes and
combustion processes [41�43].
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3.8.2 Biomass combustion

A mathematical explanation of biomass combustion, on the other hand, is
complicated. The proposed model contains heterogeneous surface reactions as
well as gas-phase reactions and a global reduced chemistry mechanism, considered
a practical compromise for modelling biomass combustion applied to industrial
burner optimisation. The primary physical and chemical processes that occur
during combustion when biomass particles are injected into the furnace are heating,
devolatilization (volatile release), homogenous reactions of gaseous species (volatile
combustion) and heterogeneous reaction (char oxidation) [44�46].

Particle transport

The Euler-Lagrange technique, commonly known as Discrete Phase, was used
to solve the particle interaction. The �uid phase is handled as a continuum by
solving the NS equations whereas the dispersed phase is addressed by tracking a
large number of particles through the predicted �ow �eld. The dispersed phase
can exchange momentum, mass, and energy with the �uid phase [41]. A surface
reaction occurs when the volatile components of the particle have fully changed
phase, consuming the combustible fraction. Surface combustion consumes the
particle's reactive content in the DPM. The types of oxidant and product species
were de�ned in the injection properties tab in Fluent.

Particle heating and drying

During the initial stage of biomass fuel burning, water from the solid fuel
particle is heated and evaporated. The vaporisation temperature of biomass volat-
iles is commonly thought to be signi�cantly higher than that of water. Ansys
Fluent's energy equation (Equation (3.23)) depicts the conduction, convection,
radiation heat transfer, and enthalpy of vaporisation during the drying process:

mpcp
dT p

dt
= hAp (T∞ − Tp) + Apεpσ(θ

4
R − T 4

p )−Qv (3.23)

where mp, cp, Tp, Ap, εp are the mass (kg), speci�c heat capacity (J/kg K),
temperature (K), surface area (m2) and emissivity of the particle, respectively. T∞,
h, σ, θR and Qv are the continuous phase local temperature (K), convective heat
transfer coe�cient (W/m2K), Stefan-Boltzmann constant (5.67× 10−8W/m2K4),
radiation temperature (K) and heat transfer due to vaporisation, respectively.

Devolatilization

The devolatilization of the particle material begins after the initial phase of
heating and evaporation. Volatiles are commonly released during the pyrolysis
of biomass at temperatures ranging from 160 to 300°C [47]. We assumed the
devolatilization temperature of each biochar according to the literature results
[1, 2], respectively 304°C, 366°C and 292°C for the biochar from torrefaction, slow
pyrolysis and hydrothermal carbonization. The single kinetic rate and the constant
rate devolatilization model are the most often used devolatilization models for
biomass [48]. In the �rst model, the devolatilization rate is determined by the
quantity of volatiles left in the biomass particle and the reaction rate, K, is de�ned
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by the input of the pre-exponential factor, A, and the activation energy, Ea, in the
single-step �rst-order Arrhenius reaction (Equation (3.24)).

K = Ae−(Ea/RT ) (3.24)

Instead, the constant rate model dictates that volatiles are released at a con-
stant rate, de�ned as:

dmvol

dt
= −A0mvol,0 (3.25)

where mvol,0 is the initial mass of the volatiles in the fuel particle and A0 is the rate
constant (s−1). The default value of A0 is 12 s−1 for coal pyrolysis [49]. In Paper
C, the constant rate model was adopted. It represents a compromise of processing
power and precision, which explains its widespread usage in the industry [44].
Furthermore, the default value of 12 s−1 for A0 was used since it o�ered enough
biomass devolatilization forecasts while not being unduly sensitive to its value [48].

Homogeneous reactions

During devolatilization, the volatiles generated operate as a source for gaseous
combustion. The majority of biomass volatiles are CO, CO2, H2O, CH4, H2 and
other inorganic compounds [42, 50]. However, in CFD simulations, the volatile
gases are combined into a single �arti�cial� specie, CzHyOx or a few arti�cial spe-
cies [44]. The combustion of volatiles was simulated by using the development
of a representative molecule with an atomic composition determined by proxim-
ate and ultimate analysis (Table 3.3 ) and an estimated molecular weight of 30
g/mol. For a more accurate approach, the oxidation of the hydrocarbon species
was accomplished by employing the global two-step reaction mechanism, with car-
bon monoxide as the intermediate species. The resulting two-step stoichiometry
is shown in Equations 3.26 and 3.27 by using the species-transport technique
in FLUENT and the built-in coal calculator.

CzHyOxNk +
(z
2
− x

2

)
O2 → zCO +

y

2
H2O +

k

2
N2 (3.26)

CO + 0.5O2 → CO2 (3.27)

The EDM was used to achieve the chemistry-turbulence coupling for the homo-
geneous gas-phase reactions [41]. With this model, the net rate of generation of
the species i due to reaction r, Ri,r, is provided by the smaller value calculated by
Equation (3.28) or Equation (3.29). Parameters A and B are known as Mag-
nussen constants, v′i,r and v′′i,r corresponds to the stoichiometric coe�cient for
reactant and product respectively in reaction r, Mw,i to the molecular weight, ε/k
to the ratio of turbulent kinetic energy/dissipation rate, YR and YP to the mass
fraction of any product species, P and particular reactant, R.

Ri,r = (v′′i,r − v′i,r)Mw,iAρ
ε

k
minR

(
YR

v′R,rMw,R

)
(3.28)

Ri,r = (v′′i,r − v′i,r)Mw,iABρ
ε

k

( ∑
P YR∑N

j v′′j,rMw,j

)
(3.29)
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3.9. Computational Fluid Dynamic Analysis (CFD)

The empirical default values of A and B by FLUENT are 4.0 and 0.5 respect-
ively [41]. For biomass combustion, Magnussen constants A and B are recommen-
ded to be set as 0.6 and 0.5, respectively [51]. The simulations computed with these
parameters are in good agreement with the observed data for CO concentration
[52]. Because volatiles are gases, the models applied to homogeneous combustion
are appropriate for both coal and biomass combustion.

Char combustion (heterogeneous surface reactions)

After the particle's volatile component has entirely developed, a surface reac-
tion begins, which consumes the particle's combustible fraction (char). The com-
bustion mechanism of the char may be described by the stoichiometry in Equa-
tion (3.30) by assuming the non-volatile fraction of the combustion particle is
carbon.

C (s) + 0.5O2 → CO2 (3.30)

Surface reactions were solved by using the kinetic/di�usion-limited rate model,
based on the model of Baum and Street [53] and Field [54]. The model assumes
that the char surface reaction rate is de�ned either by reaction kinetics (ψ) or by
a di�usion rate (D0), Equations 3.31 and 3.32 , respectively and weighted to
yield a char combustion rate represented in Equation (3.33).

D0 = C1
[(Tp + T∞) /2]0.75

dp
(3.31)

ψ = C2e1
−(Ea/RTp) (3.32)

dmp

dt
= −Appox

D0ψ

D0 + ψ
(3.33)

The surface area (Ap), partial pressure of oxidant species (pox) in the gas around
particles, di�usion rate coe�cient and the kinetic rate all contribute to the weight-
ing factor. The kinetic limited pre-exponential factor (C2) and the kinetic limited
activation energy (Ea) in Equations 3.32 and 3.33 were acquired from the lit-
erature [1, 55] and listed in Table 3.4 , whereas the mass di�usion-limited rate
constant (C1) was set at the value of 5× 10−12.

Table 3.4: Kinetic parameters of Ac [3], H220 [2], T300 and P500 [1].

Materials Ea [kJ/mol] A [s−1]

Ac 128.00 6.88 ×104

T300 97.30 1.15 ×106

P500 187.56 6.16 ×1012

H220 171.73 1.30 ×1013
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Chapter 3. Material and Methods

3.9 Life Cycle Assessment (LCA)

Life cycle assessment (LCA) is a standardized framework for assessing the en-
vironmental impacts of a product or process at every stage of its life cycle, from
manufacture to disposal. An LCA of a hypothetical but possible application of
hydrochar as a replacement or partial substitute of fossil coal in the EAF steel-
making process was performed within Paper D.
The environmental analysis was conducted using the LCA methodology according
to the ISO 14044 framework. Data were investigated through the use of the com-
mercial software SimaPro v9.4.0.2 and the processes were mainly taken from the
Ecoinvent database v3.8.

The proposed system (Figure 3.3 ) uses hydrochar instead of fossil-based car-
bonaceous material. The hydrochar- and anaerobic-digestion-based EAF route
(base scenario) consists of the following steps:

� The milling of biomass to obtain an adequate particle size;

� Hydrothermal carbonization, where the biomass and the moisture source are
converted into hydrochar, spent liquor, and gas;

� Anaerobic digestion of the spent liquor for bio-methane production;

� EAF steelmaking, where the steel scrap along with the carbon source (hy-
drochar) and �uxes are charged to the EAF to produce molten steel.

Figure 3.3: System boundary considered in the LCA study case.
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3.9. Life Cycle Assessment (LCA)

Since the HTC process produces by-products, i.e., spent liquor and syngas,
the system expansion approach was applied according to ISO 14044. Despite the
possibility of recovering valuable organic chemicals from the spent liquor, with
the absence of e�ective further treatment, no economic value would be provided
by such a complex mixture [56]. In the research work discussed in Paper D, the
spent liquor was chosen as a substrate for bio-methane production using the anaer-
obic digestion treatment. There are several studies in the literature on obtaining
bio-methane using an anaerobic treatment of the wastewater from the HTC of
oat husk [56], swine manure [57], sewage sludge [58], spent co�ee grounds [59],
agricultural and forestry waste [60], and olive pomace [61]. In the base scenario,
the bio-methane was evaluated to be used as fuel for burners inside the EAF as
a substitution for natural gas, thus the anaerobic digestion of the spent liquor
from HTC was included in the boundary system. Furthermore, it is well known
that CO2 is the dominant gaseous species produced during the HTC process for
biomass waste [62]. Hence, the gas phase discharged into the atmosphere from
the HTC process was assumed to be biogenic CO2 emission. The proposed system
was compared with the traditional EAF process (traditional scenario), where the
carbon source is provided directly from fossil-based carbonaceous material.
The methodology, which is described in detail in Section 5.2 , covers four main
phases: de�nition of the goal and scope of the system, life cycle inventory (LCI),
life cycle impact assessment (LCIA), and interpretation.
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Nomenclature

Abbreviation Yi predicted i-th response
VP Vine Pruning β0 intercept coe�cient
EGM Exhausted Grape Marc βi interaction coe�cient of linear terms
HTC Hydrothermal Carbonization βii interaction coe�cients of quadratic terms
MBT Mechanical Biological Treatment βij interaction coe�cients of second-order terms
MSW Municipal Solid Waste R2 coe�cient of determination
SOF Stabilized Organic Fraction R2

adj adjusted coe�cient of determination
LL Land�ll Leachate di individual desirability function
CF Concentrate Fraction D desirability function
Ac Anthracite coal Ti initial temperature (°C)
H220 biochar from HTC Tf �nal temperature (°C)
T300 biochar from torrefaction Tp peak temperature (°C)
P500 biochar from slow pyrolysis t time (s)
FC Fixed Carbon T absolute temperature (K)
VM Volatile Matter A pre-exponential factor (s−1)
HPLC High-Pressure Liquid Chromatography Ea activation energy (kJ/mol)
COD Chemical Oxygen Demand (mg/l) R gas constant (J/mol K)
BOD Biochemical Oxygen Demand (mg/l) f(α) reaction mechanism
TOC Total Organic Carbon (mg/l) α conversion degree
TN Total Nitrogen (mg/l) m0 initial weight sample
TPC Total Phenolic Content (mgGAE/l) mf �nal weight sample
HHV Higher Heating Value (MJ/kg) β heating rate (°C/min)
LHV Lower Heating Value (MJ/kg) a, b compensation parameters
MY Mass Yield (%) ∆H changes in enthalpy (kJ/mol)
DE Deashing E�ciency (%) ∆G changes in Gibbs free energy (kJ/mol)
HC Hydrodynamic Cavitation ∆S changes in entropy (J/mol K)
BBD Box-Behnken Design kB Boltzmann constant (J/K)
CCF-CD Central Composite Face-Centered Design ℏ Plank constant (J/s)
LOF Lack of Fit k turbolent kinetic energy
DF Degrees of Freedom ε turbolent dissipation rate
TG Thermogravimectric mp particle mass (kg)
DTG Di�erential Thermogravimetric cp particle speci�c heat capacity (J/kg K)
STK Starink method Ap particle surface area (m2)
OFW Ozawa-Flynn-Wall εp particle emissivity
KAS Kissinger-Akahira-Sunose T∞ continuous phase local temperature (K)
ECE Energy Compensation E�ect h convective heat transfer coe�cient (W/m2K)
BF blast furnace θR radiation temperature (K)
EAF electric arc furnace Qv heat transfer due to vaporisation
GHG greenhouse gas emissions mvol,0 initial mass of the volatiles in the fuel particle
CFD computational �uid dynamics A, B Magnussen constants
NS Navier-Stokes ν ′i,r stoichiometric coe�cient for reactant
RANS Reynolds-Averaged Navier-Stokes ν ′′i,r stoichiometric coe�cient product
DPM discrete phase model r reaction
EDM Eddy-Dissipation model Mw,i molecular weight
3D three-dimensional YR mass fraction of any product species
LCA Life Cycle Assesment YP mass fraction of any particular reactant
Symbol Ψ reaction kinetics
qv latent heat of vaporization of water (MJ/kg) D0 di�usion rate
w moisture content (%) pox partial pressure of oxidant species in the gas around particles
Mf mass of hydrochar (g) C1 di�usion-limited rate constant
M0 mass of the initial feedstock (g) C2 kinetic limited pre-exponential factor
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Chapter 4

Energy application

In recent years, there has been growing interest in the utilization of agricul-
tural residues and by-products for sustainable energy production and waste man-
agement. The research work provided in Paper A and Paper B made signi�cant
contributions in this �eld.
By linking the �ndings of Paper A with Paper B, a comprehensive understand-
ing of the HTC process and its subsequent hydrochar utilization can be achieved.
The optimization study in Paper A provides crucial insights into the most suitable
HTC process conditions to obtain high-quality hydrochar. Paper B then extends
the research by examining the pyrolysis and combustion kinetics of the hydrochar
produced under these optimized conditions. The kinetic study in Paper B helps in
assessing the thermal behavior and energy release characteristics of the hydrochar,
which is essential for its e�cient utilization in combustion or other energy conver-
sion processes.

The integration of these �ndings paves the way for the practical implementation
of HTC as a viable and sustainable waste management strategy for converting
biomass residues into valuable energy resources.

4.1 Optimization of HTC process of VP and EGM

� Paper A

Paper A, titled �Valorization of winery and distillery by-products by hydro-
thermal carbonization� [1] explores the HTC process as an e�cient method for
converting vine pruning and exhausted grape marc, by using vinasse as moisture
source, into valuable hydrochar, recovering all the winery and distillery waste. The
study investigates the optimal HTC process conditions, i.e. temperature, residence
time, and solid-to-liquid ratio, that maximize the mass yield (MY), energy densi-
�cation yield (EDY), phenols extraction yield (PEY), and the fuel ratio (FR), as
well as minimize the energy consumption.
The optimal conditions were determined as being 246.3°C, 1.6 hours, and a liquid-
to-solid ratio of 0.066. Under these conditions, the predicted values for PEY, EDY,
FR, and MY were 21.88 mgGAE/g, 1.21%, 0.60%, and 52.64%, respectively.
The �ndings of this study demonstrated a circular and environmentally sustainable
approach to waste management in the winemaking industry, o�ering numerous ad-
vantages from economic, environmental, and social perspectives.
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Chapter 4. Energy application

Economically, the proposed value chain presents opportunities for cost reduction
in the management of winemaking and viticulture wastes, while also enabling their
higher valorization in the energy and biochemical industries compared to the cur-
rent practices. This has the potential to create new revenue streams and enhance
the overall economic viability of the wine sector.
From an environmental standpoint, the implementation of this value chain has the
potential to recover all wastes generated throughout the wine value chain. This hol-
istic approach ensures that winemaking industries take responsibility for managing
aspects such as pollutant emissions, resource consumption, and energy consump-
tion. By minimizing waste and maximizing resource utilization, this approach
contributes to the preservation of the environment and reduces the industry's eco-
logical footprint.
Furthermore, the activation of this value chain has signi�cant social implications.
It can improve the quality of life and drive rural development by creating job
opportunities in waste management, energy production, and the utilization of by-
products. This not only ensures sustainable livelihoods but also fosters a sense
of community engagement and participation. Additionally, it encourages the local
population and authorities to prioritize environmental protection and the recovery
of viticulture by-products, promoting a culture of sustainability and responsible
waste management.

4.1.1 Experimental design and process parameters

The BBD experimental design included a total of 15 tests, with 3 replicates at
the central point. Temperature (A), residence time (B), and S:L ratio (C) were
assumed as independent variables, and reported in Table 4.1 with their coded
values. Besides, mass yield (MY), energy densi�cation yield (EDY), fuel ratio
(FR), phenols extraction yield (PEY), and energy input (EI) consumption as re-
sponse variables.
As previously mentioned in Section 3.3 , MY was calculated according to Equa-
tion (3.4), while EDY, FR, and PEY are calculated as follow:

EDY =
LHV h

LHV f

(4.1)

FR =
FC

VM
(4.2)

PEY [mgGAE/g] =
((TPC ∗ Vl)− (TPCw ∗ Vw))

MF
(4.3)

where:

� EDY was obtained by the ratio between lower heating value of hydrochar
(LHVh) and feedstock (LHVf );

� FR by dividing �xed carbon content of the sample by its volatile matter
content;

� PEY by considering the total phenols content (TPC) in the liquid fraction
(expressed as mg of gallic acid equivalents (mgGAE) per mL), the volume of
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the liquid fraction (Vl, expressed in mL), the total phenols content (TPCw)
in the feedwater (expressed as mg of gallic acid equivalents per mL), and the
volume of the feedwater (Vw, expressed in mL).

Table 4.1: Independent variables, range values, and coded levels in experimental
design.

Independent variables Symbols
Coded levels
�1 0 1

HTC temperature [°C] A 180 220 260
Residence time [h] B 1 4 7
S/L ratio C 0.05 0.15 0.25

Moreover, a simpli�ed calculation of the energy input for the thermal treat-
ments was also performed considering the energy required to heat water and bio-
mass in a closed batch system and the heat loss from the reactor.
The initial temperature in the reactor system was assumed to be 25 °C and heat
released and absorbed by chemical reactions was neglected because HTC reactions
are net exothermic based on external energy input to work at ideal temperatures
[2]. The energy input (EI) at di�erent operating conditions was calculated as
follows:

EI[kJ ] = [mwater ∗ (Hwater,HTC −Hwater,25)]

+ [mfeedstock ∗ cp,feedstock ∗ (THTC − 25)]

+

[
As ∗

k

s
∗ (THTC − 25) ∗ t

]
(4.4)

being mwater (kg) and mfeedstock (kg) the water and biomass weight of the mix-
ture, respectively, while Hwater,HTC and Hwater,25 the enthalpy of water at the HTC
temperature and at 25°C. Moreover, As is the surface area of the reactor (0.041
m2), k and s are the thermal conductivity of the insulation (0.042 W/mK) and
the thickness of the insulation (0.075 m) material.
The speci�c heat capacity of the biomass, cp,feedstock (J/kgK), was calculated
through Equation (4.5) by assuming a mean temperature between the HTC tem-
perature and 25 °C.

cp,feedstock = 2300− 1150 ∗ e−0.0055T (4.5)

Such a calculation does not account for water vaporization enthalpy because phase
change is avoided in the HTC process and for drying the produced hydrochar.

4.1.2 Results discussion

Elemental analysis of hydrochars

Table 4.2 shows the elemental composition of the hydrochar obtained under
di�erent HTC conditions. It can be noted that the carbon content signi�cantly
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increases with increasing carbonization temperature while residence time and solid-
to-liquid ratio do not have a prominent e�ect on the C content. In addition, the
HTC conditions have no statistically signi�cant e�ect on the hydrogen, nitrogen,
and sulfur content of the hydrochar. Similar results are obtained by Tag et al.
[3] during the hydrothermal carbonization of poultry litter, sun�ower stalks, and
algal biomass.
The increase in C content is mainly due to the degradation of organic constitu-
ents, hemicellulose and cellulose, and the deposition of dissolved compounds [4].
Furthermore, with the increase of the HTC temperature the dehydration and de-
carboxylation reactions of the coali�cation process are more intense, resulting in
the decrease of H/C and O/C atomic ratios and, thus, in the increase of LHV
and energy density of the hydrochar. In particular, the decomposition and crack-
ing of biomass lead to the reduction of oxygen content in the hydrochar which
is reduced by a maximum of 61.8% (for the sample 260-4-0.05) from the original
feedstock (40.32 wt%db, calculated as the mean value of O content of vine pruning
and EGM).
Furthermore, from the proximate analysis of hydrochars (Table 4.2 ) can be ob-
served that the reaction temperature has the main e�ect on the volatile matter and
�xed carbon contents. The increase in HTC temperature causes a reduction of the
volatile matter and an accumulation of �xed carbon, con�rming that dehydration,
decarboxylation as well as carbonization reactions occur during HTC treatment.

Table 4.2: Proximate analysis, ultimate analysis and heating value of hydrochars
from BBD experimental design.

Run order 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Temperature [°C] 260 220 220 220 180 220 220 260 180 260 260 220 220 180 180
Time [h] 1 1 4 4 4 7 4 4 7 7 4 7 1 4 1
S/L ratio 0.15 0.05 0.15 0.15 0.25 0.05 0.15 0.25 0.15 0.15 0.05 0.25 0.25 0.05 0.15

Ultimate analysis [wt%daf ]
C 66.61 55.11 60.3 59.12 50.24 60.96 59.55 69.01 53.5 69.18 65.65 60.53 55.03 51.97 49.25
H 6.6 7.58 6.32 6.44 7.02 7.53 6.38 6.82 7.27 6.66 7.75 7.29 6.46 7.6 6.53
N 2.15 2.13 1.81 1.87 2.07 2.75 1.83 2.28 2.13 2.32 3.06 2.45 1.53 2.18 1.47
S 0.31 0.11 0.19 0.14 0.23 0.21 0.2 0.12 0.21 0.19 0.22 0.12 0.04 0.09 0.15
O 20.56 31.32 26.99 28.91 36.21 23.61 28.65 18.11 33.54 17.3 16.88 25.82 33.43 34.96 39.36
H/C 1.19 1.65 1.26 1.31 1.68 1.48 1.29 1.19 1.63 1.15 1.42 1.45 1.41 1.75 1.59
O/C 0.23 0.43 0.34 0.37 0.54 0.29 0.36 0.2 0.47 0.19 0.19 0.32 0.46 0.5 0.6
Proximate analysis [wt%db]
VM 57.25 67.18 61.11 60.55 68.94 56.81 61.3 53.99 67.37 53.04 53.04 59.92 65.08 69.52 70.41
Ash 3.77 3.75 4.39 3.53 3.24 4.95 3.4 3.66 3.36 4.36 5.44 3.79 3.51 3.2 3.25
FC 38.98 29.08 34.5 35.93 27.63 38.25 35.31 42.36 29.28 42.39 41.52 36.3 31.42 27.29 26.45
LHV [MJ/kg,db] 23.36 19.88 21.16 21.17 18.21 22.44 21.34 23.73 20.05 24.84 24.47 21.71 19.87 18.95 18.03
Note: db: dry basis; daf: dry and ash-free bases

The Van Krevelen diagram (Figure 4.1 ) was used to analyze the coali�c-
ation degree of the produced hydrochar during the HTC process. In this plot,
the dashed lines represent the dehydration, decarboxylation, and demethanation
processes, and other H/C�O/C atomic ratios [5] are reported for other feedstock
(anthracite, lignite, sub-bituminous coal) in order to perform a comparison with
the hydrochar samples. It is clear that the predominant reaction pathways are
dehydration (production of water) and decarboxylation (formation of carbonyls
including carboxylic acids) while demathanation (production of methane) has a
negligible in�uence on the HTC process. When the coali�cation degree of the hy-
drochar is compared with other typical fossil fuels, it is observed that at higher
temperatures the hydrochar shows greater carbonaceous similarity with coal and
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lignite structure. In particular, lower atomic ratios of the hydrochars than the
raw materials demonstrate the enhancement of the fuel properties of hydrochars
because of the less smoke and water vapor released. The important upgrading
of the fuel quality of the hydrochars is also con�rmed by the LHV values which
increase with increasing HTC temperature. In particular, the maximum values
23.36�24.84 MJ/kg obtained at 260°C are comparable to that of bituminous coal,
demonstrating the e�ectiveness of the HTC treatment of the winery and distillery
by-products to produce coal substitutes.

Figure 4.1: Van Krevelen diagram for hydrochars under di�erent conditions.

Aqueous phase composition

HTC temperature, residence time, and S:L ratio have also an essential role
in the physical-chemical properties of the liquid fraction product as shown in
Table 4.3 . Also, in Figure A.1 of the Appendix (Section A.2 ) are reported
the main e�ects plots of the operating parameters on the spent liquor, indicating
the relative strength of the e�ects of various factors.
The hydrothermal carbonization treatment involves a decrease in the pH value of
the liquid phase at all conditions in the range of 3.69�4.49, mainly due to the pro-
duction of organic acids (acetic, lactic, propionic, levulinic, and formic acids) from
the thermal decomposition of hemicellulosic sugars [6]. As observed by Hoekman
et al. [7] for the HTC liquor from HTC treatment of di�erent woody and herb-
aceous biomass, the pH slightly decreases with increasing temperature. The same
trend is obtained for the S:L ratio, due to the dilution e�ect of the water content,
while the e�ect of residence time is not signi�cant.
The analysis of the total organic carbon in the aqueous phase highlights that HTC
treatment causes a signi�cant increase from 9.71 g/L of the vinasse to the range
of 12.05�22.93 g/L, with the highest value obtained at 260°C, 4h, and S:L ratio
of 0.25. No strong e�ect of HTC temperature is observed with an initial decrease
in TOC values up to about 220°C, followed by a gradual increase due to the de-
gradation of intermediates, such as organic acids compounds and sugars, to gas
products. On the other hand, the solid-to-liquid ratio has a strong impact on TOC
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yield, with a clear increase of TOC values with increasing S:L ratio. Also, carbon-
ization time plays a signi�cant role in the TOC content of the spent liquor. The
longer residence time gives slightly higher TOC results, demonstrating a higher
concentration of intermediates. The comparison of the obtained results for TOC
in spent liquor with Literature data is di�cult because, as reported by Mihajlovic
et al. [8], the trends of TOC values may di�er depending on the type of biomass
and operating conditions.
COD values show the same dependence of the TOC values on the HTC oper-
ating conditions. A linear relationship can be identi�ed with COD values being
much more than TOC, demonstrating the presence of inorganics in the spent li-
quor [9]. Moreover, the COD/TOC ratio shows high values, ranging from 1.91
to 2.72, indicating that the liquid phase at all HTC conditions contained a high
concentration of oxidizable organics (sugars, organic acids) [10]. It is also inter-
esting to note that the BOD/COD ratios are in the range of 0.37�0.54, suggesting
that the dissolved organics in the spent liquors are adequately biodegradable to
be treated and valorized by biological methods [11]. As regards the total nitrogen
content in the liquid phase, a negligible e�ect of the residence time is observed,
while the solid-to-liquid ratio and the temperature have a signi�cant impact. In
particular, it is interesting to analyze the e�ect of the HTC temperature; at the
�rst temperature range (180-230°C), the nitrogen yield in the spent liquor showed
a signi�cant decrease, while during the second temperature range (230-260°C), the
total N shows a slight increase, mostly due to the hydrothermal denitri�cation
reaction and more inorganic nitrogen is produced [12].

Table 4.3: Characterization of process waters at di�erent HTC conditions.

Run order 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Temperature [°C] 260 220 220 220 180 220 220 260 180 260 260 220 220 180 180
Time [h] 1 1 4 4 4 7 4 4 7 7 4 7 1 4 1
S/L ratio 0.15 0.05 0.15 0.15 0.25 0.05 0.15 0.25 0.15 0.15 0.05 0.25 0.25 0.05 0.15

pH 4.52 4.08 4.13 4.03 3.47 4.09 4.33 4.40 3.83 4.24 3.96 4.28 3.83 4.10 3.80
Total N [mg/l] 452.65 368.36 331.42 356.58 549.53 394.36 350.07 323.73 455.90 374.79 681.47 366.35 603.54 339.39 352.27
TOC [g/l] 12.72 12.06 13.89 14.01 20.82 16.91 13.56 13.42 17.51 15.12 24.06 23.69 21.66 12.63 12.71
COD [g/l] 24.99 28.43 27.38 30.18 47.98 28.00 29.54 32.97 38.57 32.46 50.78 56.02 52.75 29.28 27.72
BOD [g/l] 15.41 8.87 6.31 7.55 21.61 14.77 7.34 13.92 19.42 13.48 23.43 11.99 22.33 11.96 14.91
COD/TOC 1.96 2.36 1.97 2.15 2.30 1.66 2.18 2.46 2.20 2.15 2.11 2.36 2.44 2.32 2.18
BOD/COD 0.62 0.31 0.23 0.25 0.45 0.53 0.25 0.42 0.50 0.42 0.46 0.21 0.42 0.41 0.54

E�ects of HTC process parameters on mass yield

Table 4.4 lists the results of the 15 tests run, highlighting how the HTC
process parameters in�uence the chosen response variables.

HTC operating conditions had a signi�cant impact on the mass yield, dispersing
widely from 45.33% (260°C � 4h � 0.05 S/L) to 75.73% (180°C � 4h � 0.25 S/L),
which suggests that the hydrochar yield depended on the choice of hydrothermal
conditions. In Figure 4.2 are displayed the contour plots of MY, highlighting the
interaction e�ects of the independent variables.
A decrease in the hydrochar yield from 70.59% to 48.41% was observed with the
increase of the HTC temperature from 180°C to 260°C, keeping constant the other
variables. Hence, the temperature has a high in�uence on hydrochar yield. This
is in agreement with other studies available in the literature [13, 14], which show
that a temperature rise increases the decomposition of biomass, mostly due to
the degradation of cellulose and hemicellulose, and the potential for the release of
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volatile matters. Furthermore, the decomposition of biomass could be facilitated
at higher temperatures by decreasing the dielectric constant of water (i.e. by
increasing the reaction temperature), making the water behave similarly to a polar
organic solvent [15].

Table 4.4: Result values of response variables from BBD experimental design.

Run Temperature Time S:L ratio MY EDY FR PEY EI
[°C] [h] [%] [mgGAE/g] [kJ]

1 260 1 0.15 51.11 1.27 0.68 11.52 304.53
2 220 1 0.05 59.33 1.08 0.43 22.03 261.25
3 220 4 0.15 60.22 1.15 0.59 7.40 296.45
4 220 4 0.15 62.13 1.15 0.56 7.61 296.45
5 180 4 0.25 75.73 0.99 0.40 2.22 223.65
6 220 7 0.05 50.34 1.22 0.67 21.89 356.82
7 220 4 0.15 59.98 1.16 0.58 9.35 296.45
8 260 4 0.25 50.53 1.29 0.78 11.80 346.44
9 180 7 0.15 70.44 1.09 0.43 5.90 271.43
10 260 7 0.15 46.67 1.35 0.80 12.92 419.70
11 260 4 0.05 45.33 1.33 0.76 27.90 377.79
12 220 7 0.25 61.60 1.18 0.61 6.32 331.65
13 220 1 0.25 65.23 1.08 0.48 8.34 236.09
14 180 4 0.05 66.05 1.03 0.39 15.80 243.24
15 180 1 0.15 70.13 0.98 0.38 3.94 195.47

A negative correlation with the hydrochar yield was observed also for the res-
idence time, although the e�ect was milder than that produced by the HTC tem-
perature. This is probably ascribable to the slow heating rate which ensures suf-
�cient time for biomass decomposition and for the cross-reaction of intermediate
products, as also observed by Chen et al. [13]. Moreover, the further mass loss
during the residence time, which is to say after heating up to the desired reaction
temperature, may be related to the formation of lighter organic compounds and
permanent gases. An opposite trend was observed for the S:L ratio, whose growth
from 0.05 to 0.25 increases the mass yield from 55.26% to 63.27%, thanks to the
greater ability of the liquid phase to dissolve and maintain solubilized chemical
species deriving from biomass [16].
Based on the BBD results shown in Table 4.4 , the empirical relationship that
relates the response (mass yield) and selected variables was obtained, as described
by Equation (4.6).

MY [%] = 86.2− 0.071A+ 1.470B + 1.112C

− 0.0003A2 − 0.082B2 − 0.009C2

− 0.010AB − 0.003AC + 0.045BC (4.6)

The signi�cance and suitability of the quadratic model were evaluated by AN-
OVA at 95% con�dence (p < 0.05), and the results are shown in Table A.2
(Appendix Section A.2 ). It is interesting to note that only the linear terms were
found to be statistically signi�cant (p > 0.05) meaning that the hydrochar yield
depends more upon the individual change of the independent variables, rather than
their interactions.vAccording to these results, the model F-value of 47.61 indicates
that the model is statistically signi�cant. The adequacy of the model was further
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con�rmed by an adjusted determination coe�cient (R2) of 0.9677 and a lack of
�t (LOF) test of 2.62. The R2 obtained for the regression model is 0.9885, mean-
ing that the model explains 98.85% of the variation around the mean. However,
R2 is sensitive to the degree of freedom and, thus, adjusted R2 is more reliable
to be used for model evaluation, decreasing the number of insigni�cant terms in
the model when the model factors increase. Its value higher than 0.95 proves the
adequacy of the model. Furthermore, the good agreement between the predicted
R2 value of 0.8477 and the adjusted R2 value of 0.9677 (being within 0.2 of each
other) suggests that there is a linear relationship between the experimental and
calculated mass yield [17]. In addition, the lack of �t test was carried out to de-
termine the adequacy of the regression model in describing the observed data or
if signi�cant terms are excluded from the model. The lack-of-�t should be not
signi�cant (p-value > 0.05) for a suitable �tting of response surface models. The
�Lack of Fit F-value� of 2.62 implies there is a 28.9% chance that a �Lack of Fit
F-value� this large could occur due to noise.

(a) (b)

(c)

Figure 4.2: Contour plot of MY with interaction between (a) S:L ratio vs time,
(b) S:L ratio vs temperature, (c) time vs temperature.
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E�ects of process parameters on energy densi�cation yield

The observed EDY values (Table 4.4 ) higher than 1 indicated that the HTC
treatment improves the energy density of the hydrochar. An increased calori�c
value of hydrochar was observed at all tested conditions, except for the hydrochar
obtained at 180°C � 4h � 0.25 and 180°C � 1h � 0.05. Anyway, in these cases,
the EDY reduction is always below 2%, thus con�rming that good energy dens-
i�cation is obtained at most operating conditions. We also noted that EDY was
strongly a�ected by the processing variables, with experimental values ranging
from EDY=0.98, at 180°C � 1h � 0.05, to EDY=1.35, at 260°C � 7h � 0.15. Sim-
ilar energy densi�cation ratios are obtained for hydrochars produced from paper
mill sludge residue (EDY = 1�1.6 [3]) and spent co�ee grounds (EDY = 1.16�1.45
[11]). In contrast to the hydrochar yield trend, the energy densi�cation yield of
hydrochar grows by increasing the HTC temperature and the residence time.
The in�uence of the S:L ratio on EDY, shown in Figure 4.3 , was less signi�cant
with a slight EDY decrease detected at high and low S:L ratios for an HTC tem-
perature below 210 °C and only at high S:L ratios in the rest of the temperature
observation range.

(a) (b)

(c)

Figure 4.3: Contour plot of EDY (Energy Densi�cation Yield) with interaction
between (a) S:L ratio vs time, (b) S:L ratio vs temperature, (c) time vs temperature.

Similar e�ects of temperature and residence time upon energy densi�cation
yield were observed in literature with sun�ower stalk [18], miscanthus [8], and
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almond-tree pruning [19]. In fact, under severe conditions, the increase of EDY is
mainly due to the decarboxylation of biomass components that causes a reduction
of the oxygen content in the hydrochar [11].
The following equation represents the quadratic response surface regression model
generated by ANOVA:

EDY = 0.873− 0.002A+ 0.042B + 0.004C

+ 0.00001A2 − 0.0004B2 − 0.0001C2

− 0.00007AB − 0.000001AC − 0.0004BC (4.7)

Equation (4.7) allows to predict the EDY in terms of the actual factors. The F
and p values, summarised in Table A.2 (Appendix Section A.2 ), demonstrated
that the model is statistically signi�cant as well as the linear coe�cients (A, B,
C) and a quadratic term coe�cient (A2), and indicating a nonlinear relationship
between the hydrochar yield and the reaction temperature.
The high value of the regression coe�cient (0.9959) suggests that the model could
be accepted with satisfactory accuracy. The value of adjusted R2 (0.9885) con-
�rms that the model is highly signi�cant. In addition, high predicted R2 (0.9365)
indicates that the model could be used to predict response for a given set of in-
dependent variables. The �Lack of Fit F-value� of 16.72 implies the Lack of Fit is
not signi�cant relative to the pure error. There is a 5.70% chance that a �Lack of
Fit F-value� this large could occur due to noise.

E�ects of process parameters on fuel ratio

The fuel ratio was used to understand the combustibility of the solid fuel. High
values of the fuel ratio indicate a more stable combustion and a less violent �ame,
while low values suggest incomplete combustion with a higher smoke emission
tendency [20].
Figure 4.4 shows the e�ect of temperature, residence time, and S:L ratio on the
fuel ratio. The fuel ratio was in�uenced by the HTC temperature and the res-
idence time while the e�ect of the S:L ratio was negligible. The fuel ratio was
found to rise steeply with the temperature increasing from 0.40 to 0.76 (keeping
constant the other variables), obtaining a maximum increase of about 121% when
compared with raw feedstock. This result is mainly due to the rapid decrease of
volatile matter content at a higher temperature, which accelerates the deoxygen-
ation reaction of the biowaste. Similar trends and values have been observed for
other biomass in previous studies [3, 14, 21] while slightly di�erent values have
been obtained for the HTC process of the single winery and distillery by-products
using distilled water as process water. Petrovil et al. [22] obtained a fuel ratio of
0.41 from hydrothermal carbonization of grape pomace at 220 °C for 1 h, while
Duman et al. [23] reported that FR varied from 0.68 (at 220 °C for 120 min) to
1.91 (at 260 °C for 30 min) for vine pruning. The e�ect of the holding time on
the fuel ratio was less signi�cant than the e�ect of temperature. However, it can
be observed that the fuel ratio signi�cantly increases (from 0.49 to 0.58) when the
residence time rises from 1 h to 4 h, while, for a residence time up to 7 h, the fuel
ratio slightly increases only up to 0.63.
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The regression model for fuel ratio derived from ANOVA analysis is given below:

FR = −0.013− 0.0003A+ 0.028B + 0.004C

+ 0.000009A2 − 0.002B2 − 0.00009C2

+ 0.0001AB + 0.00001AC − 0.0009BC (4.8)

ANOVA results, presented in Table A.2 (Appendix Section A.2 ), show that
only the linear terms of reaction temperature and residence time of the regression
model are signi�cant. There is only a 0.1% chance that Model F-Value could occur
due to noise, which con�rms the validity of the predicted model. The lack of �t
F-value of 8.86 implies the lack of �t is not signi�cant, as there is a 10.3% chance
that the lack of �t F-value occurs due to noise. The closeness of R2 (0.9804) and
adj-R2 (0.9452) values shows also that there is a good relationship between the
experimental and predicted values.

(a) (b)

(c)

Figure 4.4: Contour plot of FR (Fuel Ratio) with interaction between (a) S:L
ratio vs time, (b) S:L ratio vs temperature, (c) time vs temperature.

E�ects of process parameters on phenols extraction yield

Vine pruning and EGM are composed of various non-volatile and volatile phen-
olic compounds that could be interesting to extract to be used in the pharmaceut-
ical, cosmetics, and food industries. In particular, the high amount of phenolic
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compounds in the grape pomace is due to their partial extraction during the wine-
making process. However, the TPC content is signi�cantly reduced in the ex-
hausted grape marc due to the thermal degradation of polyphenols during the
distillation process at high temperatures [24]. Figure 4.5 shows that PEY is
mostly in�uenced by S:L ratio and temperature while reaction time plays a neg-
ligible role in the polyphenols extraction. Atallah et al. [25] obtained the same
result during the hydrothermal carbonization of olive mill wastewater. The bio-
mass/water ratio had the main in�uence on the PEY, resulting in a steep reduction
of the PEY, with the increase of ratio from 0.05 (21.91 mgGAE/g) to 0.15 (8.38
mgGAE/g), followed by a more gradual decrease (7.17 mgGAE/g, with 0.25 S/L
ratio). On the other hand, HTC temperature had a more linear e�ect on the
EPY, causing an increase of the phenols extraction from 6.96 mgGAE/g to 16.04
mgGAE/g, when the temperature rose from 180°C to 260°C. This trend could be
explained by considering that phenolic compounds in biomass are both present in
a soluble form (free or conjugated to soluble carbohydrates by ester/ether bonds)
or in an insoluble form bound by ester/ether bonds to lignin [26]. Thus, a high
water content in the HTC process allows for ease of the solubilization of the free
polyphenols, and under high temperatures, it plays the role of reactant hydrolyz-
ing lignocellulosic structure. In fact, lignin starts to decompose at 200°C due to
the dissociation of β-O-4 linkages by hydrolysis to produce phenol, aldehyde, and
ketones, which are polar compounds di�using into the liquid phase [27]. To obtain
the maximum phenols extraction yield (27.78 mgGAE/g), time and temperature
should be kept at the maximum level while the solid-to-liquid ratio should be at
the minimum value. This result is interesting if compared with the most common
methods for recovery of polyphenols from grape pomace. Drevelegka and Goula
[27] obtained a maximum yield of 33.88 mgGAE/g by direct ultrasound-assisted
extraction, Da Porto and Natolino [28] found an optimum value of 24.14 mgGAE/g
dry pomace by employing the solid-liquid extraction technique, while, according
to Aliakbarian et al. [29] a yield of 31.69 mgGAE/g dry pomace was obtained by
subcritical water extraction.
The regression equation of the PEY response in terms of the actual variables is as
follows:

PEY [mgGAE/g] = 4.900 + 0.109A+ 0.240B − 2.185C

+ 0.00007A2 + 0.037B2 + 0.062C2

− 0.001AB − 0.002AC − 0.016BC (4.9)

The analysis of variance con�rmed the S:L ratio as having the most signi�cant
enhancement e�ect on phenols extraction given by its very large F value (436.116).
The analysis revealed that the linear terms A, and C are signi�cant model terms, as
well as the squared term C2. The statistical analysis of the response revealed that
the regression coe�cient (R2) was 0.9836, whereas the predicted R2 was 0.8898
and the adjusted R2 was 0.9541.
The probability of the F function for the model term was less than 0.05 which
con�rmed the signi�cance of the model, while the probability of the F function
for the lack of �t was greater than 0.05 which proved the non-signi�cance of error.
Furthermore, the lack of �t F-value of 2.91 showed that the lack of �t was not
signi�cant relative to pure error.
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(a) (b)

(c)

Figure 4.5: Contour plot of PEY (Phenols Extraction Yield) with interaction
between (a) S:L ratio vs time, (b) S:L ratio vs temperature, (c) time vs temperature.

Process optimization and validation

The optimal process conditions of the co-hydrothermal carbonization of winery
and and distillery by-products were determined through the desirability function
approach. The optimization process aimed at �nding the HTC temperature, resid-
ence time, and solid-to-liquid ratio that maximize the mass yield, energy densi�c-
ation yield, fuel ratio, and phenols extraction yield, as well as minimize the energy
consumption, simultaneously.

It must be mentioned that the heating of water accounted for the majority of
energy consumption during the HTC process, ranging from 57% to 91% of the
total energy input. This �nding con�rms the critical role of water in the HTC
treatment, while highlighting the energy-intensive nature of the heating process.

Figure A.2 (Appendix Section A.2 ) shows the RSM optimizer generated
results by the Minitab software. The low value of the maximum composite de-
sirability (D=0.50) demonstrated that it is di�cult to optimize all the response
variables simultaneously. The values of individual desirability indicate that the
optimum parameter settings are more e�ective for maximizing PEY, followed by
EDY, FR, EI, and MY. The best-optimized conditions were found to be 246.3°C,
1.6 h, and a liquid-to-solid ratio of 0.066, while the predicted PEY, EDY, FR, and
MY at these conditions were 21.88 mgGAE/g, 1.21%, 0.60%, and 52.64%, respect-
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ively.
Con�rmation tests were also conducted at the optimal conditions by running three
replicates to validate the accuracy of the predictive model. The results were
PEY = 21.01±0.34 mgGAE/g, EDY = 1.24±0.05, FR = 0.61±0.03, and MY =
50.77±0.43%. The results indicate that the developed models were in agreement
with experimental test results and can predict the responses within a 5% error.

Furthermore, to evaluate the in�uence of vinasse as the moisture source for
the HTC process of the winery and distillery by-products, an experimental test
at optimal conditions was carried out by using deionized water as the reaction
medium. Due to the increasing water scarcity, it is essential to �nd alternative
carbonization liquid sources. The experiments were conducted in triplicate and
the mean values of the response variables are shown in Table 4.5 .
It can be noted that hydrochar and spent liquor properties are substantially unaf-
fected by carbonization in the presence of vinasse, according to the results obtained
by Li et al. [30], using land�ll leachate and activated sludge as liquid sources. The
slight decrease in mass yield in the presence of vinasse, as compared to deionized
water, could be attributed to the reactive constituents in the vinasse, such as or-
ganics, causing greater dissolution and hydrolysis of the biomass [31]. Therefore,
the use of vinasse as a liquid source does not have any negative impacts on the
HTC process of winery and and distillery by-products.

Table 4.5: Physicochemical characterization of hydrochar and response variables
at the optimal HTC conditions, obtained using vinasse or deionized water as the
reaction media.

Vinasse Deionized water

Ultimate analysis [wt%daf ]
C 60.86 61.72
H 7.09 6.76
N 2.14 1.98
S 0.22 0.14
O 29.69 29.4
Proximate analysis [wt%db]
VM 59.21 59.4
Ash 3.58 3.33
FC 35.43 36.83
LHV [MJ/kg, db] 22.26 22.63
Response variables
MY [%] 52.64 53.83
EDY 1.21 1.23
FR 0.6 0.62
PEY [mgGAE/g] 21.88 22.06
Note: db: dry basis; daf: dry and ash-free bases
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4.2 Pyrolysis and combustion kinetic of hydrochar

� Paper B

Building upon the �ndings of Paper A, Paper B, titled �Hydrochar from wine-
making industry wastes as solid biofuel: A thermal and kinetic analysis of pyrolysis
and combustion�, delves deeper into the hydrochar, named HY from now on, pro-
duced at the identi�ed optimal HTC process conditions (246°C � 1h � 0.066 S/L).
This study, currently under review for publication, focuses on understanding the
pyrolysis and combustion kinetics of the hydrochar, which are crucial for evaluat-
ing its potential as a renewable energy source.
The kinetic parameters, i.e. activation energy (Ea), pre-exponential factor (A),
and reaction mechanism (f(α)), collectively known as `kinetic triplet', and thermo-
dynamic parameters, enthalpy (∆H), Gibbs free energy (∆G), and entropy (∆S)
were determined through thermogravimetric analysis and mathematical modeling.
Overall, this study aimed to gain a comprehensive understanding of the reaction
mechanisms, rates, and in�uential factors involved in biomass conversion. This
knowledge is essential for developing sustainable and e�cient biomass utilization
processes and advancing the �eld of biomass-based renewable energy.

The main outlines of this research work highlighted that even if HY exhibited a
lower activation energy compared to EGM and VP during both pyrolysis and com-
bustion, HTC has positive e�ects on the hydrochar's structure, which achieved a
more thermodynamically stable, structurally ordered, and energetically favorable
state. In detail, thermogravimetric analysis of pyrolysis and combustion high-
lighted that potentially co-HTC might reduce unstable biomass compounds, i.e.
hemicellulose and cellulose, while increasing those with higher bond energy such as
lignin. Also, modifying the resulting hydrochar's structure promotes its thermal
stability and might grant a less turbulent combustion process, expressed by the
reduced devolatilization and combustion index compared to the raw biomasses.
Interestingly, the hydrochar from co-HTC of VP and EGM exhibited reduced ac-
tivation energy for both pyrolysis and combustion processes. The di�usion-reaction
mechanism dominated the pyrolysis' �rst stage of HY and EGM, while the reaction
order model controlled both their second stage and that of the VP. Also, during
combustion, stages I and II of EGM and VP were regulated by the reaction order
model, however, HY by the di�usion model in the �rst stage and the geometrical
contraction model in the second stage. Lastly, the analysis of thermodynamic
parameters suggests that HY achieved a more stable thermodynamic state and
favorable energy characteristics through the co-HTC process.
These outcomes highlight the potential value of HY as a solid bioenergy fuel.

4.2.1 Results discussion

Data about ultimate analysis, proximate analysis, and Lower Heating Value
(LHV) of the raw biomasses (VP and EGM) and the hydrochar (HY) are reported
in Table 3.1 and 4.5 . Also, thermogravimetric and kinetic analyses are extens-
ively described in Sections 3.6 and 3.7 .
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Pyrolysis behavior

The thermal degradation pro�les of VP, EGM, and HY under a nitrogen atmo-
sphere at a 10°C/min heating rate are shown in Figure 4.6 . The TG and DTG
pro�les at 20, 30, and 40°C/min are displayed in the Appendix Section A.2
(Figure A.3 ) since no signi�cant di�erences were revealed.

Figure 4.6: Thermal degradation pro�les of HY, EGM, and VP under N2 atmo-
sphere with a heating rate of 10°C/min.

All the DTG (%/min) curves present the dehydration stage in which weakly
bonded water molecules are released between 50�150°C. Then, the devolatilization
and the decomposition of the major components of the biomass, i.e. hemicellulose,
cellulose, and lignin, occur [32]. After the dehydration stage, EGM exhibited two
main stages between 154�291°C (stage I), and 291�649°C (stage II). While stage
I corresponds to the decomposition of non-polar extractives and hemicellulose,
stage II comprises the degradation of cellulose and proteins (291�390°C), and the
plateau (shoulder) between 390�520°C the decomposition of lignin as well as char
formation and rearrangement [33, 34]. Instead, VP showed a single decomposition
stage (123�657°C) with three small plateaus at around 200�280°C due to the de-
polymerization and volatilization of hemicellulose [35], 280�400°C attributable to
the cellulose decomposition, and 400�490°C to lignin breakdown [36]. Compared
to the EGM, VP exhibited high mass loss, which might be due to the lower ash and
higher volatile content [1]. On the other hand, the area under the decomposition
curve of HY considerably decreased in comparison with VP and EGM. Through-
out the HTC process, water removes a portion of the loosely bonded amorphous
cellulose, hemicellulose, and lignin, along with other water-soluble extractives and
intermediate products [37]. As a result, the solid hydrochar is comprised of tightly
bonded cellulose, hemicellulose, and lignin formed through recondensation reac-
tions [38]. Consequently, the weight loss experienced by HY is lower compared
to the VP and EGM. Interestingly, the HY displays a lack of decomposition peak
within 280�360°C suggesting that hydrothermal treatment caused the degradation
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of cellulose besides hemicellulose, fats, and proteins [39]. While the second degrad-
ation stage between 310 and 728°C (stage II) could be associated mainly with the
degradation of lignin, the �rst one (stage I) between 114�310°C may be related to
the degradation of repolymerized products, which formed during the HTC process
[15, 40].

E�ect of heating rate on pyrolysis behavior

From the TG and DTG results reported in Figure 4.7 and Table 4.6 , it is
remarkable that the heating rate a�ects the conversion and product distribution
for each sample and results in an important parameter in possible commercial
applications in determining the type of reactor to be used [41, 42].
When the samples are heated at higher β a slight shift is observed and the peak
temperature of weight loss increases. This phenomenon, referred to as heat transfer
limitation, caused the observed thermal lag.

(a) (b)

(c)

Figure 4.7: TG and DTG pro�les of (a) HY, (b) EGM, and (c) VP under the
N2 atmosphere at each heating rate.
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As the heating rate increases, the temperature gradient between the interior
and exterior of the particles also increases. This leads to a lower degree of reaction
occurring inside the particles compared to the outside, requiring higher temper-
atures to decompose the material [43, 44]. In contrast, when lower heating rates
are employed, the particles experience a gradual and more e�cient heat trans-
fer towards the inner portions and among the particles [45, 46]. As a result, the
peak of the weight loss rate shifts towards lower values. Furthermore, by consid-
ering the temperature of initial (Ti) and �nal (Tf ) degradation, the pyrolysis of
HY took place over a broader temperature range, spanning from 181 to 657°C, in
comparison to VP, 186�565°C, and EGM, 181�571°C. Notably, the Tp signi�cantly
resulted higher for HY than raw biomass for each heating rate (Table 4.6 ), and
the residue rate, by considering β = 10°C/min as a reference, rose from 19% of VP
and 29% of EGM to 40% (Figure 4.7 ). These �ndings indicate that the feedstock
exhibited improved thermal stability after undergoing hydrothermal carbonization
[47].

Additionally, to assess the release performance of volatile components during
the pyrolysis process, the devolatilization index (Di) was determined according to
Equation (4.10) [48], where DTGmax is the maximum weight loss rate and ∆T1/2
is the temperature range when the value of DTG/DTGmax is 1/2. Achieving a
larger devolatilization index leads to higher yields of volatile products, making the
devolatilization process easier.

Di =
DTGmax

TiTp∆T1/2
(4.10)

From the results listed in Table 4.6 , the Di of VP resulted higher than those
of EGM for each heating rate. This could be related to the higher content of
hemicellulose and cellulose in VP which are more reactive and easier to devolatilize.

Table 4.6: Pyrolysis parameters of HY, EGM, and VP at each heating rate.

β Ti Tf Tp −DTGmax −DTGmean Di

[°C/min] [°C] [°C] [°C] [%/min] [%/min] [10−6%min−1C−3]

HY
10 213.54 476.66 367.27 2.33 2.61 0.12
20 200.80 542.01 381.16 4.56 4.62 0.25
30 189.13 597.54 387.69 7.75 6.22 0.52
40 180.70 657.33 393.52 10.55 7.40 1.58
EGM
10 236.87 466.60 272.06 3.74 3.18 0.50
20 223.57 516.13 319.87 7.24 5.54 0.78
30 217.42 545.15 343.14 10.86 7.55 1.11
40 181.48 570.60 342.94 14.98 8.88 2.46
VP
10 237.44 391.41 336.61 6.78 3.57 0.97
20 200.25 482.11 349.79 13.30 5.80 2.23
30 198.68 526.55 357.41 19.79 7.24 3.31
40 185.90 565.20 362.09 26.52 9.29 4.50
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Nevertheless, compared to its precursors, the devolatilization index of HY at
each β was considerably lower, indicating that HTC can increase the content of
more thermal stable compounds such as lignin while reducing volatile matter,
hemicellulose, extractives, and part of the cellulose. Thus, the HTC promotes the
thermal stability of the hydrochar [49, 50]. Furthermore, for all the materials Di
increased as the heating rate increased, indicating the devolatilization performance
was improved 13 times for HY, and 5 times for EGM and VP as β went up from
10 to 40°C/min.

Combustion behavior

The TG and DTG results of hydrochar and its biomass precursors under the air
environment are displayed in Figure 4.8 performed at a heating rate of 10°C/min.
The results for β equal to 20, 30, and 40°C/min are available in the Appendix
Section A.2 (Figure A.4 ) since no noteworthy di�erences were appreciated.

Overall, the mass loss curves for HY, EGM, and VP during combustion resulted
in similar trends although with signi�cant di�erences. The observed pro�les align
with the combustion patterns commonly observed for biomass fuels, mainly char-
acterized by dehydration, devolatilization, and char oxidation stages [51, 52]. For
all the samples, the initial mass loss between room temperature and around 130°C
was due to moisture evaporation. Following, the devolatilization stage (stage I) oc-
curred between 157�377°C and 156�377°C for EGM and VP, respectively. During
stage I, VP exhibited the highest weight loss of 9%/min in comparison to 6%/min
of EGM. This is mostly related to the release and combustion of volatile matter
and connected to the thermal degradation of hemicellulose and cellulose, higher in
VP than EGM. This agrees with the pyrolysis behavior previously discussed since
the higher volatile matter, cellulose, and hemicellulose content in VP vs EGM
produces higher reactivity in an oxidation atmosphere.

Figure 4.8: Thermal degradation pro�les of HY, EGM, and VP under air atmo-
sphere with a heating rate of 10°C/min.
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Then, the combustion of �xed carbon (stage II), related to the decomposition
of lignin, emerged between 377�708°C for EGM, and 377�650°C for VP [53]. Even
if the �xed carbon content of EGM was comparable to VP, the temperature peak
in this stage was more apparent and wider than VP, probably because of the
slightly higher lignin content in EGM (around 13 wt% more) that promotes the
thermal stability of the material. Co-HTC remarkably changed the combustion
behavior. For the HY, stage I (135�374°C) was particularly weakened, whereas
stage II (374�830°C), i. e. the char oxidation, leaned to be plentiful.
These results suggest that the HTC process is an e�ective thermal treatment aimed
at reducing volatiles compounds while increasing �xed carbon [54�56].

E�ect of heating rate on combustion behavior

Figure 4.9 presents the combustion TG-DTG pro�les of all samples at di�er-
ent heating rates, while Table 4.7 the combustion parameters. For each heating
rate, the raw biomasses presented relatively lower Ti compared to HY. The lower
content of thermally unstable VM, which releases the heat earlier and reduces the
ignition temperature, makes the HY safer during handling, storage, and trans-
portation operations [57]. The impact of increasing the heating rate was limited
to causing a shift of the TG and DTG pro�les to higher temperature ranges, while
having only a minor e�ect on their overall patterns, primarily due to the in�uence
of heat transfer limitations [58]. However, it is interesting to note that, for EGM
and HY, the slower heating rate (10°C/min) allows for better access of oxygen to
the char particles, facilitating the oxidation process and providing more time for
the reactions to take place. In this case, the slower heating rate promotes more
complete oxidation of the char, resulting in a higher mass loss rate during the char
oxidation stage.
On the other hand, increasing the heating rate can cause the volatiles to be rapidly
released before su�cient oxygen is available for their combustion. As a result, a
larger proportion of the mass loss occurs during the devolatilization stage, rather
than during the subsequent char oxidation stage [59]. After co-HTC, HY had
higher FC and lower ash and volatile contents compared to EGM and VP, res-
ulting in higher Tf . A higher burnout temperature indicates that the combustion
process has been more thorough and complete. It implies that a larger proportion
of the fuel has been combusted, resulting in improved combustion e�ciency. This
is desirable as it maximizes the utilization of the energy content and reduces slag-
ging and fouling tendency during combustion, leading to higher energy conversion
[60].

These �ndings were con�rmed by the combustion index (S) calculated according
to Equation (4.11) [61], where DTGmean is the average conversion rate between
ignition (Ti) and burnout temperatures (Tf ) [62]. The higher value of S represents
better combustion performance as the material is easier to ignite [63].

S =
DTGmaxDTGmean

T 2
i Tf

(4.11)
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(a) (b)

(c)

Figure 4.9: TG and DTG pro�les of (a) HY, (b) EGM, and (c) VP under air
atmosphere at each heating rate.

Overall, the combustion index of HY for each heating rate was lower than that
of EGM and VP. S at 10°C/min was respectively 3.07 × 10−7, 8.48 × 10−7, and
14.24 × 10−7%2min−2C−3. The di�erence in S between the co-hydrothermal car-
bonized hydrochar and the raw biomasses increased with the heating rate, reach-
ing respectively 18.15 × 10−7, 100.05 × 10−7, and 223.97 × 10−7%2min−2C−3 at
40°C/min for HY, EGM, and VP. HY showed a lower �ammability compared to
the original biomass material. The hydrothermal treatment may have induced
structural changes in the biomass, resulting in the formation of a more condensed
and stable carbonaceous structure in the hydrochar. Also, it was found that an
unstable �ame and large heat loss may result during the combustion of solid fuel
with high VM content [64, 65].
Hence, although EGM and VP exhibited higher S values, their combustion per-
formance may still be inadequate. In contrast, HY, characterized by lower VM
and high FC content, might grant a combustion process that is less turbulent and
features a more stable �ame.
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The decrease in the combustion index for HY can have both advantages and
disadvantages depending on the application. While it may reduce the risk of
uncontrolled combustion and self-heating, making it safer to handle, store, and
transport, it may also impact the energy density of the material in certain applic-
ations, such as energy production or biofuel utilization [66�68]. However, lower
combustion properties might be advantageous if used as a solid fuel or carbon
source in steelmaking processes, e.g. electric arc furnace (EAF), as a substitute
for fossil coal [69]. The reduced combustibility ensures the hydrochar may sus-
tain the required high temperatures in the furnace without burning too quickly or
uncontrollably. It provides a stable carbon feedstock for the metallurgic process,
contributing to e�cient and controlled heat generation and carbon dissolution [70].

Table 4.7: Combustion parameters of HY, EGM, and VP at each heating rate.

β Ti Tf Tp −DTGmax −DTGmean S
[°C/min] [°C] [°C] [°C] [%/min] [%/min] [10−7%2min−2C−3]

HY
10 274.65 573.60 446.62 4.29 3.10 3.07
20 237.41 665.76 324.40 6.06 4.47 7.22
30 222.49 782.80 313.24 7.97 5.17 10.64
40 216.36 799.68 337.77 10.31 6.59 18.15
EGM
10 227.20 519.65 436.23 7.48 3.04 8.48
20 220.00 618.42 299.28 14.67 4.56 22.34
30 215.32 629.77 305.36 21.43 6.51 47.82
40 171.79 655.36 312.07 25.43 7.61 100.05
VP
10 220.29 469.05 315.82 9.07 3.57 14.24
20 202.06 510.31 319.43 19.90 5.80 55.39
30 170.38 541.42 329.34 22.65 7.24 104.31
40 161.98 548.57 331.59 34.71 9.29 223.97

Activation energy

As previously discussed, the main pyrolysis and combustion region of both the
raw biomasses and the hydrochar exhibited distinct weight loss stages. Thus, to
evaluate the kinetic accurately, the kinetic triplets were obtained by stages.

Figure 4.10 and 4.11 present the changes in the apparent activation ener-
gies at each conversion degree obtained with the STK method during pyrolysis
and combustion, respectively. No signi�cant di�erences in Ea values between the
iso-conversional methods were appreciated. The numerical results from the STK,
OFW, and KAS methods, regarding both atmospheres, were reported in the Ap-
pendix Section A.2 (Table A.3 to A.8 ).
According to Table A.3 to A.8 , the coe�cient of determination (R2) was above
0.9 for all the samples indicating that the apparent activation energy obtained
for α between 0.1�0.9 had a high degree of consistency. Also, the �tting results
based on the iso-conversional methods from the pyrolysis and combustion tests
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are reported in Appendix Section A.2 and displayed in Figure A.5 and A.6 ,
respectively.

As shown in Figure 4.10 , in the full pyrolysis decomposition stage of VP and
the �rst stage of HY and EGM, the apparent activation energy did not change
signi�cantly with α, mainly because of the rapid degradation of weakly bonded
amorphous cellulose and hemicellulose. In the second stage, as α increased, the
activation energy of HY and EGM gradually rose until reaching a certain limit
and then decreased.

Once the weak bonds were degraded, the degradation of all-crystalline cellulose
began, with lignin contributing to a further increase in activation energy [71]. The
higher lignin content than cellulose in HY and EGM samples indicates that the
pyrolysis process was primarily controlled by lignin and its intermediate products
during the second decomposition stage. However, as the temperature increased
beyond 300°C, the degradation of lignin led to the formation of stable higher mo-
lecular mass reaction products through self-condensation reactions [38]. These
reaction products had higher activation energy and were not easily decomposed
under moderate temperatures. Nevertheless, they gradually decomposed within
the temperature range of 680°C to 845°C. Furthermore, regarding the average ac-
tivation energy values, HY exhibited a lower value (82 kJ/mol) compared with
EGM (171 kJ/mol) and VP (156 kJ/mol), in the �rst stage of pyrolysis. In the
second stage, Ea of HY increased up to 160 kJ/mol, remaining lower than EGM
(197 kJ/mol) and slightly higher than VP. This was related with the HTC process
that alters the structure of the hydrochar by degrading hemicellulose and cellulose,
which makes the HY require less energy during the �rst stage of pyrolysis while
increasing lignin content that provides thermal stability and present higher bond
energy [72, 73]. The pyrolysis results are in good agreement with previous studies
[35, 59, 74, 75].
During combustion (Figure 4.11 ), Ea slightly increased with α between 0.1�0.2
for all the samples because of the volatiles release and their combustion [76], then
began to decrease as it continued into the second stage because the active char
reacts continuously with the available oxygen and undergoes thermal cracking to
form lower compounds [77]. During both the �rst and second stage of combus-
tion, the average activation energy value of HY (116 and 47 kJ/mol respectively)
remained lower than EGM (158 kJ/mol and 114 kJ/mol) and VP (149 kJ/mol
and 103 kJ/mol). This remark highlighted that HY has a greater porous struc-
ture and higher surface area, which contribute to the surface combustion reactions
[54, 72, 76].

Pre-exponential factor

The energy compensation e�ect method was used to estimate the values of A.
Table A.9 and A.10 list the values of A during pyrolysis and combustion at
each conversion rate calculated according to Equation (3.16), where the values
of the activation energy used came from the STK method since no signi�cative
variations of Ea values were highlighted between the iso-conversional methods.
The corresponding plots are given in Figure A.7 and A.8 , reported in Appendix
Section A.2 . The high coe�cients of determination (R2 > 0.99) demonstrate
the applicability of ECE, which is the linear correlation between Ea,i, and ln[Ai].
During the �rst stage of pyrolysis, the pre-exponential values of EGM ranged in
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(a) (b)

(c) (d)

(e)

Figure 4.10: Trend of apparent activation energy of HY a�b, EGM c�d, and VP
e, during pyrolysis obtained by STK method.

the order of 1013 to 1016 s−1 with the highest value at α = 0.5, while those of VP
remained constant at 1012 s−1 with α between 0.1 and 0.7 then decreasing up to
106 s−1 at α = 0.9. Instead, the overall values of HY were lower than those of EGM
and VP, remaining prettily constant with α in the order of 105�106 s−1. However,
a slight variance of A with α was revealed in the second stage for EGM and HY,
indicating more complex chemical reactions. The pre-exponential factors of EGM
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(a) (b)

(c) (d)

(e) (f)

Figure 4.11: Trend of apparent activation energy of HY a�b, EGM c�d, and VP
e�f, during combustion obtained by STK method.

and HY increased from an order of 1013 and 107 s−1 up to 1018 and 1013 s−1 at
a conversion rate of 0.8 and 0.6, respectively, then decreased to 1014 and 106 s−1

at α = 0.9. A higher pre-exponential value implicates an increased frequency of
molecular collisions, thereby necessitating a greater amount of heat transfer [78].
Furthermore, while values of A less than 109 s−1 typically indicate poor reactivity
related mainly to surface reactions, or tight complex if not dependant on the surface
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area, A values greater than 109 s−1 represent simple complex inbound reactions,
which demand larger activation energies [79, 80].
During the �rst stage of combustion, the pre-exponential values of EGM and VP
were higher than 109 s−1, with a slight decrement trend in the order of 1011�1013

and 109�1012, respectively. Instead, HY showed a small increase of A from 109

to 1011 s−1 between α = 0.1 and 0.2, then decreased up to 104 s−1 at α = 0.9.
In the second stage, all the samples provided a pre-exponential value ≤ 109 s−1,
decreasing from 101 and 10−1 s−1, from 109 to 101 s−1, and from 107 to 103 s−1,
respectively for HY, EGM, and VP. Generally, A values below 104s−1, are primarily
associated with the combustion of porous carbon characterized by a lower Ea value
[81]. These �ndings suggest that a broad range of pre-exponential values implies
a more complex composition of the sample, requiring multiple energy levels at
di�erent conversion degrees during the combustion process [72, 78].

Reaction mechanism

The kinetic mechanism function was determined by using the master-plot
method based on the activation energy from the STK method. According to
Equation (3.19), the best �t between the experimental and theoretical curves of
the master plot revealed the most appropriate reaction model. The results are
reported in Appendix Section A.2 and displayed in Figure A.9 and A.10 .
Di�erent reaction mechanisms were identi�ed for each step of pyrolysis and com-
bustion of HY, EGM, and VP. During the �rst stage of pyrolysis, HY and EGM
are dominated by the one-dimensional di�usion-reaction mechanism (D1), migrat-
ing respectively to the reaction order model F4 and F6 in the second stage. This
was mostly ascribed to the ongoing release of volatiles and the creation of more
porous structures, which improved the di�usion mechanism [82]. Instead, VP
was characterized by reaction order model F3, thus was assumed that the rate
of reaction was mainly proportional to the concentration of the reactants. Also,
during the �rst and second stages of combustion of EGM and VP the experi-
mental master plot revealed the best �t with the theoretical curves of the reaction
order model F3�F1 and F2�F1, respectively. However, HY was best described
with the two-dimensional di�usion mechanism (D2) in the �rst stage, approaching
the second-order geometrical contraction model (R2) in the second stage. This
behavior suggests that after volatile release, combustion processes began at the
outside of the char particles and moved inside toward the central core. This model
assumed that the reaction rate was controlled by the decomposition occurring on
the surface, thus resulting in the contraction of area [80, 83].
Combining the reaction model with Equation (3.11), the kinetic equations de-
scribing the pyrolysis and combustion of HY, EGM, and VP can be obtained, as
reported in Table 4.8 and 4.9 .
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Table 4.8: Pyrolysis rate equations of HY, EGM, and VP at 10°C/min.

Sample Reaction rate equation Stage [°C]

HY
dα

dt
= 1.97× 106e−(82.19/RT)0.5α 114�310

dα

dt
= 9.68× 1012e−(160.19/RT) (1− α)4 310�728

EGM
dα

dt
= 2.53× 1015e−(170.93/RT)0.5α 154�291

dα

dt
= 2.07× 1017e−(197.50/RT) (1− α)6 291�649

VP
dα

dt
= 2.30× 1012e−(155.66/RT) (1− α)3 123�657

Table 4.9: Combustion rate equations of HY, EGM, and VP at 10°C/min.

Sample Reaction rate equation Stage [°C]

HY
dα

dt
= 8.28× 1010e−(115.92/RT) [−ln (1− α)]−1 135�374

dα

dt
= 12.41 e−(47.08/RT)2 (1− α)1/2 374�830

EGM
dα

dt
= 1.33× 1013e−(158.61/RT) (1− α)3 157�377

dα

dt
= 2.59× 109e−(114.02/RT) (1− α) 377�708

VP
dα

dt
= 6.92× 1011e−(149.27/RT) (1− α)2 156�377

dα

dt
= 6.73× 106e−(103.51/RT) (1− α) 377�650

Thermodynamic parameters

By replacing the corresponding value of Ea obtained from the STK method
(Table A.3 and A.6 ) in the Equations (3.20) to (3.22), the value of Gibbs
free energy, ∆G, change of enthalpy, ∆H, and change of entropy, ∆S, were ob-
tained. The corresponding values at each conversion degree for both the pyrolysis
and combustion are listed in Table A.11 and A.12 reported in Appendix (Sec-
tion A.2 ).
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Chapter 4. Energy application

Enthalpy is the total energy consumed by biomass samples during pyrolysis or
combustion reactions predicting the bond strength [54]. The results demonstrate
a similar shifting pattern between the change of ∆H and Ea for all the samples dur-
ing both pyrolysis and combustion. Moreover, the positive values of ∆H revealed
that pyrolysis and combustion of HY, EGM, and VP were based on endothermic
reactions, meaning that molecules absorbed heat energy to break and establish
new chemical bonds [84]. Also, the average di�erence between Ea and ∆H, for
each material and in both the case of pyrolysis and combustion, was less than 6
kJ/mol, meaning that HY, EGM, and VP are prone to reaction since the potential
energy barrier is low [78].
The Gibbs free energy provides information about the spontaneity and direction of
reactions in both pyrolysis and combustion processes. Higher values of ∆G imply
lower favorability of the reactions [54]. Overall, EGM and VP HY showed a larger
average value of ∆G compared with HY in both the case of pyrolysis and com-
bustion, showing that the reactions of HY's precursors require an input of more
energy.
The ∆S value re�ects the degree of disorder in a system. The higher ∆S, the less
the system is near to its own thermodynamic equilibrium, demonstrating more
reactivity [58]. The lower value of ∆S for HY indicates that the hydrochar is more
structurally ordered compared to the original biomasses. This could be the res-
ult of the removal of volatile components and the restructuring of carbonaceous
materials after HTC, leading to a more stable and structured product. Further-
more, only EGM revealed positive values of entropy under a nitrogen atmosphere,
demonstrating high reactivity and a shorter reaction time for the formation of the
activated complex through the release of volatiles and molecular rearrangement
[36, 78].

Considering all available data, including kinetic and thermodynamic charac-
teristics, as well as combustion and pyrolysis indexes, might be inferred that the
hydrochar achieved a more thermodynamically stable, structurally ordered, and
energetically favorable state through the co-HTC process, thus resulting in a po-
tentially valuable product.

4.3 Pyrolysis kinetic of biomass and plastics mix-

ture

During the course of my PhD, I had the opportunity to spend three months as a
Visiting PhD Fellow at the prestigious Universidad de Córdoba, Spain. Through-
out this time, I worked at the Department of Physical Chemistry and Applied
Thermodynamics, focusing on the signi�cant research area of biomass waste val-
orization into value-added products. Speci�cally, my contribution centered on the
development of kinetic analysis for the co-pyrolysis of olive pomace and thermo-
plastic waste, utilizing thermogravimetric analysis as the primary investigative
technique. This collaboration allowed me to delve deep into the intricacies of
biomass conversion, uncovering valuable insights that will undoubtedly contrib-
ute to the advancement of sustainable and e�cient waste management strategies.
Based on this work, there is a forthcoming publication entitled �Kinetic and ther-
modynamic behavior of co-pyrolysis of olive pomace and thermoplastic waste via
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thermogravimetric analysis�.
Brie�y, kinetic and thermodynamic parameters, as well as the reaction mechan-

ism during the co-pyrolysis of olive pomace (OP) biomass and several waste plastic
materials (WPMs) were investigated by thermogravimetric (TG) and di�erential
thermogravimetric (DTG) techniques. Among WPMs, polypropylene (PP), poly-
styrene (PS), high-density polypropylene (HDPE), polyvinyl chloride (PVC) and
polyethylene terephthalate glycol (PETG) were selected. Non-isothermal TG ex-
periments were carried out under inert conditions at four heating rates (5, 10,
20, and 40 °C/min) testing both the raw biomass and the waste plastic materials
singularly, and their blends (1:1 ratio).
The main results demonstrated that co-pyrolysis of PWMs with OP is an excel-
lent alternative to individual material pyrolysis. The addition of olive pomace to
plastic waste materials decreased the activation energy in a range from 50-25% for
all the blends except for PVC/OP. Nevertheless, the complexity of the reactions
that occur during the co-pyrolysis of biomass and plastic materials makes the re-
action mechanism not straightforwardly de�ned.
The synergistic analysis showed that PETG-OP and PVC-OP were the blends with
a positive synergistic e�ect during co-pyrolysis meaning accelerated degradation
of the mixtures. However, the thermodynamic parameters showed the feasibil-
ity, spontaneity, and constant formation of stable products in the co-pyrolysis of
WPMs with OP.

Overall, this research presents a viable solution to reduce the enormous volumes
of WPMs and, at the same time, generate new value-added products. Further,
experiments in a pyrolysis reactor for a comprehensive analysis would allow a better
understanding of the process, to ensure optimal implementation in the reactor and
progress towards its commercialization.
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Nomenclature

Abbreviation Symbol
VP Vine Pruning mwater water weight of the mixture (kg)
EGM Exhausted Grape Marc mfeedstock biomass weight of the mixture (kg)
HTC Hydrothermal Carbonization Hwater,HTC enthalpy of water at the HTC temperature
MY Mass Yield (%) Hwater,25 enthalpy of water at 25°C
EDY Energy Densi�cation Yield As Surface area of the HTC reactor (m2

PEY Phenols Extraction Yield (mgGAE/g) k thermal conductivity of the insulation (W/mK)
FR Fuel Ratio s thickness of the insulation (m)
BBD Box-Behnken Design cp,feedstock heat capacity of the biomass (J/kgK)
EI Enegy Input (kJ) Ea activation energy (kJ/mol)
GAE Gallic Acid Equivalents A pre-exponential factor (s−1)
TPC Total Phenolic Content ∆H changes in enthalpy (kJ/mol)
TG Thermogravimectric ∆G changes in Gibbs free energy (kJ/mol)
DTG Di�erential Thermogravimetric ∆S changes in entropy (J/mol K)
STK Starink method β heating rate (°C/min)
OFW Ozawa-Flynn-Wall Di devolatilization index (%min−1C−33)
KAS Kissinger-Akahira-Sunose DTGmax maximum weight loss rate
OP Olive Pomace Ti initial temperature (°C)
WPMs Waste Plastic Materials Tf �nal temperature (°C)
PP Polypropylene Tp peak temperature (°C)
PS Polystyrene S combustion index (%2min−2C−33)
HDPE High-Density Polypropylene α conversion degree
PVC Polyvinyl Chloride
PETG Polyethylene Terephthalate Glycol
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Chapter 5

Industrial application

Replacing the use of fossil fuels with biogenic materials in the industrial sector
is one of the main challenges that researchers are facing nowadays. Biochars, which
are coal-like carbon-rich materials obtained from the thermochemical conversion
of biomass, have gained signi�cant attention due to their potential to reduce CO2

emissions and enhance the sustainability of industrial processes. As previously
mentioned in Subsection 2.3.2 , the steelmaking industry is one of the branches
of the industrial sector which largely contributes to the global CO2 emissions.
Even if there is a shift from the high energy and CO2-intensive dominant BF-BOF
production route towards the scrap-based EAF steelmaking, the decarbonization
pathway remains a

Thus, Paper C and Paper D want to provide a boost to the research on the
possible (and reasonable) use of biochars in the EAF steelmaking processes.
Overall, the integration of computational �uid dynamics simulations (Paper C)
and life cycle analysis (Paper D) provides a powerful framework for understanding
and optimizing the application of biochars in the industrial sector, facilitating
sustainable practices, and reducing the environmental impact of steel production.

5.1 CFD analysis of biochars in electric arc furnace

steelmaking process � Paper C

Computational �uid dynamics (CFD) is a powerful tool that plays a crucial role
in understanding and optimizing the application of biochar derived from biomass
in the steelmaking industry.

Within Paper C, titled �Computational �uid dynamics analysis of biochar com-
bustion in a simulated ironmaking electric arc furnace� [1], a three-dimensional
CFD model for biochar combustion and electrode radiation inside an EAF was
developed by assuming particle surface and gas-phase reactions to predict injected
biochar particles combustion. The use of biochar from torrefaction (T300), slow
pyrolysis (P500), and hydrothermal carbonization (H220) of biomass as a substi-
tute for fossil coal in EAF was investigated.
One among the important targets was to research the combustion phenomenon of
injected biochar particles, electric arc radiation, temperature distribution, and the
in�uence of intermediate gas release. The accuracy of simulations and the com-
bustion e�ciency of T300, P500, and H220 as an alternative to anthracite (Ac)
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were analyzed and veri�ed.
Overall, the CFD model o�ered extensive information on the spatial distribution
of the jet velocity, temperature pro�le, reaction heat release, and distributions of
combustion species.
The main �ndings emphasized that for all biochars the high-temperature di�er-
ence inside the furnace revealed the rapid and strong exothermicity of the com-
bustion reactions. The higher volatile matter and the lower �xed carbon content
of T300, P500, and H220 than anthracite caused the reactions to be fast, and the
exothermic heat released was more concentrated. The results showed that T300
and H220 behaved more as burners, producing a sharper heat release than P500.
Also, extensive gas generation of CO was observed from biochars while anthracite
showed slightly lower levels of gas generation. P500 provided a slower rate of gas
generation than T300 and H220, making it easier for the slag to trap gases and
generate sustained levels of slag foaming.
Even if the combustion behavior of the biochars was quite di�erent from that of
anthracite coal and far from their application in EAF steelmaking processes, P500
would seem more prone to be employed as a slag foaming promoter than T300
and H220. To enhance the biochar combustion properties for EAF applications
e.g., by reducing volatiles, increasing �xed carbon, or reducing the porosity, it
might be useful to operate on the pretreatment process parameters, such as re-
action temperature, residence time, heating rate, particle size, etc. In this sense,
the combustion behavior of pyrolyzed cottonwood (W400) with higher FC content
and lower VM and ash content was also modeled. As expected, the results showed
that W400 exhibited less CO generation, thus a higher concentration of C might
be available for iron oxide reduction. Consequently, W400 could be a more suit-
able candidate for iron carburization instead of a foaming agent promoter. Carbon
sources for EAF steelmaking are mainly employed as a fuel, to provide heat, as a
slag foaming agent, which protects the equipment by covering the arcs with elec-
tricity conservation, and as an iron carburizer, to modify the carbon content in the
steel. This research aimed to highlight the potential advantages of using biomass
in EAF steelmaking. By undergoing biomass to thermal pretreatments, e.g., tor-
refaction, pyrolysis, and hydrothermal carbonization, it is possible to enhance its
chemical-physical characteristics to be used for a speci�c purpose. The faster heat
release of very reactive biochars promotes the rising of higher temperatures inside
the EAF. This might reduce the energy demand from the electrodes and electrical
consumption. Biochar that generates reducing gases at higher temperatures might
be suitable as a reducing agent and foaming slag promoter. Moreover, biochar with
higher �xed carbon and lower ash and volatile matter would be more prone to be
used as an iron carburizer. However, it may be essential to test the mixing of coal
and biochar to produce both a rise in temperatures, a decrease in electrical load,
and, as a result, an increase in the carbon injected into the foamy slag. The use
of pretreated biomass via torrefaction, pyrolysis, and hydrothermal carbonization
instead of fossil coal (anthracite) in the EAF steelmaking process does not a�ect
the typical metallurgy of the EAF process and can help steelmakers to operate in
an expected carbon-neutral production scenario.
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5.1.1 Computational domain

Geometry

The common EAF geometry parameters were determined based on the literat-
ure [2, 3] and reported in Table 5.1 . The 3D domain is displayed in Figure 5.1 .
The injectors, as shown in Figure 5.1 , were used to insert biochar particles and
O2 into the furnace. Instead of modeling the total melt volume, the bottom surface
of the computational domain was adopted as a slag surface to simplify the model
and reduce the computational e�ort. The inner surfaces of the furnace walls, as
well as the top and sidewalls of the chimney, form part of the computational do-
main borders. The exhaust surface of the EAF allows combustion products and
other unburned gases to depart the computational domain. The electric arc and
radiated energy are generated by the bottom surfaces of three electrodes with
constant heat �ux.

Table 5.1: Common electric arc furnace geometry parameters

Parameter Value

Internal height [mm] 3505.25
Internal furnace radius [mm] 3600
Internal slag surface radius [mm] 3080
Electrode radius [mm] 305
Coal injector diameter [mm] 25.4
Oxygen injector diameter inner e outer [mm] 68.14�45.4
Injector angle 45° downwards
Oxygen �ow rate [kg/s/injector] 1.2955
Coal �ow rate [kg/s/injector] 0.333

Figure 5.1: 3D geometry of the electric arc furnace, and injector detail.
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Computational mesh

The quality of the mesh has a considerable impact on the accuracy and sta-
bility of the numerical calculation, as well as the outcomes of the analysis. The
quality and amount of the mesh elements or grids a�ect the computational time,
convergence, and accuracy of the solution. Small computational regions in the
model were created using tetrahedral mesh structures.

To capture surface interactions and guarantee computational stability, su�cient
grid re�nement at the electrode and injector surfaces is required. The �nal mesh
structure of the EAF domain included 225726 cells, with an orthogonal quality of
0.756 and skewness of 0.24. Skewness and orthogonal quality are crucial factors for
mesh quality tests. To avoid the solution readily diverging, the maximum skewness
should be less than 0.98 [4]. Skewness and orthogonal quality values vary from 0
to 1, with zero being the best and one being the worst. The lower the number
for orthogonal quality, which runs from 0 to 1, the poorer the mesh quality. The
simpli�ed geometry allowed the generation of a mesh with very good quality.

Boundary conditions

The standard wall function was applied to each wall boundary. Given the
water-cooling operation, the static temperature applied to the furnace wall was
393 K [2, 5]. 873 K and 773 K static temperatures were applied for the lower and
the upper bath walls, respectively [3]. For modeling 100 MW electricity, a heat
�ux of 1.15b×8108W/m2 was applied at the bottom surface of each electrode. The
surface temperature resulted from the thermal conditions (conduction, convection,
radiation). Convection to the outside ambient and conduction on the melt layer
were incorporated in the model including convection and conduction heat transfer
equations at the slag surface boundary to achieve more realistic thermal boundary
conditions.
The convection heat transfer coe�cient was 30 W/m2K, while the thermal con-
ductivity was 0.5 W/mK. The e�ective radiation was computed as a function of
the electrode surfaces' emissivity, irradiation, and radiation energy, as well as the
upper and lower bath surfaces, slag surface, and furnace wall. The radiating sur-
faces operate as a black body (ε=1) and are transparent with regard to absorption
of radiation. The other de�ned walls were considered as grey bodies. The slag
surface had an internal emissivity of 0.7, while the lower and upper bath walls
and the granite electrode walls had an internal emissivity of 0.85 [3]. As shown in
Figure 5.1 , the outer tube of the injector feeds the oxygen-enriched air, which
was speci�ed as a velocity inlet boundary condition with a constant velocity of 480
m/s. The initial temperature of the air was set to 1500 K to activate the combus-
tion reactions. The inner tube of the injectors was de�ned as an injection model
that feeds the coal particles. The velocity and temperature of the coal particles
were set to 0.76 m/s and 300 K, respectively.

5.1.2 Results and discussion

The model aimed to study and compare the performance of the di�erent pre-
treated biomass (T300, P500, and H220) with the anthracite coal in the electric
arc furnace. The air and fuel injection was simulated considering their release from
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the three injectors. In this study, the possible interaction between injections was
not considered since the results showed no signi�cant di�erences among them.

Velocity and temperature pro�le

Figure 5.2 shows the velocity pro�les on a plane intersecting the center of
injector 1 for H220. Because the contours do not provide signi�cant di�erences, the
velocity pro�les for the other materials (Ac, P500, and T300) were reported in the
Appendix Section A.3 (Figure A.11 ). Velocity data plotted in Figure 5.2b
was obtained from a straight line, corresponding to the axis of the lance, from the
slag surface to the injector. Values record a maximum peak of 228.6, 205.2, 208.3,
and 210.0 m/s, respectively at a distance from the slag of 2.12 m for anthracite,
T300, P500, and H220. The speed of the jet decreased as it expanded and mixed
with the coal particles and gases. The velocity gradients were increased to greater
volumes due to swirls and high-temperature combustion e�ects. Jet reached the
melt surface at about 42.9, 42.2, 43.6, and 43.2 m/s respectively for anthracite,
T300, P500, and H220. It was evident that the velocity pro�le was approximately
the same for each material. This was due to the same inlet conditions and the
same particle size that did not give any further contribution. Furthermore, the
fastest velocity particles occurred in the middle zone just out of the injector and
the lowest at the devolatilization zone. This was reasonable, as the middle area
just out of the injector had a higher particle conversion through the combustion
leading to a higher velocity.

(a) (b)

Figure 5.2: Velocity magnitude (a) and velocity distribution pro�le vs distance
(b) for H220.

As for the velocity magnitude, the temperature pro�les inside the EAF are
presented for a plane intersecting from the center of the injectors 1. The static
temperature pro�les of each material are shown in Figure 5.3 .
In the core of the cone jet �ow, the temperature was distributed between 1968
and 3234 K for each material. The average static temperature di�erence was
around 422 K. This high-temperature di�erence means that the reactions were
fast and strongly exothermic. This a�ected the temperature pro�le inside the
furnace. Indeed, the radiation temperature near the lance ranged from 1868 and
2956 K and the average radiation temperature di�erence was 272 K (Figure 5.4 ).
Thus, the combustion reactions provided a signi�cant contribution to increasing
the temperature inside the furnace. Because the radiation temperature pro�le was
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the same for each material, without loss of generality, it was reported only for
T300. The radiation temperature contours of anthracite, P500, and H220, can be
found in the Appendix Section A.3 (Figure A.12 ).

(a) (b)

(c) (d)

Figure 5.3: Temperature pro�le for anthracite (a), T300 (b), P500 (c), and H220
(d).

Figure 5.4: Radiation temperature pro�le for H220.

Heat of reaction

Gas-phase reactions include extremely complex mechanisms. The gas-phase
processes may occur in di�erent phases or concurrently, depending on the furnace
type, carbonaceous material and its composition, particle size, heating rates, de-
composition, and oxygen transfer. Every carbonaceous material is classi�ed and
rated according to its chemical composition, which includes volatile matter, ash,
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and carbon content. The carbon content of a fuel de�nes its calori�c value as
well as the temperature of the �ame. The �ame stability is determined by the
volatile matter content (VM). With the decrease of VM, the ignition of the car-
bonaceous materials is delayed and the combustion is slow. At high temperatures,
the formation of pores in the residue is strongly related to the release of volatile
matter in the carbonaceous material [6]. The gases released will be a�ected by the
rates of devolatilization of the carbonaceous materials investigated in this study,
a�ecting the interactions of the carbon with the slag. Medium rates of volatile
matter evolution will result in steady gas releases that may be accessible during
the subsequent contact with the EAF slag, allowing the gas to be entrapped over
a longer period of time. On the other hand, a faster passage through the slag will
occur with higher gas production rates, which results in poor gas entrapment [7].

This can be seen in the heat of reaction displayed in Figure 5.5 . The heat
of reaction is de�ned as the heat that is generated or withdrawn as a result of
chemical processes. The heat of reaction and the values represented in the plots
refer to the sum of the heat for all the reactions. The heat of reaction is indic-
ated as a positive quantity in exothermic reactions and as a negative quantity in
endothermic reactions. This source of energy resulting from chemical reactions
might yield valuable information regarding the spatial locations and severity of
combustion reactions.
Furthermore, �xed carbon (FC) is de�ned as the amount of combustible material
remaining in the sample after the removal of moisture, volatile matter, and ash.
Thus, the lower the FC, the lower the combustible fraction of material that can
penetrate the slag surface and reduce the metallurgical melting properties. From
Figure 5.5 it is evident how the volatile content and the �xed carbon in the
material in�uence the reactions. In detail, as reported in Table 3.3 , the highest
volatile content is found for H220 (72.5 wt%db), decreasing up to 42.2 wt%db and
25.4 wt%db, respectively for T300 and P500 and reaching the lowest value for an-
thracite (9.2 wt%db). Because of the high reactivity of volatile matter, biomass
combustion is usually completed within a small temperature range, and the ma-
jority of the weight is lost in a shorter time.

The heat of reaction pro�le and the plot of the heat of reaction vs the distance
from the slag surface on a straight line, corresponding to the axis of the lance, were
shown in Figure 5.5 . For H220 (Figure 5.5g and h), the higher VM content
made the reactions to be fast and the heat release was concentrated in the upper
zone of the lower bath. It reached the highest value of 4645 W at 1.5 m from the
slag surface. A similar trend was recorded for T300 (Figure 5.5c and d) but with
a maximum value of heat release of around 3079 W at the same distance of 1.5
m. For P500 (Figure 5.5e and f) the reactions seemed to be slower and the heat
release was shifted closer to the slag surface (1 m distanced), reaching a maximum
value of 1774 W.
On the other hand, anthracite was characterized by a production of heat more
concentrated on the slag surface, with a peak value of 128 W (Figure 5.5a and
b). It can be noted that the behavior of all biomasses was the opposite of anthra-
cite. The higher FC and the lowest VM content for Ac provided a delay in the
devolatilization reactions that were concentrated on the slag surface.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 5.5: Heat of reactions for anthracite (a,b), T300 (c,d), P500 (e,f), and
H220 (g,h).

On the other hand, T300, P500, and H220 started to react and combust as soon
as they left the lance, while near the slag surface the reactions ended. Here, the
heat release was near zero for T300 and H220 (20W and 11.7 W, respectively) while
for P500 the combustion reactions were spread over a wider distance, producing
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158.5 W on the slag surface. These considerations were con�rmed by the trend of
the kinetic parameters reported inTable 3.4 . With a larger pre-exponential factor
(A), the molecules are more activated and the reactions are easier. Concurrently,
with larger activation energy (Ea), the reactions have more di�culties to proceed.
The highest value of A was recorded for H220 (1.3 × 1013s−1), decreasing up to
6.16 × 1012 and 1.15 × 106s−1 for P500 and T300, respectively, and reaching the
lowest value of 6.88× 104s−1 for anthracite. Furthermore, the highest value of Ea
for P500 (187.56 kJ/mol) explained the lower and slower heat release in comparison
to T300, which had the lowest value of Ea (97.3 kJ/mol). It can be deduced that
T300 and H220 behave more as burners, producing a sharper heat release with
respect to P500, which promotes the delay of heat release closer to the slag surface.
Biochar from biomass outperformed anthracite coal in terms of combustion and
gasi�cation reactivity. A similar result was found for grape seed and pumpkin seed
char [8]. The medium rates of combustion evolution of P500 will lead to steady gas
releases which might be available during subsequent contact with the EAF slag,
allowing the entrapment of gases over a longer time, while the higher rates of gas
generation of T300 and H220 might lead to poor gas entrapment, allowing a fast
passage through the slag.

Mass fraction of CO inside the EAF

In EAF slag foaming is a well-consolidated and commonly used technology for
improving energy transfer e�ciency in the furnace. The shielding of electric arcs
by foamy slag decreases the energy losses via the water-cooled furnace walls and
roof, allowing for a better energy transfer from the arc into the melt. The foaming
of the slag is generated by the CO/CO2 gas bubbles in the EAF process caused
by the oxidation of carbon dissolved in the molten steel by oxides in the slag.
The addition of carbon to the slag enhances and maintains the foaming process.
As a result, the injected carbon can either directly react with the iron oxide as
described in Equation (5.1), or indirectly reduce the iron oxide as described in
Equation (5.2) via an intermediate gasi�cation stage [9].

FeO + Cs → Fe+ CO (5.1)

FeO + CO → Fe+ CO2 (5.2)

Figure 5.6 shows the CO mass fraction distribution of each material along the
straight line corresponding to the axis of the lance from the slag surface to the
injector 1. The mass fraction is de�ned as the mass of a species per unit mass of
the mixture [10]. All materials showed a �rst peak of CO mass fraction as soon
as the particles started mixing with the oxidizer. This may be caused by the high
contact temperature of oxygen (1500 K) and the high turbulent kinetic energy
inside the injector. Thus, as the mixture of fuel and oxidizer leaves the injector,
the turbulent kinetic energy decreases and the rate of the reactions decelerates.
Extensive gas generation of CO was observed from pretreated biomass chars. Me-
tallurgical anthracite showed slightly lower levels of gas generation. The CO gas
concentration from T300 and H220 (Figure 5.6b and d) showed a sharp rise,
attaining the value of 4.2 × 10−3 and 5.7 × 10−3 respectively, and a subsequent
fast decrease which was attributed to the fast volatile combustion. A di�erent
distribution was recorded for P500 (Figure 5.6c) where the curve of CO mass
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fraction was smoother, reaching a value of 2.9× 10−3. The anthracite coal showed
a slower CO release (Figure 5.6a), concentrating on the slag surface with a value
of 1.2×10−4. These di�erent concentrations were reasonable because the biochars
contain higher oxygen levels than anthracite. Moreover, a lower CO mass fraction
means that fewer intermediate products are generated and more concentration of
C is available for iron oxide reduction (Equation (5.1)). However, a greater mass
fraction of CO as an intermediate product can contribute to the FeO reduction
according to Equation (5.2). Furthermore, slower gas production rates made it
easier for the slag to trap gases and maintain high levels of slag foaming. This gas
production rate was in accordance with the literature [11], where speci�c amounts
of produced gas and gas production rates for several materials (palm kernel shells,
wood chip pellets, walnut shells, olive kernels, pyrolyzed wood char, torre�ed bio-
mass pellets, and hydrothermally carbonized green waste pellets) were determined.
Moreover, Yunos et al. [7] reported that the higher the CO concentration, the more
violent carbon-slag interactions occurred when palm shell-derived biochar was used
in EAF steelmaking.
From these results, it is recognizable that P500 would seem more prone to be
employed as a slag foaming agent promoter than T300 and H220.

(a) (b)

(c) (d)

Figure 5.6: CO mass fraction vs distance from the slag surface for anthracite
(a), T300 (b), P500 (c), and H220 (d).

Validation

The model validation was carried out by comparing the results with experi-
mental data from the literature. In this work, the coal combustion was simulated
by using the same reactions as Zhang et al. [12] which was validated by their
experimental results. They provided a CFD modeling of the coal combustion and
veri�ed their results through experimental observations in a lab-scale drop-tube
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furnace. To compare these two studies, proportional gas temperature di�erences
were obtained from the core of the combustion cone. For the model validation,
anthracite coal was taken as reference material. Totally �ve di�erent data points
were selected along the straight line corresponding to the axis of the lance of in-
jector 1 (Figure 5.7a). The temperatures recorded were 1109, 1273 1601 1909,
and 2053 K, respectively from points 1 to 5. Each data point was divided by
the maximum temperature value in order to obtain proportional gas temperature
di�erences. The same procedure was applied to Figure 17 in the work of Zhang
et al. [12]. The graphical comparison consisting of proportional gas temperature
di�erences from the simulation results was given in Figure 5.7b. The simulation
results were found to fall in the error range (10%) of the experimental measure-
ments. The good qualitative consistencies between the two sets of results con�rm
the basic reliability of the numerical model.

(a) (b)

Figure 5.7: Proportional gas temperature di�erences for each data point. Data
points of the temperature pro�le of anthracite a); comparison of the data points of
current simulation with Zhang et al. [12] b).

Discussion about chemical-physical properties of biochar

The characteristics of char from biomass might be tailored to meet the re-
quirements for their use in EAF. In order to highlight the combustion di�erences
between biomasses with di�erent chemical-physical characteristics, cottonwood
pyrolyzed biochar, named W400, was also tested. The fuel properties of the W400
sample were obtained from the literature [13] and summarized in Table 5.2 . The
same inlet conditions, boundary conditions, and the same particle size did not
provide signi�cant di�erences regarding the velocity pro�le (Figure A.13 ), static
temperature and radiation temperature pro�le (Figure A.14 ) of W400 in com-
parison with the other materials (anthracite, T300, P500, and H220), and are
reported in Appendix Section A.3 . In detail, the highest velocity value of 200.1
m/s was recorded at a distance from the slag of 2.12 m and reached the melt surface
at about 40.1 m/s; the burning cone generated by the reactions was comparable
in temperature and area with all the other materials. As mentioned before, the
volatile content and the �xed carbon in the material in�uence the reactions. Cot-
tonwood pyrolyzed biochar is characterized by a higher value of FC content (68.6
wt%db), in comparison to T300 (21.2 wt%db), P500 (22.2 wt%db) and H220 (18.3
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wt%db), but lower than that of anthracite (80.1 wt%db). Instead, the VM content
of W400 (25.3 wt%db) is close to that of P500 (25.4 wt%db), lower than that of
T300 (42.2 wt%db) and H200 (72.5 wt%db) and higher than anthracite (9.2 wt%db).
The heat of reaction pro�le and the plot of the heat of reaction vs the distance
from the slag surface are shown in Figure A.15 of Appendix (Section A.3 ).
The comparable chemical characteristics of W400 and P500 make the combustion
behavior to be resemblant. In detail, the heat of reaction of W400 appears to have
the same distribution of P500 because of approximately the same volatile matter
content. However, the higher combustible fraction of W400 shifts the heat release
at the same distance from the slag surface of P500 (1 m distanced) but reaches a
maximum value of 2230 W, higher than that of P500 (1774 W). Figure 5.8 shows
the CO mass fraction distribution of W400 along the straight line corresponding
to the axis of the lance from the slag surface to the injector 1. As for the other
materials, W400 showed a �rst peak of CO mass fraction as soon as the particles
started mixing with the oxidizer. After the �rst peak, CO followed the same dis-
tribution recorded for P500 (Figure 5.6c), reaching a value of 1.55 ×10−3. This
value of CO mass fraction for W400, recorded nearby the slag surface, was between
the value of P500 (2.9 ×10−3) and that of anthracite (1.2 ×10−4). This result is
in accordance with the values of FC content (Table 3.3 and Table 5.2 ). The
higher the FC, the more concentration of C is available for iron oxide reduction,
the fewer intermediate products are generated and a lower CO mass fraction is
recorded. Thus, W400 is more prone to be indicated as a candidate for iron car-
burization instead of as a foaming agent promoter.
This agrees with the work of Murakami et al. [14] which demonstrated that the
iron carburization is accelerated using charcoal from cedar in comparison to coal
and graphite. Furthermore, the ash content and its composition might in�uence
the slag phase by changing variables such as slag viscosity, surface tension, com-
position, and the �nal steel produced. In this sense, the lower ash content of
W400 (5.8 wt%db) in comparison to the other materials (Table 3.3 ) might have
a positive in�uence.

Table 5.2: Proximate and ultimate analysis and kinetic parameters of W400 [13].

Materials Proximate Analysis [wt%db] Ultimate Analysis [wt%daf ] Kinetic parameters
Ash VM FC C H N O Ea [kJ/mol] A [s−1]

W400 5.8 25.3 68.6 74.9 4.0 0.3 15.0 141.2 6.25 ×105

Note: db: dry basis; daf: dry and ash-free bases

Figure 5.8: CO mass fraction vs distance from the slag surface for W400.
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5.2 Substitution of fossil coal with hydrochar in

electric arc furnace: A comprehensive LCA �

Paper D

By quantifying the environmental impacts and energy consumption associated
with biomass-derived biochar implementation, decision-makers can make informed
choices that promote sustainability and minimize the carbon footprint of the steel-
making industry. Pushing toward recycling, circular economy, and the use of re-
newable materials might help the decarbonization pathway.
Despite the several studies dealing with the environmental impact of steel pro-
duction [15�17], there is a lack of LCA studies on the use of biocarbon in the
EAF steelmaking process [18�20]. The research work discussed in Paper D titled
�Substitution of Fossil Coal with Hydrochar from Agricultural Waste in the Electric
Arc Furnace Steel Industry: A Comprehensive Life Cycle Analysis� [21], aimed at
providing a comprehensive assessment of the environmental impacts of steel pro-
duced using electric arc furnaces that employ pulverized hydrochar as charged and
injected material as a substitute for fossil coal.

Within this work, two di�erent outlines were evaluated: the use of fossil coal
and its replacement with hydrochar from the winemaking industry as a carbon
source in the EAF steelmaking process. The environmental impacts from the
manufacturing of hydrochar were calculated. This included the novel industrial
way to use vinasse as a moisture source for the co-hydrothermal carbonization of
vine pruning and exhausted grape marc discussed in Paper A [22], and the pro-
duction of bio-methane from the anaerobic digestion of the spent liquor (liquid
fraction) of the HTC process. An industrial layout of the novel hydrochar- and
anaerobic-digestion-based EAF (base scenario) was proposed. The life cycle ana-
lysis of the hydrochar manufacturing was achieved through the inventory of the
mass and energy balance of the HTC process performed in the laboratory reactor
of the University of Tuscia site in Viterbo, Italy. Laboratory-scale data were then
upscaled using the methods presented in the literature [23].
The environmental impacts per unit of molten steel were reported as a function of
the ratio between the �xed carbon of the injected material and the material amount
itself. Moreover, the impact related to the production and use of the carbonaceous
material was assessed and some improvements and technological upgrading were
proposed. Finally, since electricity plays a central role in the decarbonization
transition, further scenarios considering the national electricity mix based on the
2030 and 2050 projections were analyzed.

The results of the LCA analysis showed that the base scenario outperforms
the traditional EAF route in most of the impact categories, i.e., positively a�ect-
ing the environment. Furthermore, the comparison of the environmental impact
characterization of the production and use of each carbon source was also evalu-
ated. It was found that even though the manufacture of hydrochar was associated
with some environmental burden, its use was advantageous since it was related
to biogenic CO2 emissions, contrary to the use of fossil coal. It was found that
by replacing fossil coal with hydrochar in EAF steelmaking, the GWP impact
can be reduced by around 2%. Moreover, natural gas and electricity consumption
were the main contributors to the environmental impacts. Thus, by increasing
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the production of bio-methane and its collection e�ciency to substitute higher
quantities of natural gas, the proposed base scenario may become environment-
ally more suitable. However, it may be interesting to analyze the production and
use of di�erent green fuels as alternatives to natural gas in the steelmaking in-
dustry, e.g., hydrogen. Moreover, the LCA of additional scenarios was performed
by applying the electricity mix based on the 2030 INECP and the EU Green Deal
2050 previsions. The simultaneous use of higher renewable energies and reduced
fossil resources percentages for the national electricity production globally led to
a reduction in the environmental burden, con�rming that the substitution of fossil
coal with a biogenic carbon source (i.e., the hydrochar) is a promising way toward
decarbonization process in the EAF steelmaking industry.

5.2.1 Goal and Scope

The objective of this work was to compare the environmental performance of
fossil-based and renewable injecting materials employed as carbon sources in the
EAF steelmaking process. As the functional unit, 1 ton of molten steel produced
was selected. Since the study was based on laboratory-scale data, all involved
steps of the HTC process were scaled up singularly according to the methodology
presented in the literature [23]. The cradle-to-gate perspective of steel production
was adopted, where gate refers to molten steel. The commercial software SimaPro
v9.2.0.2 and the Ecoinvent v3.8 database were used to model and carry out the
LCA. The system boundary of this study has been described in Chapter 3 and
illustrated in Figure 3.3 . The upstream activities include the raw materials
supply chain, i.e., biomass transport from the collecting site to the processing
site, as well as the steel scrap. In detail, the biomass feedstock considered was
derived from the winery (vine pruning (VP) and exhausted grape marc (EGM))
and distillery (vinasse) industry. Furthermore, in the base scenario, the system
boundary is de�ned to exclude plantation and management activities, as the wine
residue and EGM are treated as waste products resulting from the pruning and
distillery processes. Therefore, these waste products do not contribute to the
environmental burden.

5.2.2 HTC mass and energy balance calculations

The energy and mass balance of the HTC process was crucial for conducting
accurate and robust life cycle inventory analysis. It provides the necessary data to
quantify in�ows and out�ows of materials and energy of the process ensuring that
the conservation laws of mass and energy are upheld. This information is essential
for conducting a thorough and accurate inventory analysis, which forms the basis
for assessing the environmental impacts of the HTC process.
Mass balance on the HTC process has been carried out on gas, solid, and liquid
phase. The inventory of the mass and energy balance of the HTC process on
laboratory-scale was based on the results from Paper A.
Table 5.3 lists the average data used for the HTC process scale-up based on
literature values [23].
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Table 5.3: Reference data for the HTC scale-up process [23]

Parameter Symbol Unit Value

Heating
Reactor volume Vreactor m3 1
Surface area Ar m2 5.899
Thermal conductivity of insulation λ W/m K 0.042
Insulation thickness s m 0.075
E�ciency of the heating element ηheat % 74
Starting and outside temperature T0 = Tout °C 25
Stirring
Impeller diameter d m 0.373
Type of impeller Np / 0.79
Rotational speed N 1/s 1.417
E�ciency of stirring ηstirr % 90
Filtration
Filtration energy consumption Efilt kWh/t 10
Drying
Speci�c heat capacity of water cp,liq kJ/kg K 4.186
Drier e�ciency ηdryer % 80
Boiling temperature Tboil °C 100
Starting temperature T0 °C 25
Enthalpy of evaporation ∆Hvap kJ/kg 2571
Milling
Milling energy consumption Emill kWh/t 16
Pumping
Gravitational acceleration g m/s2 9.81
Height di�erent ∆h m 4.2
Milling e�ciency ηmill % 75

Milling energy consumption

The raw feedstock is generally ground to an adequate particle size before being
sent to the reactor. The energy consumption of a mill mainly depends on the size
of the �nal particles, the material to be ground and the type of grinding. A value
of 16 kWh/ton of ground material was chosen as energy consumption for milling
(Emilling), according to the literature [23]:

Emilling = 16 ∗mbiomass,HTC [kWh] (5.3)

where mbiomass,HTC is the sum of the mass of VP and EGM. In detail, mbiomass,HTC

was determined as a function of the carbon content in 12 kg of coal, which is
used per ton of steel produced in the EAF [24, 25]. Thus, to substitute 12 kg
of metallurgical coal with a carbon content of 85%, 16.8 kg of hydrochar with a
carbon content of 60.86% on a dry basis is needed. By considering the mass yield
on a dry basis of the hydrochar equal to 52.64% [22], the total solid content of the
biomass feedstock (mbiomass,HTC,db) results in 31.8 kg, which is a blend of 50%wt
of VP and EGM. With a moisture content of 42% and 71% [22] respectively for
VP and EGM, the total mbiomass,HTC was 82.3 kg/ton of molten steel.
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Thermal energy for HTC

The thermal energy required during the reaction stage was calculated as the
energy to raise the reaction mixture to the set temperature and to keep it for the
duration of the reaction (Ereact).

Ereact =
Eheat + Eloss

ηheat
[kWh] (5.4)

Eheat is the energy for raising the temperature and calculated as:

Eheat = (cp biomass,HTC ∗mbiomass,HTC,db ∗ (Tr − T0)

+mvinasse ∗ (Hvinasse,Tr −Hvinasse,T0)) ∗ 0.000278 [kWh] (5.5)

where:

� cp biomass,HTC = 2.18 kJ/kg K is the speci�c heat capacity of dry biomass
(VP+EMG) [22];

� mbiomass,HTC,db is the mass of dry biomass in the inlet of the HTC reactor
(mV P,db +mEGM,db) [kg];

� Tr is the reaction temperature (246.6°C);

� To is the entering temperature of the feedstock reached after the regenerative
heat exchanger (HE) (To = 109.8°C);

� mvinasse is the mass of vinasse entering the reactor (400.1 kg);

� Hvinasse,Tr: is the enthalpy of vinasse at 246.6°C (before phase transition to
steam) (Hvinasse,Tr = 1009.3 kJ/kg);

� Hvinasse,T0: is the enthalpy of vinasse at 109.8°C (reached after the regener-
ative heat exchanger (HE), Hvinasse,T0 = 457.1 kJ/kg);

� 0.000278 is the conversion factor kWh/kJ.

Eloss the energy related to the heat lost on the reactor surface and ηheat the
e�ciency of the heating device, calculated as

Eloss = A ∗ λ
s
∗ (Tr − Tout) ∗ t/1000 [kWh] (5.6)

where:

� Ar: surface area of the reactor [m2];

� λ: thermal conductivity of the insulation material [W/m K]

� s: the thickness of the insulation [m]

� Tr: the reaction temperature (246.6°C);

� To: the temperature of the external environment (25°C);

� t: the residence time (2.6 h);

Finally, ηheat the e�ciency of the heating device [23].
The thermal energy required for HTC heating is partly recovered by the heat ex-
changer and the remaining contribution is provided by an external heating source.
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Electric energy HTC

Electrical energy is considered the energy required for stirring and pumping.
During the reaction stirring energy is consumed depending on the type (Np) and
diameter (d) of the impeller, the stirring rate (N), the density of the reaction
mixture (ρmix) as well as the reaction time (t) and the impeller system e�ciency
(ηstirr). The following equation was used:

Estirr =
(Np ∗ ρmix ∗N3 ∗ d5rotor) ∗ t

ηstirring ∗ 1000
[kWh] (5.7)

In this work, an axial �ow impeller (hydrofoil type) is assessed as stirrer type and
turbulent �ow is considered to be generated during stirring, leaving the power
number constant for the calculations [26]. Moreover, the density of the reaction
mixture was assumed equal to 1000 kg/m3.
Since the slurry (mslurry) is transferred to the �ltration stage through the pumping
system, as well as the vinasse (mvinasse) from the heat exchanger to the HTC
reactor, the electrical energy was calculated by considering the e�ciency of the
pump ηpump, the mass to be transferred m (mslurry + mvinasse), the gravitational
acceleration g, and a height di�erent ∆ h [23], the energy consumption in turbulent
�ow as follows:

Epump =
m ∗ g ∗∆h
ηpump

∗ 0.000278 [kWh] (5.8)

A safety factor of 10% was considered.

Electric energy for slurry �ltration (solid-liquid separation)

One of the main in�uencing factors on energy consumption during �ltration is
the particle size of the slurry. Since during the experimental laboratory procedure
the particle size of the solid fraction was lower than 500 µm, within the elabora-
tion of Paper D, the �ltration process was supposed to be energy intensive. For
this reason, the energy consumption during the �ltration stage (Efiltration) was
estimated 10 kWh/ton [23].

Efiltration = 10 ∗mslurry[kWh] (5.9)

The dry content of hydrochar after the �lter press was assumed equal to 60
wt% [27].

Dryer

Drying was applied to remove the residual hydrochar moisture. After the �lter
press, wet hydrochar (relative humidity = 40 wt%) was assumed to be dried up
to a solid content equal to 8 wt%, according to the literature [28, 29]. Thus, the
amount of water to be removed was obtained as the di�erence of the water between
wet and dried hydrochar.

Thermal energy to evaporate water

The thermal energy required to remove water was calculated as follows:

Edryer =
cp,liq ∗mliq ∗ (Tboil − T0) + ∆Hsteam ∗msteam

3600 ∗ ηdryer
[kWh] (5.10)
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Where:

� cp,liq is the speci�c heat capacity of water at 25°C (4.186 kJ/kg K);

� mliq is the amount of water to be evaporated [kg];

� Tboil is 100°C;

� T0 is the room temperature (25°C);

� ∆Hsteam is the latent heat of water 2571 kJ/kg;

� msteam is the amount of steam to be produced equal to mliq [kg];

� ηdryer is the e�ciency factor of the dryer [23];

The total amount of steam (msteam = mliq= 9.7 kg) was calculated assuming
an 8 wt% of moisture after drying.

Heat exchanger

Energy from the slurry exiting the HTC is recovered to preheat the liquid feed-
stock (vinasse) entering into the HTC reactor, in a regenerative heat exchanger
operating in continuous mode.
A temperature of 35°C was established for the spent liquor leaving the heat ex-
changer in order to satisfy the mesophilic conditions for anaerobic digestion [30].
The temperature of the vinasse entering the HTC reactor (Tvinasse,OUT ) was de-
termined according to the following relation:

mvinasse ∗ cp,vinasse ∗ (Tvinasse,OUT − Tvinasse,IN ) = mSL ∗ (HSL,OUT −HSL,IN ) (5.11)

where:

� cp,vinasse is the speci�c heat capacity of vinasse assumed equal to 4.186 kJ/kg
K);

� mvinasse is the mass of vinasse in the inlet of the HTC reactor [kg];

� Tvinasse,OUT is the initial temperature of the vinasse (15°C);

� mSL is the mass of the hot spent liquor leaving the HTC reactor [kg];

� HSL,OUT is the enthalpy of the spent liquor at 35°C in non-saturated condi-
tions (146.56 kJ/kg);

� HSL,IN is the enthalpy of the spent liquor at 246.6°C in non-saturated con-
ditions (1009.28 kJ/kg);

The temperature of the slurry out of the heat exchanger was determined
(102.1°C).

108



5.2. Substitution of fossil coal with hydrochar in electric arc
furnace: A comprehensive LCA � Paper D

Figure 5.9: HTC reactor system.

Gas balance calculations

Carbon (C) yields were applied to carry out the balance for gas. The hydrochar
yield in terms of C was calculated as follows:

HYC =
%CHC ∗mHC,db

(%CV P ∗mV P,db) + (%CEGM ∗mEGM,db) +
(
TOCvinasse∗Lvinasse

1000

) ∗ 100 [%] (5.12)

where Lvinasse = mvinasse/ρvinasse, and ρvinasse was considered equal to 1000 kg/m3.
Thus, HYC resulted equal to 60.23 wt%.

The liquid (spent liquor) yield in terms of C was calculated as follows:

LYC =
TOCspent liquor ∗mspent liquor

(%CV P ∗mV P,db) + (%CEGM ∗mEGM,db) +
(
TOCvinasse∗Lvinasse

1000

) ∗ 100 [%] (5.13)

and LYC resulted equal to 11.08 wt %.
The gas yield in terms of C was calculated as follows:

GYC (%) = 100− LYC −HYC (5.14)

where all the terms were already de�ned previously. Thus, GYC (%) resulted equal
to 28.69 wt%.

Then, the mass �ow of carbon in the gas was calculated as:

mC gas = GYC (%) ∗
[
(%CV P ∗mV P,db) + (%CEGM ∗mEGM,db) +

(
TOCvinasse ∗ L vinasse

1000

)]
(5.15)

where all the terms were already known.
Further, the carbon converted into the gas phase was assumed to be a mixture

of CO2 and CO according to the literature [31]:

mgas =
xCO2 ∗ PMCO2 + xCO ∗ PMCO

PMC

∗mC gas [kg] (5.16)

where:

� xCO2 is the percentage of CO2 in gas (92 vol%) [31];

� xCO is the percentage of CO in gas (8 vol%) [31];
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� PMCO2 is the molecular weight of CO2 (44 g/mol);

� PMCO is the molecular weight of CO (28 g/mol);

� PMC is the molecular weight of C (12 g/mol);

This gas mixture has been directly emitted into the atmosphere, so the emissions
of biogenic CO2 can be calculated.

Gas density has been calculated using the ideal gas law (0°C, and 1 atm):

ρgas =
P

RT
∗ (xCO2 ∗ PMCO2 + xCO ∗ PMCO) [kg/m3] (5.17)

where P is equal to 101 325 Pa, T is the temperature of 0°C (273.15 K), R is
the universal gas constant (8.314 J/mol K), and all the other terms were already
de�ned above.

The gas volume was calculated as:

Vgas =
mgas

ρgas
[m3] (5.18)

Lastly, CO2 and CO emissions were calculated using the following equations:

mCO2 = xCO2 ∗ Vgas ∗
P ∗ PMCO2

R ∗ T
[kg CO2] (5.19)

mCO = xCO ∗ Vgas ∗
P ∗ PMCO

R ∗ T
[kg CO] (5.20)

Resulting in 17.82 kg CO2 and 0.99 kg CO.

5.2.3 Life Cycle Inventory (LCI)

Electric energy is used to melt ferrous scrap, which is used as the primary
raw material in the EAF steelmaking process. Additional inputs include natural
gas as chemical energy and carbonaceous material. LCI data were obtained from
di�erent sources, such as laboratory data, scienti�c literature, industrial reports,
and the Ecoinvent v3.8 database. All the material �ow and energy data in the
system boundary refer to 1 ton of molten steel produced using an EAF.

Biomass Feedstock for HTC

For the HTC treatment of the biomass, laboratory experiments were used as
the primary source to model the scale-up plant. The biomass that underwent
HTC consisted of VP and EGM as feedstock and vinasse as the moisture source,
as described in Subsection 3.1.1 . The �rst step in the biomass supply chain
is the collection and transport of raw materials. The solid and liquid feedstock
was assumed to be transported 50 km [32] to the HTC plant. In this study, all
road transport to and from the transformation facility was modeled using the
process �Transport, freight, lorry 7.5-16 metric ton, euro6 RER|market for trans-
port, freight, lorry 7.5-16 metric ton, EURO6|Cut-o�, U� from the Ecoinvent v3.8
database.
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Hydrochar Production

The HTC process has been described in Section 3.3 while its optimal process
conditions (246.3°C � 1.6h � 6.6% solid-to-liquid ratio) has been discussed within
the �ndings of the Paper A (Section 4.1 ).
To evaluate the environmental impact of the HTC process, including its by-
products (spent liquor and gases) and the anaerobic treatment of the spent liquor,
a scale-up of the entire process is needed. To the best of our knowledge, industrial-
scale HTC technology does not exist for the winemaking industry. Thus, the meth-
odology presented in the literature [23] was used for scaling up the laboratory pro-
cedure. The hypothetical industrial plant �ow chart is reported in Figure 5.10 .
According to laboratory data, a mixture composed of a 50 wt% blend of VP and
EGM was used. The blend was mixed with vinasse with a solid-to-liquid ratio of
6.6%. In the hypothetical industrial layout, vinasse was pre-heated up to around
102°C before being pumped into the continuous HTC reactor. This was achieved
by passing the vinasse through a heat exchanger (HE) in which the hot spent li-
quor out of HTC was recirculated. Thus, the mixture of VP, EMG, and vinasse
is further heated to the operational temperature (246.6°C) in the HTC reactor.
Hence, the exiting slurry is sent to a �lter press for the solid fraction (SF) and
spent liquor (SL) separation. SF is dried to remove the residual moisture, while
SL is supposed to be recirculated into an anaerobic digestion (AD) plant for meth-
ane production. A total of 0.48 tons of wet biomass (VP and EGM) and vinasse
were considered per ton of molten steel produced. The inventory data of the HTC
process are reported in Table 5.4 , where:

� Ereact is the thermal energy required during the reaction stage;

� Estirr is the energy required for stirring;

� Efiltration is the electric energy for the �ltration of the slurry (solid-liquid
separation);

� Edryer is the thermal energy required to remove the residual hydrochar mois-
ture;

� Emill is the electric energy required to grind the biomass feedstock to an
adequate particle size before being sent to the reactor;

� Epump is the energy required for transfer the blend through the pumping
system.

The energy and mass balance of the HTC process was calculated based on labor-
atory experimental results discussed in Section 4.1 . The electric energy (EE)
and thermal energy (TE) consumptions of the system were calculated as reported
in detail in Subsection 5.2.2 .
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Table 5.4: Inventory data of the HTC process (values per ton of molten steel).

Input from Technosphere Emission to Air

Ereact Estirr Efiltration Edryer Emill Epump mCO2 mCO

[kWh/t] [kWh/t] [kWh/t] [kWh/t] [kWh/t] [kWh/t] [kg/t] [kg/t]
105.84 0.05 1.97 9.73 1.32 0.09 17.82 0.99

Figure 5.10: Simple plant �ow chart and mass balance of the reaction process.

Bio-Methane Production

Besides hydrochar, from the �ltration step of the slurry, process water (spent
liquor) is also obtained during HTC. One option for managing the HTC liquor is
feeding it to the anaerobic digestion process [33], to substitute a fraction of dilu-
tion tap water used in centralized biogas plants to correct the feedstock moisture
before anaerobic digestion. Moreover, since spent liquor contains a high content of
organic matter [34], its anaerobic digestion could also yield some additional meth-
ane, avoiding additional wastewater treatment units. The characteristics of spent
liquor at the HTC operational conditions have been analyzed in Section 4.1 and
summarized Table 5.5 . The speci�c methane production of spent liquor was as-
sumed to equal 150 mLCH4/gCOD,SL in mesophilic conditions (35°C) [30]. Since,
spent liquor out of the HTC reactor has a temperature higher than 35°C, no further
heating of anaerobic digestion feedstock was considered. In this way, the thermal
energy calculations were made considering only the losses through the anaerobic
digestion reactor according to Equation (5.21):

Eloss,AD = Rtot ∗ Ar ∗
(Treaction − To)

1000
∗ 24 [kWh/d] (5.21)
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where

� Rtot: total thermal resistance (W/m2K);

� Ar: reactor area (m2);

� Treaction: the operational temperature (35°C);

� To: the temperature of the external environment (15°C).

Rtot was calculated assuming that the reactor surface was made of a layer of rein-
forced concrete with 1% of steel (0.25 m) (concrete = 2.3 W/m K) and a coat of
extruded polyurethane foam (0.05 m) (polyurethane = 0.034 W/m K) [29]. The
volume of the anaerobic digestion reactor (3000 m3) was calculated assuming an
industrial-sized plant (Equation (5.22)):

V = ṁin,AD ∗ t [m3] (5.22)

where ṁin,AD is the �ow in the AD reactor (100 m3/d) and t is the residence time
(30 days). Considering a cylindrical reactor (in which the diameter of 16 m was
equal to the height), the value of the reactor area was equal to 804 m2. Since
we considered that spent liquor was used as dilution water, by starting from a
biomass feedstock (mbiomass,AD) with a solid content of 30% and in order to reach
the requirements of wet anaerobic digestion (total solid content of 15%), it was
assumed that 50% of the overall heating loss could be allocated to added spent
liquor.
The electric energy for pumping and stirring was calculated using the equations
reported in Subsection 5.2.2 , while the electricity consumption for centrifuga-
tion was assumed to be 5 kWh/t [35]. Finally, the digested liquid stream (mLD)
was sent to wastewater treatment.
Table 5.6 presents the inventory data for the anaerobic digestion stage, consider-
ing that CH4 fugitive emissions in the anaerobic digestion stage account for 2.5%
of the produced biogas [36]. The TE and EE consumptions required for the in-
tegrated HTC-AD industrial plant proposed are in line with those found in the
literature [37�39].

Table 5.5: Characterization of the liquid fraction obtained at optimal HTC con-
ditions

Parameter Unit Spent Liquor

pH 4.08
Total N mg/L 368.36
TOC g/L 12.06
COD g/L 28.43
BOD g/L 8.87
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Table 5.6: Main inventory data of the anaerobic digestion stage of process water
(values per ton of molten steel).

Input from Technosphere Emission to Air Emission to Water

Eloss,AD Estirr Ecentrifugation Epump mCH4,losses mLD

[kWh/t] [kWh/t] [kWh/t] [kWh/t] [kg/t] [kg/t]
0.26 0.43 1.69 0.05 0.01 311.1

EAF Steelmaking Process

An electric arc furnace is one of the main technologies used for recycling metal
scrap and producing molten steel, through which the scraps and additives are
melted using high-power electric arcs generated between the electrode and the
charged material. Oxygen is also injected to reduce the carbon content of the steel
to the desired level, while lime is added to the metal bath to regulate its compos-
ition [40]. Graphite electrodes are used to generate the arc on the scrap, which
creates the necessary thermal energy for its melting. The speci�c consumption of
electrodes has a signi�cant impact on the economic e�ciency of steel production
in EAFs. Furthermore, the melting of the scrap is assisted by the injection of
natural gas, which acts as chemical energy that also enhances the productivity of
the furnace.

As this study was focused on evaluating the environmental impact of substitut-
ing fossil-based carbonaceous materials used in the EAF process, the coal dataset
considered the entire supply chain, from mining to processing and transportation.
Suitable grades of feed and injection coal were assumed based on industry data and
literature, with an average usage of approximately 12 kg of coal per ton of steel
produced in the EAF [24, 25]. The process of �Steel, low-alloyed Europe without
Switzerland and Austria|steel production, electric, low-alloyed|Cut-o�, U� from
the Ecoinvent v3.8 database, using the Italian electricity mix and natural gas, was
used to model molten steel.

5.2.4 Results

Life Cycle Impact Assessment (LCIA) of the Steelmaking Process

In this study, the impact assessment method adopted the ReCiPe 2016 v1.1
Midpoint method and the results are shown and discussed per functional unit.
The substitution of fossil coal with hydrochar was performed on an equal carbon
content basis. Thus, the emissions factor for converting the molar mass of carbon
to CO2 was 3.583 kg CO2/kg C [25].

The characterization impact results of the base and traditional scenario are
listed in Table 5.7 . The impacts on stratospheric ozone depletion, ionizing radi-
ation, ozone formation (terrestrial ecosystem), marine eutrophication, terrestrial
ecotoxicity, human non-carcinogenic toxicity, mineral resource scarcity, and fossil
resource scarcity for the base scenario were higher than those of the traditional
route, indicating that the hydro-char injection had a destructive e�ect on these
environmental impacts. On the other hand, the EAF steelmaking process with hy-
drochar injection outperformed the fossil-based EAF process in the global warm-

114



5.2. Substitution of fossil coal with hydrochar in electric arc
furnace: A comprehensive LCA � Paper D

ing, terrestrial acidi�cation, freshwater eutrophication, and water consumption im-
pact categories. The impacts of both routes on ozone formation (human health),
�ne particulate matter formation, freshwater ecotoxicity, marine ecotoxicity, hu-
man carcinogenic toxicity, and land use were not signi�cantly di�erent (≤ ±0.5%).
Since the EAF steelmaking processes for both routes analyzed were composed of
the same metallurgical operations, except for the production and use of the carbon
source, an in-depth analysis of hydrochar and fossil coal production and use was
performed.

Table 5.7: Characterization impact results of the base and traditional electric arc
furnace scenarios.

Impact Category Unit Traditional Scenario Base Scenario

Global warming kg CO2 eq 526.56 514.94
Stratospheric ozone depletion kg CFC11 eq 2.16× 10−4 2.26× 10−4

Ionizing radiation kBq Co-60 eq 3.58 3.66
Ozone formation (human health) kg NOx eq 1.14 1.14
Fine particulate matter formation kg PM2.5 eq 7.02× 10−1 7.00× 10−1

Ozone formation (terrestrial ecosystems) kg NOx eq 1.17 1.17
Terrestrial acidi�cation kg SO2 eq 1.5 1.49
Freshwater eutrophication kg P eq 2.84× 10−2 2.79× 10−2

Marine eutrophication kg N eq 1.11× 10−3 2.10× 10−3

Terrestrial ecotoxicity kg 1.4-DCB 2183.61 2263.78
Freshwater ecotoxicity kg 1.4-DCB 2.29× 10+1 2.29× 10+1

Marine ecotoxicity kg 1.4-DCB 3.53× 10+1 3.55× 10+1

Human carcinogenic toxicity kg 1.4-DCB 1.81× 10+3 1.81× 10+3

Human non-carcinogenic toxicity kg 1.4-DCB 3.32× 10+2 3.34× 10+2

Land use m2a crop eq 1.52× 10+1 1.52× 10+1

Mineral resource scarcity kg Cu eq 1.38 1.4
Fossil resource scarcity kg oil eq 130.56 137.59
Water consumption m3 9.85 9.74

Life Cycle Impact Assessment (LCIA) of the Carbon Sources Produc-
tion

The comparison of the environmental characterization of the production and
use of hydrochar and fossil coal is reported in Table 5.8 per ton of molten steel.

Since the characterization impact results cannot be directly compared with each
other, in order to de�ne the most relevant impact categories, the normalization
impact analysis was performed (Figure 5.11 ). The results showed that the most
a�ected categories were:

� global warming;

� ozone formation (human health and terrestrial ecosystems);

� terrestrial acidi�cation;

� freshwater eutrophication;

� terrestrial ecotoxicity;

� marine ecotoxicity;
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� human carcinogenic toxicity;

� fossil resource scarcity.

Table 5.8: Characterization impact results of the production and use of hydrochar
and fossil coal.

Impact Category Unit Fossil Coal Hydrochar

Global warming kg CO2 eq 49.64 38.47
Stratospheric ozone depletion kg CFC11 eq 1.47× 10−6 1.19× 10−5

Ionizing radiation kBq Co-60 eq 1.43× 10−2 8.92× 10−2

Ozone formation (human health) kg NOx eq 2.45× 10−2 3.07× 10−2

Fine particulate matter formation kg PM2.5 eq 1.32× 10−2 1.23× 10−2

Ozone formation (terrestrial ecosystems) kg NOx eq 2.47× 10−2 3.20× 10−2

Terrestrial acidi�cation kg SO2 eq 4.11× 10−2 3.31× 10−2

Freshwater eutrophication kg P eq 1.60× 10−3 1.10× 10−3

Marine eutrophication kg N eq 2.22× 10−5 1.01× 10−3

Terrestrial ecotoxicity kg 1.4-DCB 5.25 85.53
Freshwater ecotoxicity kg 1.4-DCB 2.45× 10−3 1.65× 10−2

Marine ecotoxicity kg 1.4-DCB 6.69× 10−3 1.25× 10−1

Human carcinogenic toxicity kg 1.4-DCB 3.91× 10−2 1.52× 10−1

Human non-carcinogenic toxicity kg 1.4-DCB 2.98× 10−1 2.61
Land use m2a crop eq 3.33× 10−1 3.98× 10−1

Mineral resource scarcity kg Cu eq 6.43× 10−3 2.60× 10−2

Fossil resource scarcity kg oil eq 6.94 14.68
Water consumption m3 1.07× 10−2 −9.26× 10−2

Figure 5.11: Normalization impact analysis of the carbonaceous materials pro-
duction.

Global Warming

Table 5.7 shows that the hydrochar- and anaerobic-digestion-based EAF route
results in a reduction of approximately �2.2% in the GWP impact in comparison
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with the fossil-based EAF route. By analyzing the GWP of the hydrochar and
fossil coal production, around 2.15 and 0.46 kg CO2 eq/kg of carbonaceous material
were produced, respectively. The hydrochar had a GWP in good agreement with
that of charcoal, which was recorded in the Ecoinvent 3.8 database as �Charcoal
GLO|market for|Cut-o�, U,� with an impact of 1.74 kg CO2 eq/kg. Therefore, the
hydrochar produced through the HTC process had a slightly higher impact than
the charcoal produced using traditional reactors, primarily due to the combustion
of natural gas for heating the hydrothermal reactor (77%). On the other hand, the
impact of fossil coal was lower than that of hydrochar. Therefore, although the
production of hydrochar was linked to some environmental burden, it was its usage
that was found to be convenient because it was related to biogenic CO2 emissions,
unlike the use of fossil coal. From the impact assessment of the production and
usage of these carbonaceous materials in steelmaking ( Table A.13 and A.14
of the Appendix Section A.3 ), it can be inferred that by replacing fossil coal
in EAF steelmaking, the GWP impact can be reduced by at least around 9%.
In this context, 38 and 50 kg CO2 eq/t of molten steel were produced by using
hydrochar and coal in EAF steelmaking, respectively. This means that the usage
of renewable carbon material in EAF steelmaking can reduce the EAF process
GWP by 2% (Figure 5.12 ).

Figure 5.12: Normalization impact analysis of the carbonaceous materials pro-
duction.

Ozone Formation (Human Health and Terrestrial Ecosystems)

Anthropogenic activities are the main cause of increased levels of nitrous oxide
(NOx) in the atmosphere. Most of the NOx is formed in combustion processes,
mainly originating from the transport and the industrial sector. When NOx is
emitted into the atmosphere, it undergoes a photochemical reaction with volatile
organic compounds, resulting in the creation of tropospheric ozone. This can cause
harm to both human health and terrestrial ecosystems [41].
While transport is the main cause of ozone formation during the production of
fossil coal (66.8%), the combustion of natural gas for the heating needed for the
hydrothermal carbonization reaction is the main contributor (56.5%) of the NOx

emissions of hydrochar production. For both human health (Figure 5.13a) and
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terrestrial ecosystems (Figure 5.13b), fossil coal production and usage present a
higher NOx concentration.

(a) (b)

Figure 5.13: Ozone formation (human health (a) and terrestrial ecosystem (b))
impacts of the production of hydrochar vs. fossil coal.

Freshwater Eutrophication

Phosphorus is the nutrient that restricts growth in freshwater ecosystems, and
the impacts are measured in terms of kg P eq. Fossil coal has the most adverse
e�ects on freshwater eutrophication (Figure 5.14 ), mainly due to the spoil from
hard coal mining (90.4%). The production and use of hydrochar reduce the fresh-
water eutrophication impact by 2%, even if the wastewater produced by the an-
aerobic digestion of the spent liquor was responsible for 31.1%, while the transport
of the biomass feedstock was responsible for 57.9%.

Figure 5.14: Freshwater eutrophication impact of the production of hydrochar vs.
fossil coal.

Terrestrial Ecotoxicity

Hydrochar production and usage presented a higher terrestrial ecotoxicity im-
pact than fossil coal (Figure 5.15 ). Feedstock transportation accounted for 89%
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of the impact, which was the main contribution. The impact of fossil coal was less
signi�cant. It mostly belonged to transport, shared by train (20%), road (21%),
and sea shipping (50%).

Figure 5.15: Freshwater eutrophication impact of the production of hydrochar vs.
fossil coal.

Marine Ecotoxicity

As seen for the terrestrial ecotoxicity impact category, hydrochar had a higher
marine ecotoxicity impact than fossil coal (Figure 5.16 ). The major emissions
came from transport (46.4%) and from the background process of the o�shore
well oil/gas production (46.3%). The impact associated with fossil coal was less
relevant since it was mainly shared between coal mine operations (38.2%) and
transport by sea (37.5%).

Figure 5.16: Freshwater eutrophication impact of the production of hydrochar vs.
fossil coal.
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Human Carcinogenic Toxicity

Similarly to the marine ecotoxicity impact category, fossil coal generated the
least burden of human carcinogenic toxicity (Figure 5.17 ). The latter showed the
highest contribution in transport (71%) and mine operation (27%), while natural
gas (31.2%), electricity consumption (18.3%), and transport (41%) played the most
important roles in hydrochar production.

Figure 5.17: Freshwater eutrophication impact of the production of hydrochar vs.
fossil coal.

Fossil Resource Scarcity

As displayed in Figure 5.18 , the extraction of 15 kg of oil equivalent caused
the hydrochar production and usage to have a 6% higher impact on the fossil
resource scarcity category than that of fossil coal (7 kg oil eq). These impacts were
mainly related to the use of natural gas (83.6%) and hard coal mine operation and
preparation (94.2%) for hydrochar and fossil coal scenarios, respectively.

Figure 5.18: Freshwater eutrophication impact of the production of hydrochar vs.
fossil coal.
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5.2.5 Discussion

Overall, the outcomes of this research aligned with previous studies [24, 37, 42�
44]. Nevertheless, di�erences in the selection of background data and system
boundaries, signi�cant variations in production amounts, and the utilization of
di�erent technologies in various steel plants can result in di�erences in the �nd-
ings. The results regarding hydrochar production and use indicated that the use
of natural gas was the dominant contributor to global warming, ozone forma-
tion, marine ecotoxicity, human carcinogenic toxicity, and fossil resource scarcity.
Meanwhile, freshwater eutrophication was primarily in�uenced by the wastewater
produced by the anaerobic digestion and terrestrial ecotoxicity by the feedstock
transport. Thus, improving the e�ciency of resources is essential for green devel-
opment in hydrochar production. CO2 and NOx emissions from fossil resources
(natural gas and coal) combustion are highly variable depending on the engine
type and e�ciency, the technology adopted, and the operating conditions [45].
The implementation of technologies for emissions abatement may dramatically re-
duce global warming and ozone formation impacts. It is worth noting that only
the fossil resource scarcity impact category produced higher values for the base
scenario in both the overall characterization impact results and the normalization
analysis of hydrochar versus fossil coal production. In general, the majority of
the environmental in�uences in this category were caused by the use of fossil fuels
to produce the electricity required for the process. Thus, by increasing the pro-
duction of bio-methane and its collection e�ciency, not only the fossil resource
scarcity impact could be reduced but also the environmental burden caused by
the combustion for heating the hydrothermal reactor might be further reduced
by replacing natural gas with bio-methane. Furthermore, the HTC reactor might
be considered to run with electricity, supported by a solar photovoltaic system in
order to positively a�ect the environment.

Particular attention must be given to the global warming category since it is
largely used to inform international climate agreements and policies on the relative
impacts of di�erent greenhouse gases on climate change. From the overall results
exposed, it was evident that electricity had important impacts on total global
warming of around 42 and 44% for the traditional and base scenarios, respectively.
The Italian system for the generation of electricity currently consists of a mix
of traditional thermal power plants that primarily consume fossil fuels (mostly
gas and coal) and renewable sources, such as hydro, solar PV, wind, geothermal,
and bioenergy [46]. Despite the EU's pledge (EU Green Deal) to achieve carbon
neutrality by 2050 [47], Italy's power system continues to rely heavily on non-
renewable fossil fuels.

Additional Scenarios for the Steelmaking Process

To evaluate the e�ect of the national electricity mix on the environmental im-
pact of the EAF steelmaking process, alternative scenarios were analyzed. For the
alternative scenario 1 (AS1) and 2 (AS2), the composition of the Italian electricity
mix was based on the Integrated National Energy and Climate Plan (INECP) ob-
jectives by 2030 [48, 49] and the complete decarbonization strategy by 2050 (EU
Green Deal) [47, 50], respectively. Also, the possibility of heating the HTC reactor
with an electrical source instead of natural gas in order to promote the use of re-
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newable resources according to each decarbonizing pathway (2030�2050) was taken
into consideration. Thus, alternative scenarios 3 (AS3) and 4 (AS4) were based
on providing Ereact by an electrical source considering the electrical mix of 2030
and 2050, respectively. The current Italian electricity mix was modeled by using
the process in the Ecoinvent v3.8 database �Electricity, high voltage IT|market
for|Cut-o�, U�, while the national electricity mix compositions based on the 2030
INECP and the EU Green Deal 2050 can be found in the literature [49, 50]. The
comparison of the environmental impact between the base scenario (set as the zero
reference) and each alternative scenario is displayed in Figure 5.19 .

Figure 5.19: Characterization impact comparison of the alternative scenarios
with the base scenario.

The importance of the substitution of fossil coal with hydrochar in EAF steel-
making assumed more relevance for the alternative scenarios since the share of
electricity production from coal was reduced from around 10% to zero. The res-
ults showed that most of the contributions to the impact assessment for all the
alternative scenarios were negative, i.e., they positively a�ected the environment.

Global warming potential was signi�cantly reduced by considering AS1 and
AS2 (�10 and �36%); additionally, the implementation of AS3 and AS4 led to
further reductions by �12% and �40%, respectively. Furthermore, since the use
of renewable energies will be increasing by 2030 and 2050, fossil resource scarcity
was also reduced by �8%, �42%, �11%, and �50% for alternative scenarios 1, 2, 3,
and 4, respectively. On the other hand, the land use impact category results in an
aggravation by 2030 for AS1 and AS3 (+11 and +80%), while by 2050, the increase
is more prominent (+18 and +95%). This was mainly related to the increase of
biomass-derived electricity production of +1% by 2030 and +4% by 2050.

Additional Scenarios for the Hydrochar Production and Use

The e�ect of the additional scenarios was also evaluated on the production
and use of the hydrochar (Figure 5.20 ). The normalization analysis displayed
in Figure 5.20a highlighted that the most a�ected categories of each alternative
scenario were global warming, terrestrial ecotoxicity, marine ecotoxicity, human
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carcinogenic toxicity, and fossil resource scarcity. The impact characterization
presented in Figure 5.20b shows that the substitution of natural gas with elec-
tricity for providing the heat necessary for the HTC reaction greatly increased
the environmental impacts in the terrestrial ecotoxicity, marine ecotoxicity, and
human carcinogenic toxicity categories for AS3 and AS4. This reduced the e�ect
of global warming and fossil resource scarcity up to �64% and �75%, respectively,
by 2050. The increase in the cited categories was primarily due to the transport
of biomass feedstock to the HTC plant. The related impact might be reduced
by changing the heavy-duty transport technologies based on traditional combus-
tion engines and fuels into more renewable alternatives, such as electric (battery
electric, hybrid electric, plug-in hybrid) [51], biogas [52, 53], biofuels [54, 55], and
hydrogen-based [56] vehicles.

(a)

(b)

Figure 5.20: Normalization analysis (a) and characterization impact (b) of hy-
drochar production and use for each alternative scenario.
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Challenges and future prospects of the study

LCA involves subjective decisions, such as choosing the functional unit, system
boundaries, and impact categories, which can a�ect the results. Furthermore, it
requires a large amount of data, which may not be readily available or of su�cient
quality. However, the study helped to identify the hotspots of the life cycle that
mostly contribute to the environmental impact and allows for targeted improve-
ments.
The following recommendations are put forth for the future advancement of hy-
drochar applications:

1. Assessing the environmental impact of transportation in an LCA analysis can
be challenging due to the high degree of variability, as factors such as dis-
tance, mode of transportation, and vehicle e�ciency can vary widely between
di�erent products and processes. Thus, the transport of the raw biomass
from the collection site to the processing site could be further assessed for
the speci�c application, i.e., EAF steelmaking, since was found to contribute
to the environmental impact of the hydrochar production.

2. Despite the properties of the hydrochar produced being in line with metal-
lurgical applications [57], improving the mechanical characteristics will be
bene�cial for both the transportation and handling operations in the fur-
nace. Through pelletizing both the logistics costs and safety risks might be
reduced while the furnace e�ciency enhanced [58�61]. Thus, it will be bene-
�cial to include this stage in the system boundaries of future LCA analyses
to grow stakeholders' understanding of the potential hydrochar applications.

3. Although some HTC pilot plants and industrial-scale reactors exist [62, 63],
no detailed data on the reactor con�guration, optimization and energy recov-
ery systems, and energy and mass balance calculations are available. How-
ever, time-consuming, labor-intensive, and costly multiple trial-and-error ex-
periments are required to obtain exhaustive information. Thus, to overcome
the lack of data without incurring these issues will be interesting to make
use of both a chemical process simulator (e.g., Aspen Plus®) to predict bal-
ances and performances of an industrial-scale HTC process [64] and numer-
ical simulation to foresee the hydrochar behavior in the speci�c metallurgic
application [1].

4. Further investigations on the techno-economic feasibility of the HTC process
are required before moving toward the industrial scale-up. Whether biomass
waste is converted into value-added products (hydrochar) largely depends on
these biofuels' cost competitiveness compared with fossil-based fuels. There-
fore, will be crucial to gain a thorough understanding of the techno-economic
assessments (TEAs) of the HTC process for biomass, especially for large-scale
production, together with the environmental performances (LCA) [65].
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Nomenclature

Abbreviation ηdryer Drier e�ciency (%)
BF-BOF Blast Furnace-Basic Oxygen Furnace Tboil Boiling temperature (°C)
EAF Electric Arc Furnace T0 Starting temperature (°C)
CFD computational �uid dynamics ∆Hvap Enthalpy of evaporation (kJ/kg)
Ac Anthracite coal Emill Milling energy consumption (kWh/t)
H220 biochar from HTC g Gravitational acceleration (m/s2)
T300 biochar from torrefaction ∆h Height di�erent (m)
P500 biochar from slow pyrolysis ηmill Milling e�ciency (%)
W400 cottonwood pyrolyzed biochar mbiomass,HTC sum of the mass of VP and EGM (kg)
FC Fixed Carbon Ereact Thermal energy for HTC reaction (kWh)
VM Volatile Matter Eheat energy for raising the temperature
VP Vine Pruning Eloss energy related to the heat lost on the reactor surface
EGM Exhausted Grape Marc cp biomass,HTC speci�c heat capacity of dry biomass (kJ/kg K)
HTC Hydrothermal Carbonization Tr reaction temperature (°C)
LCA Life Cycle Assesment To entering temperature of the feedstock (°C)
LCI Life Cycle Inventory mvinasse mass of vinasse entering the reactor (kg)
AS Alternative Scenario Hvinasse,Tr enthalpy of vinasse at 246.6°C (kJ/kg)
Symbol Hvinasse,T0 enthalpy of vinasse at 109.8°C (kJ/kg)
Vreactor Reactor volume (m3) mliq amount of water to be evaporated (kg)
Ar Surface area (m2) ∆Hsteam latent heat of water (kJ/kg)
λ Thermal conductivity of insulation (W/m K) msteam amount of steam to be produced equal to mliq (kg)
s Insulation thickness (m) Tvinasse,OUT initial temperature of the vinasse (°C)
ηheat E�ciency of the heating element (%) mSL mass of the hot spent liquor leaving the HTC reactor (kg)
cp,liq Speci�c heat capacity of water (kJ/kg K) HSL,OUT enthalpy of the spent liquor at 35°C in non-saturated conditions (kJ/kg)
d Impeller diameter (m) HSL,IN enthalpy of the spent liquor at 246.6°C in non-saturated conditions (kJ/kg)
Np Type of impeller (/) HYC hydrochar yield in terms of carbon (C) content
N Rotational speed (1/s) LYC spent liquor yield in terms of carbon (C) content
ηstirr E�ciency of stirring (%) GYC gas yield in terms of carbon (C) content
Efilt Filtration energy consumption (kWh/t) Eloss,AD themal energy losses through the anaerobic digestion reactor
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Chapter 6

Building application

In recent years, the exploration of alternative materials for building construc-
tion has gained signi�cant momentum due to the growing concern for environ-
mental sustainability and the need for a circular economy. One such promising
material that has emerged is hydrochar from hydrothermal carbonization (HTC)
which holds great potential as a building admixture derived from waste biomass.
The utilization of hydrochar not only presents a pathway for large-scale waste re-
cycling but also contributes to the realization of an eco-sustainable society. By
harnessing the virtuosic waste-to-resource approach, hydrochar applications can
signi�cantly enhance environmental sustainability, public health, and the overall
viability of the building industry.

This chapter delves into the application of hydrochar from HTC in the building
sector and emphasizes how it can provide a sustainable solution to the challenges
associated with municipal solid waste (MSW) management. By diverting waste
biomass from land�lls and converting it into a valuable resource, hydrochar applic-
ations pave the way for a more e�cient and circular waste management system.

6.1 Hydrochar from MSW as admixture for sus-

tainable plasters � Paper E

The elaboration of Paper E titled �Co-Hydrothermal Carbonization of Cavit-
ated Stabilized Organic Fraction and Land�ll Leachate: Optimization of Hydrochar
Characteristics� [1] arises from the project "ECOPLASTER - Biostabilized for
Ecosustainable Building" co-funded in 2022 by the Ministry of Environment and
Energetic Security.
The project intends to use the outputs of the municipal solid waste management
chain, i.e. SOF, LL, and the CF as input for the hydrothermal carbonization
(HTC) process. The hydrochar (solid fraction) of the HTC process will be used
for the production of an eco-sustainable plaster to be used in the building sector,
while the spent liquor (liquid fraction) will be employed for the growth of microor-
ganisms aimed at the production of bioplastics. A schematic outline of the project
process is reported in Figure 6.1 .
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Figure 6.1: Schematic outline of the ECOPLASTER project process

The �rst section of this chapter provides the preliminary results on evaluating
the e�cacy of land�ll leachate and concentrate fraction as reaction media for the
hydrothermal conversion of SOF derived from MSWs to hydrochar. Moreover, to
further enhance the homogenization and viscosity of the solid and liquid substrate
mixture before the HTC process, the application of hydrodynamic cavitation (HC)
was investigated.
Next, the chapter delves into the research project and examines any potential re-
lationships between the hydrochar production parameters (temperature and resid-
ence time) and the impacts on the �xed carbon content, deashing, and mass yield,
by using the Central Composite Face-Centered Design (CCF-CD) and Response
Surface Methodology (RSM) methodology.

The preliminary results showed that the hydrochar from HTC of the stabilized
organic fraction blended with land�ll leachate is a valid mixture for the production
of eco-sustainable plasters to be used in the building sector in a circular economy
approach. Moreover, the hydrodynamic cavitation was con�rmed as a valid pre-
treatment to enhance both the homogenization of the slurry, avoiding incurring
pumpability problems at an industrial scale, and the hydrochar characteristics.
In detail, the CCF-CD together with the RSM proved to be very useful in de-
termining the in�uence of independent variables on the response variables. HTC
temperature had the most in�uence on the physicochemical properties of hydrochar
while the e�ects of residence time were less signi�cant. Besides, the BET analysis
performed on the hydrochar from the experimental CCF-CD design highlighted
that up to 250°C and 3 hours, the HTC may increase the hydrochar's surface area
by 41.6% in comparison to the raw SOF.
The optimum conditions for the HTC process were found at 232°C and 2.65 h
resulting in a �xed carbon content of 6.17%, a deashing e�ciency of 53.87%, and
a mass yield of 54.26%. Under the optimized conditions obtained from Derringer's
desired function methodology, the experimental values were in close agreement
with the predicted ones.
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Overall, the results demonstrated the e�ciency of the HTC process in enhancing
the hydrochar properties to be used as admixture material in plasters in the build-
ing sector.

6.1.1 Preliminary tests and experimental design

Firstly, preliminary tests of HTC were conducted to understand the in�uence
of the liquid substrate (land�ll leachate and concentrate fraction) on the chemical
properties of the hydrochar. The HTC was performed at di�erent process tem-
peratures (200, 250, and 270°C) and residence times (1, 3, and 6 h), while the
solid-to-liquid ratio was maintained at 1/10. Then, the e�ect of the hydrodynamic
cavitation on the chemical characteristics of the hydrochar was evaluated by con-
sidering a temperature set point of 60°C. A schematic overview of the experimental
process is displayed in Figure 6.2 .

Figure 6.2: Schematic overview of the experimental process.

RSM and CCF-CD were used to examine any potential relationships between
the hydrochar production parameters (temperature and residence time) and the
impacts on the �xed carbon content, deashing, and mass yield. A three-level, 2-
factor CCF-CD was employed. HTC process temperature (X1) and residence time
(X2) were assumed as independent variables and coded at three levels (�1, 0, and
+1), corresponding to the minimum, medium and maximum levels. Each process
factor level was carefully selected based on preliminary tests. For the hydrochars,
the chosen responses were �xed carbon content (Y1), deashing e�ciency (Y2),
and mass yield (Y3) of the HTC process. The software Minitab v17.1.0 (Minitab
Ltd., Coventry, UK) was used to implement the statistical model. The statist-
ical signi�cance of the regression coe�cients was examined by using analysis of
variance (ANOVA) and regression analysis. This was accomplished by using the
Fisher's F-test at a 95% con�dence level, previously describe in Section 3.5 .
Multi-response analysis, based on Derringer's desirability function, was used to
concurrently optimize the response variables. The desired response of FC content,
DE, and MY was the maximum of the target goal. The same importance was
assumed for each response during the optimization analysis. Three replications of
experiments under optimum conditions were conducted to validate the optimized
models by comparing the experimental data to the expected values.
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6.1.2 Results and discussion

Characterization of preliminary tests

The characteristics of biomass before and after the HTC process in terms of
proximate and ultimate analysis, mass yield, and deashing e�ciency are shown in
Table 6.1 .
Preliminary results indicate that tests performed at 250°C and a residence time
of 3 h with LL rather than CF produce hydrochar with improved characteristics.
Dehydration, decarboxylation, hydrolysis, and condensation are the main reactions
that occur during the hydrothermal carbonization process [2, 3]. The balance
between these di�erent reactions determines the carbon content of the resulting
hydrochar. At moderate temperatures (250°C) and residence times (3 hours), the
HTC process primarily involves dehydration and decarboxylation reactions, which
lead to an increase in the carbon content [4], resulting in about +22% and 23% by
using LL and CF respectively.

Table 6.1: Characteristics of raw SOF and hydrochars from preliminary tests.

Liquid substrate LL CF LL CF LL CF
HTC temperature [°C] 200 200 250 250 270 270
Residence time [h] 1 1 3 3 6 6

Material Raw SOF Hydrochars
Ultimate Analysis [wt%daf ]
C 22.40 23.60 22.60 30.40 29.20 28.97 24.12
H 3.20 4.42 2.87 2.79 2.36 1.87 2.42
N 1.37 0.88 0.83 1.17 1.27 1.67 1.84
O 17.80 23.56 17.55 11.79 9.15 12.82 14.05
Proximate Analysis [wt%db]
Ash 55.82 47.54 56.15 53.85 58.02 47.54 57.57
VM 41.79 46.77 36.73 41.72 36.82 46.77 39.38
FC 2.39 5.69 7.12 4.43 5.16 5.69 3.05
DE [%] - 38.04 11.32 24.48 16.14 28.45 22.11
MY [%] - 72.75 88.16 78.28 80.68 72.28 74.72
Note: db: dry basis; daf: dry and ash-free bases

However, as the reaction temperature and residence time increase (270°C and
6 hours), hydrolysis and condensation reactions become more prevalent, leading
to a decrease in the carbon content [5] of about �5% and �21% by using LL and
CF respectively. Thus, at lower temperatures and residence times, the increase
in carbon content due to dehydration and decarboxylation reactions outweighs
the decrease due to hydrolysis and condensation reactions. However, at higher
temperatures and longer residence times, the decrease in carbon content due to
hydrolysis and condensation reactions outperforms the increase due to dehydra-
tion and decarboxylation reactions, resulting in a net decrease in carbon content.
Furthermore, for both the hydrochar obtained with LL and CF the ash content
increased �rst and then lightly decreased as the temperature and residence time
increased. A similar trend was found in literature [6]. The reason might be at-
tributed to the decrease of the organic compounds while the ash increased with
the increment of the reaction temperature and residence time from 220°C and
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1 hour to 250°C and 3 hours. However, with the further increase of the HTC
process parameters (270°C and 6 hours), the degradation of organic components
promotes the decomposition of inorganics into the liquid fraction. Thus, despite
a higher carbon content (+14.15%), the HTC of SOF with concentrate fraction
promotes the formation of ashes (+7.19%) in comparison to using land�ll leachate.
Furthermore, by using the CF the deashing e�ciency of the process resulted in
a reduction of �51.69%. Higher ash content in hydrochar reduces its porosity as
the inorganic materials can �ll up the pore spaces. Additionally, ash could also
coat the surface of hydrochar particles and reduce their speci�c area available for
reactions or adsorption [7]. Thus, the reduction in porosity and speci�c area of the
produced hydrochar might be unsuitable for the application as an admixture for
plaster production. For this reason, the hydrodynamic cavitation was performed
only on the mixture of SOF and LL. The mixture cavitated at a temperature set
point of 60°C was submitted to the HTC at a process temperature of 250°C and a
residence time of 3 hours to evaluate the e�ect of the HC on the hydrochar prop-
erties. The characteristics of the hydrochars from the HTC process of the mixture
of SOF and LL before and after undergoing HC are reported in Table 6.2 .
The hydrodynamic cavitation performed at a temperature set point of 60°C showed
signi�cant advantages in terms of hydrochar properties. In detail, HC as pre-
treatment of HTC provided higher disintegration and homogenization of the solid/liquid
mixture leading to higher carbon and �xed carbon content (+11.37% and +33.68%
respectively), lower ash formation (�12.33%) and upgraded DE (+63.91%), lending
support for producing hydrochar with raised porosity.

Table 6.2: Characteristics of raw SOF and hydrochars from preliminary tests.

Mixture Not cavitated Cavitated
HTC temperature [°C] 250 250
Residence time [h] 3 3

Ultimate Analysis [wt%daf ]
C 30.40 34.3
H 2.79 3.77
N 1.17 1.44
O 11.79 12.55
Proximate Analysis [wt%db]
Ash 53.85 47.94
VM 41.72 45.86
FC 4.43 6.68
DE [%] 24.48 67.86
MY [%] 78.28 37.45
Note: db: dry basis; daf: dry and ash-free bases
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Central Composite Face-Centered Design

The CCF-CD experimental design was established from the results of the pre-
liminary analysis. In detail, the HTC process was performed by using the mixture
of SOF and LL cavitated at a temperature set point of 60°C. The factors and their
coded values are shown in Table 6.3 . A total number of 13 tests were carried out,
including 4 runs of factorial points, 4 runs of face-centered points, and 5 replicates
at the central point useful to evaluate the pure error.

Table 6.3: Independent process variables, range values, and coded levels in exper-
imental design

Independent variables Symbols
Coded levels
-1 0 1

HTC temperature [°C] X1 220 250 280
Residence time [h] X2 1.5 3 4.5

Elemental analysis of hydrochars from CCF-CD experimental design

Table 6.4 displays the results of the proximate analysis of hydrochars from
the CCF-CD experimental design. The trials were performed in random order for
minimising the e�ects of unexpected variability on the observed responses.
The changes in the elemental composition of raw SOF and the obtained hydrochars
are also given in the Van Krevelen diagram (Figure 6.3 ), which is a plot of the
atomic H/C ratio versus the atomic O/C ratio. The hydrochars had signi�cantly
lower H/C and O/C atomic ratios than the raw SOF. This mainly results from
the dehydration and decarboxylation reactions occurring during HTC [8, 9]. The
dehydration and decarboxylation reactions, which reduce the amount of H and O
elements and increase the presence of C, were caused by the rise in HTC temper-
ature [10]. Likewise, the increase in residence time only in�uenced the O/C ratios,
which decreased. While dehydration and decarboxylation are the predominant
reaction pathways, demethanation has a negligible in�uence on the HTC process.

Table 6.4: Ultimate analysis of hydrochars from CCF-CD experimental design.

Run order 1 2 3 4 5 6 7 8 9 10 11 12 13

X1 [°C] 250 250 250 220 250 250 280 220 220 250 280 250 280
X2 [h] 1.5 3 4.5 3 3 3 4.5 1.5 4.5 3 1.5 3 3
Ultimate Analysis [wt%daf ]
C 34.70 36.60 37.68 30.13 34.40 35.00 35.13 30.43 33.40 33.20 34.18 33.00 34.85
H 4.03 3.98 4.11 3.61 3.68 4.13 3.48 3.81 3.93 3.67 3.45 3.83 3.40
N 1.32 1.38 1.75 1.04 1.50 1.46 1.24 0.89 0.98 0.89 1.28 1.52 1.15
O 14.19 10.15 12.38 17.58 11.41 12.53 7.76 21.03 15.28 11.65 10.67 12.93 9.70
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Figure 6.3: Van Krevelen diagram for hydrochars under di�erent conditions.

BET analysis of hydrochars

As shown in Figure 6.4 , the speci�c surface area of all hydrochars was larger
than that of the raw SOF. As the HTC temperature increased from 220°C to 250°C,
the surface area gradually increased. This might be due to the release of gases
from the decomposition of unstable components and the removal of VM during
the hydrothermal process, resulting in the formation of open pores and cracks
on the surface of the hydrochar [11�13]. However, at higher HTC temperatures
and long residence times, the surface area decreased, which might be due to the
secondary polymerization of soluble intermediates produced during the hydrolysis
phase led to the blocking of pores [14, 15]. Even though the values for the surface
area were generally low for raw SOF and hydrochars produced at all conditions,
ranging from around 7 to 12 m2/g, they are consistent with previous studies on
biomass-derived hydrochars. Low surface area values for hydrochars derived from
municipal solid waste, sewage sludge, livestock manure, spent co�ee grounds, and
macroalgae, have been reported in the literature [11, 13, 15�18]. Nevertheless,
the combination of thermal and chemical or physical activation might explain the
surface area increase [19�21].

Figure 6.4: BET surface area of the hydrochars from CCF-CD experimental
design.
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E�ect of independent variables

The proximate analysis of hydrochars from the CCF-CD experimental design,
together with their respective experimental responses are listed in Table 6.5 .

Table 6.5: Proximate analysis of hydrochars from CCF-CD experimental design.

Run order 1 2 3 4 5 6 7 8 9 10 11 12 13

X1 [°C] 250 250 250 220 250 250 280 220 220 250 280 250 280
X2 [h] 1.5 3 4.5 3 3 3 4.5 1.5 4.5 3 1.5 3 3
Proximate Analysis [wt%db]
Ash 45.76 47.89 44.09 47.64 49.01 46.88 52.39 43.84 46.41 50.58 50.44 48.71 50.90
VM 48.78 45.59 50.08 46.95 44.12 46.17 43.13 51.47 48.91 42.60 46.06 44.34 44.49
FC (Y1) 5.46 6.52 5.83 5.41 6.87 6.95 4.48 4.69 4.68 6.82 3.50 6.95 4.61
DE (Y2) [%] 60.45 67.51 70.17 37.86 65.63 67.98 49.78 35.10 38.77 67.68 45.06 66.88 47.56
MY (Y3) [%] 47.73 37.47 37.37 72.04 38.73 37.72 52.94 81.76 72.87 35.29 60.16 37.55 56.90

By applying multiple regression analysis to the experimental data, the relation-
ship between the response variables, �xed carbon content (Y1), deashing e�ciency
(Y2), and mass yield (Y3) of the HTC process, and the input variables, HTC
process temperature (X1) and residence time (X2), was expressed by second-order
polynomial equations with interaction terms. The �nal models generated in coded
factors are shown as:

Y1 = −99.18 + 0.8427X1 + 1.263X2

− 0.001743X1X1 − 0.4149X2X2 + 0.00550X1X2 (6.1)

Y2 = −1635.0 + 13.376X1 + 3.76X2

− 0.026446X1X1 − 0.534X2X2 + 0.0058X1X2 (6.2)

Y3 = 1939.2− 14.675X1 − 15.60X2

+ 0.02866X1X1 + 1.723X2X2 + 0.0093X1X2 (6.3)

Analysis of variance (ANOVA) was performed for the adequacy and �tness of
predicted models and the results are presented in Table 6.6 . The calculated F-
values of 70.97, 197.38, and 182.08 for Y1, Y2, and Y3 respectively, demonstrated
that the regression models are highly signi�cant (p < 0.0001). There is only a
0.01% chance that these large F-values could occur due to noise, con�rming the
validity of the predicted model. Furthermore, the adequacy of the model was
analyzed by the evaluation of the determination coe�cient (R2 > 0.95) and the
lack of �t (LOF) test. An R2 value of 0.9807, 0.9930, and 0.9924 for Y1, Y2, and
Y3 respectively, ensured that only 1.93%, 0.7%, and 0.76% of the total variations
are not explained by the regression models, validating the precision of the deduced
models. Moreover, the values of R2

adj (0.9668, 0.9879, 0.9869) were very high
and in reasonable agreement with the R2 values, con�rming that the regression
models were highly signi�cant. The acceptability of the quadratic models was also
veri�ed by the lack of �t (LOF) test. A p-value higher than 0.05 means that LOF is
insigni�cant due to relative pure error. Thus, the lack of �t p-values (0.265, 0.093,
and 0.120 for each model) con�rms that the models can be e�ectively employed
for the prediction.
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E�ect on �xed carbon content

The in�uence of the independent variables on the responses and their inter-
actions were evaluated by plotting response surface graphs and contour plots.
Figure 6.5 shows the e�ects of process temperature and residence time on �xed
carbon content. The FC content increased with the increase in process temperat-
ure from 220 to 250°C and then decreased at the higher process temperature of
280°C. This result is in agreement with previous studies [22]. Moreover, according
to the F-values and p-values of Table 6.6 , it can be noted that for the FC content
X1, X2, X1X1, and X2X2 are signi�cant model terms because their p-values were
higher than 0.05. From the F-values, the process temperature (X1) had a slightly
greater e�ect on the FC content rather than residence time (X2).

Table 6.6: ANOVA of response surface quadratic models.

Source DF F-Value Prob > F

Fixed carbon content

Model 5 70.97 < 0.0001
X1 1 18.06 0.004
X2 1 6.76 0.035
X1X1 1 153.47 < 0.0001
X2X2 1 54.36 < 0.0001
X1X2 1 5.53 0.051
Lack-of-Fit 3 1.94 0.265
R2 = 0.9807; R2

adj = 0.9668

Deashing e�ciency

Model 5 197.38 < 0.0001
X1 1 73.08 < 0.0001
X2 1 25.48 0.001
X1X1 1 729.38 < 0.0001
X2X2 1 1.86 0.215
X1X2 1 0.13 0.731
Lack-of-Fit 3 4.42 0.093
R2 = 0.9807; R2

adj = 0.9668

Mass yield

Model 5 182.08 < 0.0001
X1 1 157.31 < 0.0001
X2 1 34.32 0.001
X1X1 1 540.20 < 0.0001
X2X2 1 12.20 0.010
X1X2 1 0.20 0.664
Lack-of-Fit 3 3.68 0.120
R2 = 0.9807; R2

adj = 0.9668

Therefore, the positive signs of X1 and X2 in the Equation (6.1) indicate syn-
ergistic e�ects on the FC. However, the negative signs of X1X1 and X2X2 provide
antagonistic e�ects on the response which make the FC increase up to a certain
threshold with increasing HTC temperature and residence time after which it de-
creases.
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(a) (b)

Figure 6.5: Contour and surface plots of the �xed carbon content vs the inde-
pendent variables (temperature and time)

E�ect on dashing e�ciency

A similar trend obtained for the FC was found for the deashing e�ciency
(Figure 6.6 ). The proximate analysis of Table 6.5 shows that the DE increased
from 35.10% up to 70.17% with the increase of process temperature and residence
time from 220°C and 1.5h to 250°C and 4.5h and then decreasing up to 45.06% at
280°C and 1.5h. Similar �ndings were observed in literature studies [23�25]. This
was expected to be due to the fact that the ash can be leached into the liquid
fraction during HTC and its increase may be caused by the condensation and
reprecipitation of some inorganics on the hydrochar surface after a long residence
time at high temperatures. Furthermore, the F-values and p-values of Table 6.6
highlighted how X1, X2, and X1X1 are signi�cant model terms. Likewise for FC
content, the F-values of process temperature (X1) had a slightly greater e�ect
on the DE rather than residence time (X2), while the quadratic e�ect of process
temperature (X1X1) showed a higher impact. However, an important result from
the ANOVA analysis is that the residence time had no signi�cant quadratic and
interactive e�ects on the deashing e�ciency.

(a) (b)

Figure 6.6: Contour and surface plots of deashing e�ciency vs the independent
variables (temperature and time)

142



6.1. Hydrochar from MSW as admixture for sustainable plasters �
Paper E

E�ect on mass yield

The e�ect of the independent variables on hydrochars mass yield is shown in
Figure 6.7 . By considering each process temperature, the increase in residence
time determined a slight decrease in MY. On the other hand, the hydrochar yield
decreased by a mean of 46% points from 220°C to 250°C and increased again by a
mean of 40% points from 250°C to 280°C. The decrease in the yield as a function
of temperature and residence time might be due to the higher carbonization de-
gree, which led to a higher degree of material decomposition, fragmentation, and
solubilization [26�28]. Furthermore, by raising the HTC temperature from 250°C
to 280°C the formation of secondary char by polymerization reactions of small mo-
lecules in the liquid phase and recondensation into the char phase made the mass
yield increase [29]. The in�uence of the independent variables is con�rmed by the
ANOVA analysis, as reported in Table 6.6 . All linear and quadratic terms were
signi�cant. In detail, having the highest F-value for both linear and quadratic
coe�cients, the process temperature a�ected most signi�cantly the MY and might
be considered the main controlling factor of the HTC process. Furthermore, the
positive coe�cients of the quadratic terms X1X1 and X2X2 denoted that there is
a possible point of de�exion after which the independent variables have a negative
or positive e�ect on the MY.

(a) (b)

Figure 6.7: Contour and surface plots of mass yield vs the independent variables
(temperature and time)

Determination and validation of optimum conditions

Since the aim of this work was the preliminary investigation of the possible
use of hydrochar as an admixture for the production of a sustainable plaster as
carbon-capture, thermal insulation, moisture absorption, and acoustic insulation
material, the FC, DE, and MY were chosen as response variables to obtain the
optimum HTC process conditions at which they are maximized. The high ash
content in the SOF may clog the pores, resulting in a decrease in speci�c surface
area during the hydrothermal carbonization process [30]. On the other hand, with
the increase of FC the surface area of hydrochar generally shows a regular increase
[31, 32]. This is because of the dehydration, decarboxylation, and devolatilization
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reactions, which increase the carbon content and open these clogged pores [3]. Fur-
thermore, a higher MY could lead to greater e�ciency in the production process,
reducing production costs and increasing the economic viability of hydrochar in
large-scale industrial production [33, 34]. Thus, the deashing e�ect of the HTC
process, the �xed carbon and the mass yield, should be maximised to enhance the
characteristics of the plaster. However, the optimization of all responses under
the same operative conditions is di�cult because their intervals of variation are
di�erent. For this reason, the multi-response optimization was carried out by the
desirability function approach. In this study, equal weightage was given for all re-
sponses (FC, DE and MY) and an importance parameter equal to 1 were assumed.
As can be noted in Figure 6.8 the composite desirability (D) of the optimization
was 56.87%, indicating that it is challenging to optimize all the response variables
simultaneously. In particular, the maximum �xed carbon content, deashing e�-
ciency and mass yield was found to be 6.34%, 54.73% and 53.81% respectively
at an optimal parametric combination of a process temperature of 232°C and a
residence time of 2.65h.

Figure 6.8: BET surface area of the hydrochars from CCF-CD experimental
design.

To consolidate the results of the model, a hydrothermal carbonization treat-
ment of the cavitated mixture of SOF and LL was performed under the optimized
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conditions. Experiments were performed in triplicate and the values of the re-
sponse variables are reported in Table 6.7 . Results con�rm the suitability of
the developed quadratic models because the experimental �ndings are in close
agreement with the predicted values within a <3% error (Table 6.7 ).

Table 6.7: Physicochemical characterization of hydrochar and response variables
at the optimal HTC conditions.

Analysis Measured Predicted Deviation [%]

FC (Y1) [%] 6.17 6.34 �2.64
DE (Y2) [%] 53.87 54.73 �1.58
MY (Y3) [%] 54.26 53.81 0.84
Note: db: dry basis; daf: dry and ash-free bases
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Nomenclature

Abbreviation MY Mass Yield (%)
HTC Hydrothermal Carbonization DE Deashing E�ciency (%)
MBT Mechanical Biological Treatment FC Fixed Carbon
MSW Municipal Solid Waste VM Volatile Matter
SOF Stabilized Organic Fraction LOF Lack of Fit
LL Land�ll Leachate Symbol
CF Concentrate Fraction X1,2 indipendent variables
CCF-CD Central Composite Face-Centered Design Y1,2,3 response variables
RSM Response Surface Methodology R2 coe�cient of determination
HC Hydrodynamic Cavitation R2

adj adjusted coe�cient of determination
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Chapter 7

Conclusions

7.1 Remarkable outcomes

The scope of this thesis was the study of alternative valorization routes con-
cerning the biomass waste supply chain driven by a circular economy approach.
Hydrothermal carbonization was selected as a suitable process for the conversion
of raw biomass waste into carbonaceous products (hydrochar). The main out-
comes of this research project aimed to demonstrate the valuable and sustainable
application of hydrochar in several �elds, energy, industrial, and building.

The �rst step in the research work was to address concerns regarding bio-
mass waste management and select the main industrial supply chains that gen-
erate waste streams suitable for the HTC valorization process. Thus, prioritizing
the valorization of winemaking industry residues and municipal solid waste was a
strategic decision driven by the recognition of their abundance, the environmental
burden of their disposal, the presence of valuable components, the signi�cant po-
tential for resource recovery, and the promotion of a circular economy.
It was demonstrated that by optimizing the main HTC process conditions (tem-
perature, residence time, and solid-to-liquid ratio) the obtained hydrochars from
winemaking by-products and municipal solid waste supply chain resulted in high
potential application in the energy, industrial, and building sectors.

The study on the valorization of winery and distillery by-products by hydro-
thermal carbonization o�ered a comprehensive and integrated solution to the chal-
lenges of waste management in the winemaking industry. From the experimental
design on co-HTC of vine pruning and exhausted grape marc, by using vinasse
as wet catalytic vector, the optimal HTC conditions that maximized the mass
yield, energy densi�cation yield, phenols extraction yield, and the fuel ratio, as
well as minimized the energy consumption, were determined as being 246.3°C, 1.6
hours, and a liquid-to-solid ratio of 6.6%. The produced hydrochar resulted in a
sustainable and resourceful solution and contributed to the transition towards a
more circular and sustainable economy by e�ectively closing the loop and turning
winemaking industry waste into a valuable resource.

Furthermore, by investigating the pyrolysis and combustion kinetics of the hy-
drochar produced under optimal HTC conditions reported above, valuable insights
have been gained into its thermal decomposition, combustion characteristics, and
energy release potential. Kinetic analysis plays a crucial role in understanding,
optimizing, and commercializing the production and utilization of hydrochar. The
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kinetic results highlighted that even if the hydrochar exhibited a lower activation
energy compared to its biomass precursors (vine pruning and exhausted grape
marc) during both pyrolysis and combustion, HTC had positive e�ects on the
hydrochar's structure, which achieved a more thermodynamically stable, struc-
turally ordered, and energetically favorable state. This knowledge is crucial for
the e�cient utilization of hydrochar as a biofuel source, enabling its integration
into existing energy systems and facilitating a transition towards cleaner and more
sustainable energy production.

Besides, the integration of kinetic analysis with computational �uid dynamics
enables a comprehensive understanding and modeling of the �uid �ow, heat trans-
fer, and chemical reactions within hydrochar energy systems. It facilitates system
optimization, design, and parameter estimation, leading to improved e�ciency and
performance in hydrochar-based energy applications. The study conducted on the
computational �uid dynamics analysis of biochar combustion in a simulated iron-
making electric arc furnace laid the foundations for providing information on the
potential (and possible) use of biochar from torrefaction, slow pyrolysis, and hy-
drothermal carbonization of biomass as a substitute for fossil coal in EAF. Over-
all, the three-dimensional CFD model o�ered extensive information on the spatial
distribution of the jet velocity, temperature pro�le, reaction heat release, and dis-
tributions of combustion species inside the furnace. The higher volatile matter
and the lower �xed carbon content of the biochar, from the thermal treatments
cited above, than anthracite caused the reactions to be fast, and the exothermic
heat released was more concentrated. The �ndings highlighted the need to tailor
the biochar properties aimed for EAF applications e.g., by reducing volatiles, in-
creasing �xed carbon, or reducing the porosity, by operating on the pretreatment
process parameters.

Concurrently, by quantifying the environmental impacts and energy consump-
tion associated with biomass-derived biochar implementation, decision-makers can
make informed choices that promote sustainability and minimize the carbon foot-
print of the steelmaking industry. For this purpose, a comprehensive assessment
of the environmental impacts of steel produced using EAFs that employ pulver-
ized hydrochar from HTC of winery and distillery by-products as charged and
injected material as a substitute for fossil coal was achieved. An industrial layout
of a novel hydrochar- and anaerobic-digestion-based EAF was proposed. It was
drawn that even though the manufacture of hydrochar was associated with some
environmental burden, its use was advantageous since it was related to biogenic
CO2 emissions, contrary to the use of fossil coal. It was demonstrated that by
replacing fossil coal with hydrochar in EAF steelmaking, the GWP impact can be
reduced by around 2%. Furthermore, the LCA of the hydrochar- and anaerobic-
digestion-based EAF, considering the 2030 INECP and the EU Green Deal 2050
projections for Italian electricity production, revealed a signi�cant reduction in the
environmental impact. The results con�rmed that substituting fossil coal with a
biogenic carbon source, such as hydrochar, holds great promise for advancing the
decarbonization e�orts within the EAF steelmaking industry. This �nding under-
scores the potential of hydrochar as a sustainable alternative, paving the way for
a greener and cleaner future in steel production.

This thesis work demonstrated the valuable application of the hydrochar in
several �elds. Besides the energy and industrial sectors, already discussed, the po-
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tential use of hydrochar as an admixture material for plaster in the building sector
was exploited. Overall, the results con�rmed the e�ciency of the HTC process in
enhancing the hydrochar properties for the production of a sustainable plaster to
be used as carbon-capture, thermal insulation, moisture absorption, and acoustic
insulation material.
The experimental tests conducted revealed the remarkable e�ciency of land�ll
leachate as a liquid substrate for the HTC of the stabilized organic fraction of
municipal solid waste. Furthermore, the signi�cance of hydrodynamic cavitation
pretreatment was demonstrated, as it e�ectively improved both the homogeniza-
tion of the slurry and the resulting hydrochar characteristics. Also, at mild con-
ditions of temperature and residence time (250°C � 3 h) the speci�c surface area
of the hydrochar was shown to increase up to around 42%. Finally, the optimum
conditions for the HTC process were found at 232°C and 2.65 h resulting in a
�xed carbon content of 6.17%, a deashing e�ciency of 53.87%, and a mass yield
of 54.26%.

In conclusion, this research thesis highlights the potential of hydrochar applic-
ations as a sustainable solution to address the challenges related to winemaking
industry residues and municipal solid waste management. By diverting waste bio-
mass from land�lls and transforming it into a value-added product through the
HTC process, a more e�cient and circular waste management system can be es-
tablished. This approach not only mitigates the environmental impact of waste
disposal but also paves the way to the realization of a more sustainable and re-
sourceful future. The utilization of hydrochar represents a pathway for large-scale
waste recycling, as well as contributes to the realization of an eco-sustainable so-
ciety. By harnessing the virtuosic waste-to-resource approach, hydrochar applic-
ations can signi�cantly enhance environmental sustainability, public health, and
the overall viability of the energy, industrial, and building industries.

7.2 Techno-economic considerations

As highlighted in this thesis, the attractiveness of hydrochar as a renewable
energy source and substitute for conventional fossil coal to mitigate environmental
burdens is undoubtedly signi�cant. Also, the advantages of the HTC technology
and its �exibility in handling a wide range of wastes have been proven. However,
its economic competitiveness should be addressed to evaluate industrial feasibility.
Economic feasibility encompasses a wide range of factors, including feedstock pro-
curement, capital investment, operating costs, waste management, logistics costs,
revenue potential, market dynamics, and �nancial viability.
Within this section, techno-economic considerations based on a thorough literature
review are provided.

It should be mentioned that only a limited number of studies have provided
thorough economic evaluations of the entire HTC process. Achieving consistency
among them is challenging due to varying factors such as plant capacities, the
amount of biomass waste processed, and the intended �nal use, which signi�c-
antly impact the economic outcomes. Sangaré et al. (2024) focused on the energy
balance and techno-economic analysis of the conversion of avocado stone into hy-
drochar pellets [1]. They considered the hydrochar pellets' breakeven selling prices
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economically viable in the range of 250 $/ton and 379 $/ton (230�349 e/ton). For
Lucian and Fiori (2017) the selling price of the hydrochar from o�-speci�cation
compost and grape marc would be between 157 e/ton and 200 e/ton [2]. Besides,
Saba et al. (2019) revealed that breakeven prices could decrease to 113�118 $/ton
(104�108 e/ton) of hydrochar obtained from co-HTC of biomass (miscanthus) and
coal [3]. Furthermore, the importance of the plant size was evaluated González-
Arias et al. (2021) [4]. They found that increasing the HTC plant capacity from
312.5 to 1250 kg/h of olive tree pruning might reduce the price of hydrochar from
590 to 390 e/ton.
Considering the price trends observed over the past decade for wood pellets and
traditional coal, which typically fall within the range of 170 e/ton to 200 e/ton
and from 50 e/ton to 150 e/ton [5, 6], respectively, could be inferred that achiev-
ing pro�table production of hydrochar at a price that is competitive for energy
purposes or as a substitute for fossil coal is a highly challenging endeavor. How-
ever, the recent global energy crisis created signi�cant oscillations in the wood
pellet and coal market, making them reach peaks of 600 e/ton and 450 e/ton,
respectively in 2022 [7, 8]. Hence, this apparent uncertainty may turn into an op-
portunity for HTC business. Moreover, the economic and environmental bene�ts
of hydrochar highly depend on its applications. Recently, Nadarajah et al. (2024)
provided a techno-economic analysis of hydrochar production from rice straw for
contaminants adsorption in water [9]. They estimated the minimum selling price
of the hydrochar to be almost half compared to the market price for other similar
carbon-based sorbent materials (76 $/t vs. 136 $/t). Furthermore, the use of
hydrochar as an admixture in mortars would reduce the consumption of cement
without increasing the price of mortar (222 $/m3 admixtured mortar vs. 225 $/m3

of traditional mortar) [10�12].
Finally, the economic e�ciency of hydrochar production could be improved by
optimizing process, time, temperature, logistics, plant capacity, and feedstock
choices. Moreover, pushing the energy transition towards the use of higher re-
newable energy sources for the production of the national electricity mix would
reduce the hydrochar production costs [4, 13].

Overall, the foreseen increase in fossil fuel prices, the worldwide policies for
renewable fuel sources, and climate change mitigation along with the rising cost of
CO2 emission rights and waste management burden could make hydrochar com-
petitive in the near future.

7.3 Challenges and future perspectives

The study of alternative valorization routes for biomass waste within a circular
economy framework, as explored in this thesis, presents both challenges and future
perspectives.
While the valuable and sustainable application of hydrochar has been demon-
strated in the energy, industrial, and building sectors, there is still a need for
further research and development to explore its full potential. In this regard, it
is deemed appropriate to acknowledge the signi�cant challenges and limitations
encountered in this research. The author hopes that these obstacles will be thor-
oughly investigated and overcome through the contributions of future research.
Below is a concise list highlighting some of these challenges and perspectives:
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⇒ Scaling up and commercialization: One of the primary challenges is the scale-
up of hydrothermal carbonization processes for industrial implementation.
The research demonstrates the potential of hydrochar in various sectors, but
the transition from laboratory-scale experiments to large-scale production
requires further optimization, process engineering, and economic viability
assessment.

⇒ Technological improvements: The e�ciency and e�ectiveness of the HTC
process can be further improved through technological advancements. This
might include advancements in reactor design and catalyst utilization can
enhance the process e�ciency quality of hydrochar.

⇒ Feedstock availability and variability: The availability and composition of
biomass waste feedstocks can vary geographically and seasonally. It is essen-
tial to develop robust and �exible HTC processes that can handle di�erent
types of biomass feedstocks with varying characteristics, including moisture
content, particle size, and chemical composition.

⇒ Techno-economic assessments: Evaluating the economic feasibility and viab-
ility of hydrochar production and its application in various sectors plays a
crucial role. They involve analyzing the costs and bene�ts associated with
the entire value chain, including feedstock collection, preprocessing, hydro-
thermal carbonization, post-processing, and end-use applications.

⇒ Integration with existing systems: This includes investigating the compat-
ibility of hydrochar with existing energy systems, optimizing its use as a
fuel source, and developing innovative technologies for its integration into
industrial processes.

⇒ Industrial-scale chemical and �uid dynamic process simulations: Chemical
process simulations are valuable tools for predicting the balances and per-
formances of an industrial-scale HTC process. These simulations provide
insights into mass and energy balances, reaction kinetics, process optimiz-
ation, and product characterization without incurring costly multiple trial-
and-error experiments. Moreover, integrating a time-dependent and multi-
phase CFD model can enhance the understanding of the process behavior
(e.g. combustion, pyrolysis, etc.) and interactions between di�erent phases,
leading to improved process understanding.

⇒ Pilot plant design: Despite HTC being an emerging technology, there are
relatively few industrial-scale or pilot-scale plants dedicated to HTC at the
national level. Designing and establishing a �exible HTC pilot plant can
serve as a testing ground to evaluate the technical feasibility, economic viab-
ility, and environmental performance of HTC processes using di�erent feed-
stocks. The data and insights gained from pilot-scale operations can inform
stakeholders for future industrial-scale plants, paving the way for broader
adoption of HTC technology. Also, might be crucial for research institutions
for funding opportunities, fostering the development of projects and collab-
oration for biomass waste valorization within a circular economy framework.
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Appendices

A.1 Supplementary material Chapter 3

Table A.1: Most frequently mechanism functions of solid-state processes.

Serial No. Mechanism Symbol f (α) g(α)

Order of reaction
1 First-order F1 1− α −ln(1− α)
2 Second-order F2 (1− α)2 (1− α)−1 − 1
3 Third-order F3 (1− α)3 [(1− α)−2 − 1]/2
n n-order Fn (1− α)n [(1− α)−(n−1) − 1]/(n− 1)
Di�usion
4 One-way transport D1 0.5α α2

5 Two-way transport D2 [− ln(1− α)]−1 (1− α)ln(1− α) + α

6 Three-way transport D3 1.5(1− α)2/3[1− (1− α)1/3]−1 [1− (1− α)1/3]2

7 Ginstling-Brounshtein equation D4 1.5[(1− α)−1/3 − 1]−1 (1− 2α/3)− (1− α)2/3

Limiting surface reaction between both phases
8 One dimension R1 1 α
9 Two dimensions R2 2(1− α)1/2 1− (1− α)1/2

10 Three dimensions R3 3(1− α)2/3 1− (1− α)1/3

Random nucleation and nuclei growth

11 Two-dimensional A2 2(1− α)[− ln(1− α)]1/2 [− ln(1− α)]1/2

12 Three-dimensional A3 3(1− α)[− ln(1− α)]2/3 [− ln(1− α)]1/3

Exponential nucleation
13 Power law. n = 1/2 P2 2α1/2 α1/2

14 Power law. n = 1/3 P3 3α2/3 α1/3

15 Power law. n = 1/4 P4 4α3/4 α1/4
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A.2 Supplementary material Chapter 4

Supplementary material Section 4.1

(a) (b)

(c) (d)

(e)

Figure A.1: E�ects of the HTC operating parameters on the spent liquor char-
acteristics
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Table A.2: ANOVA of response surface quadratic models.

Source F-value p-value

MY [%]
Model 47.61 <0.0001
A 360.26 <0.0001
B 12.85 0.016
C 46.99 0.001
A2 0.28 0.622
B2 0.74 0.430
C2 1.13 0.337
AB 2.07 0.209
AC 1.84 0.233
BC 2.63 0.166
Lack of �t 2.62 0.289
R2=0.9885, R2

adj=0.9677, R
2
pred=0.8477

EDY
Model 134.72 <0.0001
A 1035.54 <0.0001
B 143.81 <0.0001
C 10.42 0.023
A2 11.65 0.019
B2 0.28 0.620
C2 4.25 0.094
AB 1.64 0.256
AC 0.02 0.991
BC 3.57 0.118
Lack of �t 16.72 0.057
R2=0.9959, R2

adj=0.9885, R
2
pred=0.9365

FR
Model 27.81 0.001
A 213.66 <0.0001
B 30.55 0.003
C 0.01 0.998
A2 0.69 0.443
B2 1.29 0.308
C2 0.24 0.643
AB 0.74 0.430
AC 0.07 0.808
BC 2.87 0.151
Lack of �t 8.86 0.103
R2=0.9804, R2

adj=0.9452, R
2
pred=0.8809

PEY [mgGAE/g]
Model 33.34 0.001
A 66.44 <0.0001
B 0.07 0.798
C 175.16 <0.0001
A2 0.02 0.892
B2 0.17 0.701
C2 57.16 0.001
AB 0.03 0.867
AC 0.64 0.459
BC 0.36 0.576
Lack of �t 2.91 0.266
R2=0.9836, R2

adj 0.9541, R2
pred=0.8898
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Figure A.2: RSM optimizer plot of (MY) Hydrochar Yield; (EDY) Energy Dens-
i�cation Yield; (FR) Fuel Ratio; (PEY) Phenols Extraction Yield; (EI) Energy
Input.
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Supplementary material Section 4.2

(a) (b)

(c)

Figure A.3: Thermal degradation pro�les of HY, EGM, and VP under N2 at-
mosphere with a heating rate of a) 20°C/min, b) 30°C/min, and c) 40°C/min.
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(a) (b)

(c)

Figure A.4: Thermal degradation pro�les of HY, EGM, and VP under air at-
mosphere with a heating rate of a) 20°C/min, b) 30°C/min, and c) 40°C/min.
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Table A.3: Apparent activation energy of HY, EGM, and VP during pyrolysis
obtained by STK method.

Sample α Ea [kJ/mol] R2 Ea [kJ/mol] R2

HY Stage I (114�310°C) Stage II (310�728°C)
0.1 81.55 0.990 122.34 0.996
0.2 83.21 0.995 144.86 0.996
0.3 82.80 0.996 162.29 0.996
0.4 80.05 0.995 177.23 0.987
0.5 79.38 0.996 191.19 0.974
0.6 79.18 0.996 194.25 0.971
0.7 80.08 0.996 180.39 0.967
0.8 84.05 0.995 157.18 0.971
0.9 89.39 0.995 112.03 0.968
Avg. 82.19 160.19

EGM Stage I (154�291°C) Stage II (291�649°C)
0.1 154.52 0.967 177.34 0.997
0.2 160.60 0.984 180.68 0.998
0.3 169.66 0.994 187.21 0.998
0.4 176.52 0.997 188.82 0.998
0.5 182.79 0.998 187.66 0.996
0.6 176.92 0.997 198.15 0.993
0.7 174.97 0.998 219.06 0.986
0.8 172.30 0.998 232.45 0.977
0.9 170.08 0.998 206.16 0.961
Avg. 170.93 197.50

VP Stage (123�657°C)
0.1 163.72 0.969
0.2 164.80 0.967
0.3 161.70 0.971
0.4 161.81 0.979
0.5 163.09 0.989
0.6 162.76 0.990
0.7 163.29 0.985
0.8 153.76 0.986
0.9 105.96 0.998
Avg. 155.66
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Table A.4: Apparent activation energy of HY, EGM, and VP during pyrolysis
obtained by OFW method.

Sample α Ea [kJ/mol] R2 Ea [kJ/mol] R2

HY Stage I (114�310°C) Stage II (310�728°C)
0.1 84.52 0.991 125.58 0.997
0.2 86.53 0.996 147.37 0.997
0.3 86.40 0.996 164.24 0.996
0.4 83.98 0.996 178.71 0.988
0.5 83.50 0.997 192.29 0.977
0.6 83.45 0.997 195.51 0.974
0.7 84.44 0.997 182.69 0.971
0.8 88.34 0.996 161.08 0.975
0.9 93.58 0.996 118.96 0.974
Avg. 86.08 162.94

EGM Stage I (154�291°C) Stage II (291�649°C)
0.1 154.49 0.970 177.57 0.999
0.2 160.62 0.985 180.96 0.999
0.3 169.43 0.995 187.39 0.999
0.4 176.12 0.998 189.13 0.999
0.5 182.18 0.999 188.24 0.997
0.6 176.68 0.997 198.51 0.994
0.7 174.89 0.999 218.83 0.987
0.8 172.41 0.998 232.06 0.979
0.9 170.36 0.999 207.68 0.965
Avg. 170.80 197.82

VP Stage (123�657°C)
0.1 163.98 0.972
0.2 165.46 0.970
0.3 162.78 0.974
0.4 163.12 0.981
0.5 164.53 0.990
0.6 164.38 0.992
0.7 165.06 0.986
0.8 156.25 0.988
0.9 111.46 0.999
Avg. 157.45
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Table A.5: Apparent activation energy of HY, EGM, and VP during pyrolysis
obtained by KAS method.

Sample α Ea [kJ/mol] R2 Ea [kJ/mol] R2

HY Stage I (114�310°C) Stage II (310�728°C)
0.1 81.31 0.990 122.03 0.996
0.2 82.96 0.995 144.56 0.996
0.3 82.53 0.996 161.99 0.996
0.4 79.77 0.995 176.93 0.987
0.5 79.10 0.996 190.89 0.974
0.6 78.89 0.996 193.94 0.971
0.7 79.78 0.996 180.05 0.967
0.8 83.75 0.995 156.80 0.971
0.9 89.09 0.995 111.58 0.968
Avg. 81.91 159.86

EGM Stage I (154�291°C) Stage II (291�649°C)
0.1 154.31 0.967 177.10 0.999
0.2 160.39 0.984 180.43 0.999
0.3 169.44 0.994 186.95 0.999
0.4 176.31 0.997 188.55 0.999
0.5 182.57 0.998 187.38 0.996
0.6 176.69 0.997 197.87 0.993
0.7 174.74 0.999 218.78 0.986
0.8 172.07 0.998 232.16 0.977
0.9 169.84 0.998 205.82 0.961
Avg. 170.71 197.23

VP Stage (123�657°C)
0.1 163.49 0.969
0.2 164.56 0.967
0.3 161.44 0.971
0.4 161.54 0.979
0.5 162.81 0.989
0.6 162.48 0.990
0.7 163.00 0.984
0.8 153.45 0.986
0.9 105.58 0.999
Avg. 155.37
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Table A.6: Apparent activation energy of HY, EGM, and VP during combustion
obtained by STK method.

Sample α Ea [kJ/mol] R2 Ea [kJ/mol] R2

HY Stage I (135�374°C) Stage II (374�830°C)
0.1 130.70 0.969 63.52 0.977
0.2 152.56 0.983 60.68 0.983
0.3 151.64 0.972 57.56 0.986
0.4 134.17 0.966 52.52 0.986
0.5 119.24 0.970 46.81 0.983
0.6 104.00 0.978 41.77 0.981
0.7 92.38 0.976 37.45 0.978
0.8 83.48 0.971 33.49 0.974
0.9 75.15 0.967 29.90 0.965
Avg. 115.92 47.08

EGM Stage I (157�377°C) Stage II (377�708°C)
0.1 162.83 0.990 170.08 0.968
0.2 171.87 0.990 171.65 0.970
0.3 158.15 0.973 170.19 0.965
0.4 159.76 0.975 134.48 0.987
0.5 154.93 0.977 103.75 0.996
0.6 153.63 0.968 85.34 1.000
0.7 152.34 0.970 72.29 0.999
0.8 151.22 0.965 63.10 0.997
0.9 162.76 0.967 55.27 0.994
Avg. 158.61 114.02

VP Stage I (156�377°C) Stage II (377�650°C)
0.1 155.73 0.981 128.89 0.970
0.2 160.42 0.965 126.66 0.968
0.3 149.32 0.985 125.71 0.978
0.4 150.52 0.984 115.63 0.974
0.5 151.90 0.981 98.79 0.967
0.6 152.79 0.976 86.98 0.967
0.7 148.68 0.967 82.92 0.971
0.8 141.04 0.969 82.44 0.975
0.9 133.02 0.980 83.57 0.983
Avg. 149.27 103.51

168



Supplementary material

Table A.7: Apparent activation energy of HY, EGM, and VP during combustion
obtained by OFW method.

Sample α Ea [kJ/mol] R2 Ea [kJ/mol] R2

HY Stage I (135�374°C) Stage II (374�830°C)
0.1 132.37 0.973 70.89 0.983
0.2 153.72 0.985 68.64 0.989
0.3 153.12 0.975 66.06 0.991
0.4 136.67 0.971 61.64 0.991
0.5 122.62 0.974 56.58 0.990
0.6 108.26 0.981 52.18 0.989
0.7 97.36 0.980 48.51 0.989
0.8 89.06 0.977 45.23 0.988
0.9 81.30 0.975 42.36 0.985
Avg. 119.39 56.90

EGM Stage I (157�377°C) Stage II (377�708°C)
0.1 162.93 0.991 172.33 0.972
0.2 171.87 0.991 174.10 0.974
0.3 158.98 0.976 172.96 0.969
0.4 160.68 0.977 139.24 0.989
0.5 156.23 0.980 110.26 0.997
0.6 155.14 0.972 93.03 1.000
0.7 154.08 0.974 80.91 1.000
0.8 153.21 0.969 72.47 0.998
0.9 164.42 0.971 65.34 0.997
Avg. 159.73 120.07

VP Stage I (156�377°C) Stage II (377�650°C)
0.1 156.25 0.983 132.79 0.974
0.2 161.06 0.969 130.86 0.973
0.3 150.73 0.986 130.11 0.982
0.4 152.03 0.986 120.69 0.979
0.5 153.50 0.983 104.83 0.974
0.6 154.49 0.978 93.74 0.974
0.7 150.72 0.970 90.07 0.978
0.8 143.60 0.973 89.83 0.981
0.9 136.18 0.983 91.16 0.987
Avg. 150.95 109.34
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Table A.8: Apparent activation energy of HY, EGM, and VP during combustion
obtained by KAS method.

Sample α Ea [kJ/mol] R2 Ea [kJ/mol] R2

HY Stage I (135�374°C) Stage II (374�830°C)
0.1 132.37 0.973 70.89 0.983
0.2 153.72 0.985 68.64 0.989
0.3 153.12 0.975 66.06 0.991
0.4 136.67 0.971 61.64 0.991
0.5 122.62 0.974 56.58 0.990
0.6 108.26 0.981 52.18 0.989
0.7 97.36 0.980 48.51 0.989
0.8 89.06 0.977 45.23 0.988
0.9 81.30 0.975 42.36 0.985
Avg. 119.39 56.90

EGM Stage I (157�377°C) Stage II (377�708°C)
0.1 162.93 0.991 172.33 0.972
0.2 171.87 0.991 174.10 0.974
0.3 158.98 0.976 172.96 0.969
0.4 160.68 0.977 139.24 0.989
0.5 156.23 0.980 110.26 0.997
0.6 155.14 0.972 93.03 1.000
0.7 154.08 0.974 80.91 1.000
0.8 153.21 0.969 72.47 0.998
0.9 164.42 0.971 65.34 0.997
Avg. 159.73 120.07

VP Stage I (156�377°C) Stage II (377�650°C)
0.1 156.25 0.983 132.79 0.974
0.2 161.06 0.969 130.86 0.973
0.3 150.73 0.986 130.11 0.982
0.4 152.03 0.986 120.69 0.979
0.5 153.50 0.983 104.83 0.974
0.6 154.49 0.978 93.74 0.974
0.7 150.72 0.970 90.07 0.978
0.8 143.60 0.973 89.83 0.981
0.9 136.18 0.983 91.16 0.987
Avg. 150.95 109.34
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Figure A.5: Kinetic �tting results in N2 atmosphere based on STK, OFW, and
KAS methods for HY a�f; EGM g�n; VP o�q
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Figure A.6: Kinetic �tting results in air atmosphere based on STK, OFW, and
KAS methods for HY a�f; EGM g�n; VP o�t
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Table A.9: Pre-exponential values from ECE method for HY, EGM, and VP at
each extent of conversion α during pyrolysis.

β 10°C/min 20°C/min 30°C/min 40°C/min 10°C/min 20°C/min 30°C/min 40°C/min
α A [s−1] A [s−1] A [s−1] A [s−1] A [s−1] A [s−1] A [s−1] A [s−1]
HY Stage I (114�310°C) Stage II (310�728°C)
0.1 1.09E+06 1.12E+06 1.03E+06 1.13E+06 2.90E+07 3.58E+07 4.42E+07 4.89E+07
0.2 1.69E+06 1.72E+06 1.57E+06 1.70E+06 2.65E+09 2.95E+09 3.45E+09 3.69E+09
0.3 1.52E+06 1.54E+06 1.41E+06 1.54E+06 8.74E+10 8.98E+10 1.01E+11 1.05E+11
0.4 7.38E+05 7.66E+05 7.11E+05 7.78E+05 1.75E+12 1.68E+12 1.81E+12 1.85E+12
0.5 6.19E+05 6.46E+05 6.02E+05 6.59E+05 2.88E+13 2.58E+13 2.70E+13 2.70E+13
0.6 5.88E+05 6.14E+05 5.73E+05 6.28E+05 5.31E+13 4.70E+13 4.88E+13 4.86E+13
0.7 7.44E+05 7.72E+05 7.17E+05 7.84E+05 3.30E+12 3.11E+12 3.34E+12 3.40E+12
0.8 2.11E+06 2.12E+06 1.93E+06 2.09E+06 3.14E+10 3.30E+10 3.74E+10 3.94E+10
0.9 8.59E+06 8.29E+06 7.33E+06 7.88E+06 3.67E+06 4.76E+06 6.01E+06 6.75E+06
Avg. 1.97E+06 1.95E+06 1.76E+06 1.91E+06 9.68E+12 8.64E+12 9.01E+12 9.01E+12
a 0.2628 0.2550 0.2498 0.2479 0.2006 0.1959 0.1935 0.1920
b -3.4275 -2.7681 -2.4279 -2.1886 -3.2597 -2.4766 -1.9749 -1.6956
EGM Stage I (154�291°C) Stage II (291�649°C)
0.1 1.31E+13 1.26E+13 1.31E+13 1.39E+13 1.61E+13 1.62E+13 1.69E+13 1.69E+13
0.2 5.77E+13 5.38E+13 5.52E+13 5.82E+13 3.26E+13 3.23E+13 3.34E+13 3.34E+13
0.3 5.24E+14 4.66E+14 4.71E+14 4.90E+14 1.29E+14 1.24E+14 1.27E+14 1.25E+14
0.4 2.79E+15 2.40E+15 2.40E+15 2.47E+15 1.80E+14 1.73E+14 1.76E+14 1.74E+14
0.5 1.28E+16 1.07E+16 1.06E+16 1.08E+16 1.41E+14 1.36E+14 1.39E+14 1.37E+14
0.6 3.07E+15 2.63E+15 2.63E+15 2.71E+15 1.28E+15 1.19E+15 1.19E+15 1.15E+15
0.7 1.91E+15 1.65E+15 1.66E+15 1.71E+15 1.05E+17 8.95E+16 8.57E+16 8.04E+16
0.8 9.99E+14 8.77E+14 8.83E+14 9.15E+14 1.75E+18 1.42E+18 1.33E+18 1.22E+18
0.9 5.81E+14 5.16E+14 5.21E+14 5.42E+14 6.94E+15 6.24E+15 6.13E+15 5.87E+15
Avg. 2.53E+15 2.14E+15 2.13E+15 2.19E+15 2.07E+17 1.69E+17 1.58E+17 1.45E+17
a 0.2436 0.2386 0.2369 0.2354 0.2104 0.2066 0.2046 0.2029
b -3.3483 -2.6058 -2.3045 -2.0179 -2.8007 -2.1293 -1.7256 -1.4282
VP Stage (123�657°C)
0.1 3.31E+12 4.23E+12 3.87E+12 3.93E+12
0.2 4.20E+12 5.36E+12 4.88E+12 4.95E+12
0.3 2.12E+12 2.72E+12 2.50E+12 2.55E+12
0.4 2.17E+12 2.79E+12 2.56E+12 2.61E+12
0.5 2.88E+12 3.69E+12 3.38E+12 3.43E+12
0.6 2.67E+12 3.43E+12 3.14E+12 3.20E+12
0.7 3.00E+12 3.85E+12 3.52E+12 3.58E+12
0.8 3.67E+11 4.81E+11 4.55E+11 4.68E+11
0.9 9.56E+06 1.41E+07 1.57E+07 1.73E+07
Avg. 2.30E+12 2.95E+12 2.70E+12 2.75E+12
a 0.2208 0.2183 0.2150 0.2135
b -3.2247 -2.5751 -2.1157 -1.8658
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Table A.10: Pre-exponential values from ECE method for HY, EGM, and VP at
each extent of conversion α during combustion.

β 10°C/min 20°C/min 30°C/min 40°C/min 10°C/min 20°C/min 30°C/min 40°C/min
α A [s−1] A [s−1] A [s−1] A [s−1] A [s−1] A [s−1] A [s−1] A [s−1]
HY Stage I (135�374°C) Stage II (374�830°C)
0.1 2.95E+09 3.53E+09 3.55E+09 3.25E+09 5.16E+01 5.48E+01 4.68E+01 4.55E+01
0.2 4.06E+11 4.50E+11 4.19E+11 3.65E+11 3.09E+01 3.36E+01 2.92E+01 2.87E+01
0.3 3.30E+11 3.67E+11 3.43E+11 2.99E+11 1.76E+01 1.95E+01 1.74E+01 1.73E+01
0.4 6.44E+09 7.62E+09 7.58E+09 6.89E+09 7.12E+00 8.18E+00 7.53E+00 7.65E+00
0.5 2.23E+08 2.78E+08 2.92E+08 2.74E+08 2.55E+00 3.05E+00 2.92E+00 3.03E+00
0.6 7.18E+06 9.45E+06 1.05E+07 1.02E+07 1.03E+00 1.27E+00 1.26E+00 1.34E+00
0.7 5.24E+05 7.18E+05 8.31E+05 8.31E+05 4.72E-01 6.04E-01 6.18E-01 6.65E-01
0.8 7.05E+04 9.97E+04 1.19E+05 1.22E+05 2.31E-01 3.04E-01 3.20E-01 3.50E-01
0.9 1.08E+04 1.57E+04 1.93E+04 2.01E+04 1.21E-01 1.63E-01 1.76E-01 1.95E-01
Avg. 8.28E+10 9.21E+10 8.59E+10 7.49E+10 1.24E+01 1.35E+01 1.18E+01 1.16E+01
a 0.2254 0.2218 0.2182 0.2159 0.1801 0.1730 0.1660 0.1621
b -3.5558 -2.9153 -2.4345 -2.2226 -3.4003 -2.8873 -2.6044 -2.3833
EGM Stage I (157�377°C) Stage II (377�708°C)
0.1 1.07E+13 9.83E+12 1.35E+13 1.00E+13 7.00E+09 5.45E+09 7.05E+09 7.05E+09
0.2 8.43E+13 7.42E+13 1.01E+14 7.32E+13 9.20E+09 7.12E+09 9.20E+09 9.18E+09
0.3 3.68E+12 3.45E+12 4.78E+12 3.57E+12 7.13E+09 5.55E+09 7.18E+09 7.18E+09
0.4 5.32E+12 4.95E+12 6.84E+12 5.10E+12 1.36E+07 1.25E+07 1.65E+07 1.74E+07
0.5 1.77E+12 1.68E+12 2.34E+12 1.76E+12 6.22E+04 6.57E+04 8.83E+04 9.79E+04
0.6 1.31E+12 1.26E+12 1.75E+12 1.32E+12 2.47E+03 2.84E+03 3.85E+03 4.40E+03
0.7 9.79E+11 9.43E+11 1.32E+12 9.96E+11 2.50E+02 3.05E+02 4.18E+02 4.87E+02
0.8 7.58E+11 7.34E+11 1.03E+12 7.79E+11 5.00E+01 6.36E+01 8.75E+01 1.03E+02
0.9 1.05E+13 9.68E+12 1.33E+13 9.86E+12 1.27E+01 1.67E+01 2.31E+01 2.76E+01
Avg. 1.33E+13 1.19E+13 1.62E+13 1.18E+13 2.59E+09 2.01E+09 2.61E+09 2.60E+09
a 0.2281 0.2234 0.2220 0.2199 0.1753 0.1707 0.1702 0.1686
b -3.0382 -2.3706 -1.8108 -1.7841 -3.0574 -2.5263 -2.1717 -1.9066
VP Stage I (156�377°C) Stage II (377�650°C)
0.1 1.11E+12 2.01E+12 2.80E+12 2.10E+12 2.62E+07 4.81E+06 6.37E+06 6.79E+06
0.2 3.19E+12 5.73E+12 7.92E+12 5.89E+12 1.74E+07 3.29E+06 4.36E+06 4.66E+06
0.3 2.62E+11 4.80E+11 6.75E+11 5.13E+11 1.46E+07 2.79E+06 3.71E+06 3.97E+06
0.4 3.43E+11 6.28E+11 8.80E+11 6.68E+11 2.30E+06 5.00E+05 6.68E+05 7.27E+05
0.5 4.68E+11 8.55E+11 1.20E+12 9.04E+11 1.05E+05 2.82E+04 3.80E+04 4.25E+04
0.6 5.72E+11 1.04E+12 1.46E+12 1.10E+12 1.20E+04 3.75E+03 5.09E+03 5.79E+03
0.7 2.27E+11 4.17E+11 5.86E+11 4.46E+11 5.70E+03 1.87E+03 2.55E+03 2.92E+03
0.8 4.05E+10 7.56E+10 1.07E+11 8.30E+10 5.22E+03 1.73E+03 2.35E+03 2.69E+03
0.9 6.64E+09 1.26E+10 1.81E+10 1.42E+10 6.43E+03 2.10E+03 2.85E+03 3.26E+03
Avg. 6.92E+11 1.25E+12 1.74E+12 1.30E+12 6.73E+06 1.27E+06 1.68E+06 1.80E+06
a 0.2255 0.2212 0.2181 0.2176 0.1834 0.1800 0.1757 0.1743
b -3.2832 -2.5557 -2.1939 -2.0158 -2.4665 -1.9725 -1.8069 -1.4072
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Figure A.7: Plots of Ei vs. ln(A) in N2 atmosphere for HY a�b, EGM c�d, and
VP e.
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Figure A.8: Plots of Ei vs. ln(A) in air atmosphere for HY a�b, EGM c�d, and
VP e�f.
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Figure A.9: Theoretical and experimental master plots of HY a�b, EGM c�d,
and VP e, during pyrolysis process.
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Figure A.10: Theoretical and experimental master plots of HY a�b, EGM c�d,
and VP e�f, during combustion process.

178



Supplementary material

Table A.11: Thermodynamic parameters of HY, EGM, and VP during pyrolysis.

∆H (kJ/mol) ∆G (kJ/mol) ∆S (J/mol K)
α 10°C/min 20°C/min 30°C/min 40°C/min 10°C/min 20°C/min 30°C/min 40°C/min 10°C/min 20°C/min 30°C/min 40°C/min

HY Stage I (114�310°C)

0.1 77.87 77.75 77.68 77.65 112.64 115.07 117.47 118.73 -142.74 -142.50 -143.12 -142.28
0.2 79.31 79.19 79.10 79.07 113.42 115.81 118.17 119.41 -140.02 -139.86 -140.51 -139.71
0.3 78.76 78.63 78.54 78.50 113.23 115.62 117.99 119.24 -141.47 -141.26 -141.91 -141.09
0.4 75.91 75.78 75.68 75.63 111.94 114.40 116.83 118.13 -147.87 -147.49 -148.02 -147.16
0.5 75.17 75.03 74.92 74.87 111.63 114.10 116.55 117.86 -149.66 -149.22 -149.72 -148.86
0.6 74.90 74.76 74.65 74.59 111.54 114.01 116.47 117.78 -150.38 -149.92 -150.41 -149.55
0.7 75.73 75.58 75.47 75.42 111.96 114.41 116.85 118.14 -148.70 -148.30 -148.82 -147.97
0.8 79.61 79.47 79.36 79.31 113.81 116.18 118.52 119.75 -140.36 -140.19 -140.86 -140.04
0.9 84.87 84.73 84.62 84.57 116.31 118.56 120.78 121.91 -129.04 -129.18 -130.06 -129.30
Avg. 78.01 77.88 77.78 77.74 112.94 115.35 117.74 118.99 -143.36 -143.10 -143.72 -142.88
HY Stage II (310�728°C)

0.1 117.45 117.31 117.23 117.19 160.46 161.34 161.39 161.70 -117.11 -115.52 -113.91 -113.11
0.2 139.76 139.63 139.56 139.52 169.19 169.88 169.87 170.07 -80.13 -79.37 -78.17 -77.63
0.3 157.03 156.91 156.85 156.80 175.94 176.49 176.43 176.55 -51.49 -51.39 -50.50 -50.17
0.4 171.83 171.70 171.66 171.60 181.73 182.16 182.05 182.10 -26.97 -27.44 -26.81 -26.67
0.5 185.64 185.50 185.47 185.42 187.15 187.46 187.30 187.29 -4.11 -5.12 -4.73 -4.76
0.6 188.52 188.38 188.34 188.29 188.33 188.61 188.45 188.43 0.52 -0.62 -0.28 -0.34
0.7 174.48 174.31 174.28 174.22 182.96 183.36 183.24 183.28 -23.09 -23.73 -23.11 -23.02
0.8 151.04 150.84 150.79 150.71 173.97 174.56 174.50 174.65 -62.43 -62.23 -61.17 -60.83
0.9 105.50 105.19 105.11 105.00 156.47 157.44 157.52 157.87 -138.76 -137.07 -135.17 -134.35
Avg. 154.58 154.42 154.37 154.31 175.13 175.70 175.64 175.77 -55.95 -55.83 -54.87 -54.54
EGM Stage I (154�291°C)

0.1 150.51 150.42 150.39 150.37 152.62 152.73 152.65 152.51 -7.78 -8.21 -7.89 -7.32
0.2 156.42 156.33 156.31 156.27 155.36 155.42 155.30 155.11 3.90 3.25 3.52 3.94
0.3 165.36 165.28 165.25 165.21 159.42 159.41 159.23 158.98 21.85 20.85 20.97 21.29
0.4 172.15 172.08 172.04 172.00 162.50 162.44 162.21 161.91 35.46 34.20 34.21 34.46
0.5 178.35 178.28 178.24 178.20 165.31 165.20 164.93 164.58 47.92 46.41 46.33 46.51
0.6 172.44 172.37 172.32 172.28 162.68 162.61 162.38 162.08 35.87 34.61 34.61 34.85
0.7 170.46 170.38 170.33 170.30 161.80 161.75 161.53 161.24 31.80 30.62 30.63 30.91
0.8 167.76 167.68 167.64 167.60 160.61 160.58 160.38 160.11 26.30 25.22 25.28 25.58
0.9 165.51 165.43 165.38 165.34 159.61 159.59 159.41 159.16 21.68 20.69 20.78 21.10
Avg. 166.55 166.47 166.43 166.40 159.99 159.97 159.78 159.52 24.11 23.07 23.16 23.48
EGM Stage II (291�649°C)

0.1 172.60 172.52 172.47 172.43 175.00 174.98 174.89 174.88 -7.28 -7.71 -7.06 -7.14
0.2 175.83 175.74 175.69 175.65 176.42 176.49 176.28 176.29 -1.79 -2.33 -1.73 -1.86
0.3 182.24 182.15 182.10 182.06 179.19 179.43 179.00 179.04 9.27 8.51 9.02 8.82
0.4 183.74 183.64 183.59 183.55 179.87 180.15 179.67 179.72 11.74 10.91 11.41 11.18
0.5 182.46 182.35 182.30 182.27 179.38 179.63 179.19 179.23 9.36 8.52 9.07 8.86
0.6 192.79 192.68 192.63 192.60 183.84 184.36 183.56 183.65 27.23 26.03 26.45 26.10
0.7 213.47 213.36 213.31 213.29 192.72 193.78 192.27 192.46 63.10 61.22 61.33 60.72
0.8 226.60 226.48 226.42 226.41 198.41 199.81 197.84 198.11 85.71 83.38 83.30 82.52
0.9 199.99 199.86 199.77 199.76 187.24 187.97 186.90 187.03 38.76 37.17 37.51 37.13
Avg. 192.19 192.09 192.03 192.00 183.56 184.07 183.29 183.38 26.24 25.08 25.48 25.15
VP Stage (123�657°C)

0.1 159.32 159.27 159.20 159.17 165.83 165.31 165.67 165.69 -19.33 -17.25 -18.10 -18.00
0.2 160.17 160.11 160.03 160.00 166.24 165.70 166.06 166.08 -18.04 -15.98 -16.87 -16.77
0.3 156.92 156.86 156.78 156.73 165.06 164.57 164.94 164.97 -24.17 -22.05 -22.84 -22.73
0.4 156.91 156.84 156.76 156.71 165.10 164.61 164.98 165.01 -24.33 -22.22 -23.00 -22.91
0.5 158.09 158.01 157.93 157.88 165.59 165.08 165.44 165.46 -22.27 -20.20 -21.01 -20.93
0.6 157.67 157.58 157.51 157.46 165.46 164.95 165.32 165.35 -23.14 -21.07 -21.86 -21.79
0.7 158.11 158.02 157.94 157.88 165.66 165.15 165.51 165.53 -22.45 -20.38 -21.18 -21.13
0.8 148.45 148.36 148.27 148.21 162.02 161.67 162.07 162.13 -40.31 -38.06 -38.61 -38.46
0.9 100.33 100.13 100.02 99.92 143.75 144.21 144.80 145.06 -129.01 -126.02 -125.29 -124.65
Avg. 150.66 150.58 150.49 150.44 162.75 162.36 162.76 162.81 -35.89 -33.69 -34.31 -34.15
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Table A.12: Thermodynamic parameters of HY, EGM, and VP during combus-
tion.

∆H (kJ/mol) ∆G (kJ/mol) ∆S (J/mol K)
α 10°C/min 20°C/min 30°C/min 40°C/min 10°C/min 20°C/min 30°C/min 40°C/min 10°C/min 20°C/min 30°C/min 40°C/min

HY Stage I (135�374°C)
0.1 126.42 126.35 126.27 126.23 150.63 151.08 150.28 152.27 -77.76 -76.24 -76.63 -77.07
0.2 147.97 147.90 147.84 147.79 159.73 159.86 159.71 160.87 -37.77 -36.87 -37.91 -38.73
0.3 146.92 146.83 146.78 146.71 159.35 159.50 159.32 160.51 -39.94 -39.05 -40.01 -40.85
0.4 129.37 129.28 129.21 129.13 152.08 152.48 151.77 153.63 -72.93 -71.52 -72.02 -72.54
0.5 114.37 114.27 114.20 114.10 145.86 146.48 145.33 147.76 -101.10 -99.29 -99.39 -99.63
0.6 99.07 98.95 98.84 98.75 139.51 140.36 138.75 141.75 -129.86 -127.64 -127.39 -127.31
0.7 87.39 87.26 87.12 87.03 134.67 135.69 133.73 137.18 -151.83 -149.30 -148.80 -148.47
0.8 78.41 78.28 78.11 78.01 130.96 132.12 129.89 133.68 -168.74 -165.97 -165.29 -164.79
0.9 70.00 69.85 69.66 69.55 127.49 128.77 126.29 130.40 -184.60 -181.61 -180.78 -180.13
Avg. 111.10 111.00 110.89 110.81 144.48 145.15 143.90 146.45 -107.17 -105.27 -105.36 -105.50
HY Stage II (374�830°C)
0.1 58.09 57.87 57.63 57.50 159.76 167.52 167.75 174.90 -227.66 -227.33 -229.17 -229.44
0.2 55.04 54.79 54.52 54.37 158.82 166.65 166.79 174.02 -232.37 -231.92 -233.65 -233.83
0.3 51.73 51.44 51.15 50.98 157.79 165.69 165.74 173.05 -237.47 -236.88 -238.49 -238.55
0.4 46.54 46.21 45.86 45.69 156.12 164.15 164.04 171.48 -245.35 -244.53 -245.95 -245.84
0.5 40.68 40.29 39.88 39.71 154.23 162.40 162.12 169.71 -254.22 -253.16 -254.39 -254.07
0.6 35.49 35.04 34.56 34.36 152.55 160.85 160.42 168.14 -262.11 -260.85 -261.94 -261.45
0.7 31.01 30.49 29.93 29.72 151.12 159.53 158.97 166.80 -268.94 -267.53 -268.55 -267.91
0.8 26.86 26.26 25.60 25.37 149.81 158.32 157.63 165.57 -275.28 -273.78 -274.78 -274.00
0.9 23.07 22.38 21.59 21.36 148.62 157.21 156.42 164.46 -281.11 -279.55 -280.61 -279.65
Avg. 40.95 40.53 40.08 39.89 154.31 162.48 162.21 169.79 -253.84 -252.84 -254.17 -253.86
EGM Stage I (157�377°C)
0.1 158.54 158.45 158.42 158.38 161.44 161.70 160.92 161.71 -10.11 -10.85 -8.19 -10.66
0.2 167.41 167.32 167.29 167.25 165.56 165.71 164.86 165.59 6.43 5.37 7.95 5.29
0.3 153.59 153.49 153.47 153.41 159.30 159.62 158.87 159.70 -19.91 -20.47 -17.70 -20.17
0.4 155.12 155.02 155.00 154.93 160.04 160.34 159.58 160.39 -17.14 -17.74 -15.00 -17.50
0.5 150.21 150.12 150.08 150.01 157.84 158.19 157.47 158.32 -26.57 -26.96 -24.18 -26.62
0.6 148.83 148.75 148.70 148.63 157.24 157.61 156.90 157.76 -29.31 -29.62 -26.84 -29.27
0.7 147.46 147.38 147.32 147.24 156.66 157.04 156.34 157.21 -32.06 -32.29 -29.53 -31.93
0.8 146.24 146.16 146.10 146.02 156.15 156.55 155.85 156.73 -34.52 -34.71 -31.92 -34.32
0.9 157.66 157.56 157.52 157.43 161.41 161.67 160.89 161.68 -13.08 -13.71 -11.04 -13.61
Avg. 153.90 153.81 153.77 153.70 159.52 159.83 159.07 159.90 -19.58 -20.11 -17.38 -19.86
EGM Stage II (377�708°C)
0.1 164.46 164.30 164.26 164.21 195.67 197.22 195.74 195.71 -72.55 -74.89 -72.93 -73.06
0.2 165.88 165.72 165.68 165.62 196.26 197.81 196.35 196.33 -70.61 -73.01 -71.06 -71.24
0.3 164.29 164.12 164.09 164.01 195.71 197.26 195.79 195.76 -73.04 -75.40 -73.43 -73.62
0.4 128.48 128.27 128.20 128.11 182.39 183.83 181.88 181.63 -125.34 -126.41 -124.37 -124.12
0.5 97.66 97.41 97.29 97.18 170.93 172.27 169.92 169.47 -170.34 -170.34 -168.27 -167.67
0.6 79.15 78.86 78.69 78.56 164.07 165.34 162.76 162.19 -197.41 -196.79 -194.76 -193.97
0.7 65.99 65.66 65.42 65.27 159.20 160.43 157.67 157.03 -216.69 -215.65 -213.71 -212.80
0.8 56.69 56.32 56.02 55.86 155.77 156.98 154.10 153.40 -230.34 -229.04 -227.20 -226.22
0.9 48.74 48.33 47.97 47.78 152.85 154.03 151.05 150.30 -242.02 -240.52 -238.81 -237.77
Avg. 107.93 107.66 107.51 107.40 174.76 176.13 173.92 173.54 -155.37 -155.78 -153.84 -153.38
VP Stage I (156�377°C)
0.1 151.41 151.33 151.27 151.26 160.40 158.91 158.19 159.01 -28.49 -23.74 -21.02 -23.40
0.2 155.90 155.81 155.74 155.74 162.31 160.81 160.03 160.86 -20.33 -15.67 -13.01 -15.44
0.3 144.69 144.60 144.53 144.51 157.79 156.30 155.67 156.49 -41.47 -36.62 -33.85 -36.14
0.4 145.80 145.71 145.63 145.61 158.28 156.79 156.14 156.96 -39.50 -34.67 -31.91 -34.23
0.5 147.10 147.02 146.93 146.91 158.84 157.35 156.68 157.50 -37.17 -32.35 -29.62 -31.96
0.6 147.92 147.83 147.74 147.72 159.20 157.71 157.03 157.86 -35.74 -30.93 -28.22 -30.56
0.7 143.74 143.65 143.55 143.54 157.53 156.04 155.42 156.24 -43.66 -38.79 -36.05 -38.31
0.8 136.02 135.93 135.82 135.80 154.41 152.94 152.43 153.23 -58.22 -53.24 -50.42 -52.57
0.9 127.90 127.80 127.69 127.65 151.14 149.68 149.28 150.07 -73.58 -68.48 -65.56 -67.64
Avg. 144.50 144.41 144.32 144.30 157.77 156.28 155.65 156.47 -42.02 -37.17 -34.41 -36.70
VP Stage II (377�650°C)
0.1 123.48 123.38 123.25 123.19 172.13 177.83 180.23 178.54 -118.74 -133.08 -130.75 -130.49
0.2 121.16 121.05 120.91 120.87 171.30 176.90 179.38 177.64 -122.36 -136.50 -134.17 -133.85
0.3 120.12 120.00 119.85 119.81 170.94 176.50 179.01 177.26 -124.03 -138.10 -135.75 -135.43
0.4 109.98 109.83 109.67 109.63 167.16 172.28 175.15 173.17 -139.58 -152.63 -150.26 -149.80
0.5 93.08 92.90 92.70 92.67 160.84 165.22 168.69 166.35 -165.40 -176.75 -174.37 -173.68
0.6 81.20 80.99 80.77 80.74 156.40 160.27 164.16 161.56 -183.56 -193.75 -191.36 -190.52
0.7 77.05 76.82 76.58 76.55 154.88 158.56 162.60 159.91 -189.97 -199.79 -197.38 -196.52
0.8 76.47 76.22 75.98 75.94 154.70 158.36 162.42 159.72 -190.95 -200.77 -198.35 -197.49
0.9 77.47 77.19 76.97 76.91 155.13 158.84 162.86 160.18 -189.55 -199.56 -197.08 -196.28
Avg. 97.78 97.60 97.41 97.37 162.61 167.19 170.50 168.26 -158.24 -170.10 -167.72 -167.11
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A.3 Supplementary material Chapter 5

Supplementary material Section 5.1

(a) (b)

(c) (d)

(e) (f)

Figure A.11: Velocity magnitude and velocity distribution pro�le for anthracite
(a,b), P500 (c,d) and T300 (e,f).
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(a) (b)

(c)

Figure A.12: Radiation temperature pro�le for anthracite (a), P500 (b) and
T300 (c).

(a) (b)

Figure A.13: Velocity magnitude a) and velocity distribution pro�le b) for W400.

(a) (b)

Figure A.14: Static temperature a) and radiation temperature pro�le b) for
W400.
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(a) (b)

Figure A.15: Static temperature a) and radiation temperature pro�le b) for
W400.

Supplementary material Section 5.2

Table A.13: Characterisation impact results of the production and usage of hy-
drochar.

Impact category Unit Ereact Estirr E�ltration Edryer Emill Epump Anaerobic Digestion Transport

Global warming kg CO2 eq 2.71E+01 1.92E-02 7.56E-01 2.49E+00 5.07E-01 3.45E-02 1.32E+00 5.13E+00
Stratospheric ozone depletion kg CFC11 eq 6.12E-06 1.24E-08 4.90E-07 5.63E-07 3.29E-07 2.24E-08 7.95E-07 3.61E-06
Ionizing radiation kBq Co-60 eq 2.61E-02 1.63E-04 6.44E-03 2.40E-03 4.31E-03 2.94E-04 7.91E-03 4.15E-02
Ozone formation. Human health kg NOx eq 1.74E-02 3.31E-05 1.30E-03 1.60E-03 8.73E-04 5.95E-05 1.79E-03 7.72E-03
Fine particulate matter formation kg PM2.5 eq 4.84E-03 2.18E-05 8.59E-04 4.45E-04 5.75E-04 3.92E-05 1.18E-03 4.35E-03
Ozone formation. Terrestrial ecosystems kg NOx eq 1.81E-02 3.37E-05 1.33E-03 1.66E-03 8.89E-04 6.06E-05 1.82E-03 8.15E-03
Terrestrial acidi�cation kg SO2 eq 1.43E-02 6.41E-05 2.52E-03 1.31E-03 1.69E-03 1.15E-04 3.44E-03 9.65E-03
Freshwater eutrophication kg P eq 6.17E-05 7.73E-07 3.05E-05 5.67E-06 2.04E-05 1.39E-06 3.42E-04 6.38E-04
Marine eutrophication kg N eq 6.20E-06 5.12E-08 2.02E-06 5.70E-07 1.35E-06 9.22E-08 9.90E-04 1.06E-05
Terrestrial ecotoxicity kg 1.4-DCB 1.92E+00 6.02E-02 2.37E+00 1.76E-01 1.59E+00 1.08E-01 3.14E+00 7.62E+01
Freshwater ecotoxicity kg 1.4-DCB 1.20E-03 6.52E-06 2.57E-04 1.10E-04 1.72E-04 1.17E-05 2.05E-03 1.27E-02
Marine ecotoxicity kg 1.4-DCB 5.43E-02 4.46E-05 1.76E-03 4.99E-03 1.18E-03 8.03E-05 4.74E-03 5.81E-02
Human carcinogenic toxicity kg 1.4-DCB 4.33E-02 2.46E-04 9.69E-03 3.98E-03 6.50E-03 4.43E-04 2.53E-02 6.23E-02
Human non-carcinogenic toxicity kg 1.4-DCB 2.14E-01 4.45E-03 1.75E-01 1.97E-02 1.17E-01 8.01E-03 6.25E-01 1.45E+00
Land use m2a crop eq 8.53E-02 5.47E-04 2.16E-02 7.85E-03 1.44E-02 9.85E-04 2.89E-02 2.39E-01
Mineral resource scarcity kg Cu eq 6.77E-03 3.84E-05 1.51E-03 6.23E-04 1.01E-03 6.91E-05 3.30E-03 1.26E-02
Fossil resource scarcity kg oil eq 1.12E+01 5.83E-03 2.30E-01 1.03E+00 1.54E-01 1.05E-02 2.98E-01 1.74E+00
Water consumption m3 9.05E-03 3.48E-04 1.37E-02 8.32E-04 9.19E-03 6.27E-04 -1.36E-01 9.75E-03
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