SAPIENZA

UNIVERSITA DI ROMA

Sapienza University of Rome

Faculty of Civil and Industrial Engineering
Department of Civil, Building and Environmental Engineering

THESIS FOrR THE DEGREE OF DocToORrR OF PHILOSOPHY IN ENVIRONMENTAL AND
HyDRrRAULICS ENGINEERING

Application of Life Cycle
Assessment of Integrated
Processes for Organic Waste
Valorization

Thesis Advisor Candidate
Prof.Raffaella Pomi Maryam Khaliq

Correlatore 2005537

Prof. Alessandra Polettini
Prof. Lidia Lombardi

Academic Year 2024-2025 (37 cycle)



%WWWM%MWJJ
Ve sord and 1o othin 15 e pion. Tbbore



Abstract

Energy demand is one of the major significant contributors to environmental problems. This re-
search aims to evaluate the environmental performance of a sustainable energy production pathway
using the Life Cycle Assessment (LCA) methodology. The focus is on the integrated bio and electro-
chemical System (IBES), an innovative configuration of electrochemical cell combines with a dark
fermentation process. The system was developed and experimentally tested in the environmen-
tal engineering laboratory at Sapienza University of Rome, Italy. IBES provided a self-sustained
operational configuration produces enough electric current to derive a redox reaction for syngas
(Hy +CO3) production. The research focuses mainly on addressing the complexity of IBES by
evaluating the environmental impacts in relation to its key performance parameters such as hy-
drogen yield and maximum resource recovery benchmark with the conventional process, Anaerobic
Digestion(AD). The LCA is conducted according to ISO14040:2006 and 1SO14044:2006. The envi-
ronment foot print 3.0(EF3.0) method is applied for impact calculations. The results showed that
IBES outperformed in reduced impact of 2.94E+01kg CO2 eq/t.CW in climate change and 8.57E-
03kg. NMVOC eq/t.CW in photochemical ozone formation,as compared to baseline conventional
AD process that is 2.02E+04kg COy eq/t.CW and 6.03E-+00kg NMVOC eq/t.CW respectively.
The IBES shows high freshwater ecotoxicity due to inorganic and metals pollutions, and resource
demand in terms of energy use 7.00E+01MJ/t.CW and water use 3.51E+01 m3/t.CW. An insight
into the handling of downstream degraded biomass feedstock and upgrading of produced syngas is
applied while keepig the focus on Carbon Capture and Storage (CCS) to achieve potential benefits
in terms of reduced impacts. The IBES is thus incorporated into an integrated biorefinery (IBR)
approach converting biodegradable wastes into H», carbonated residues, biochar, and many other
by-products through an appropriate combination of bio, electrochemical and thermochemical pro-
cesses. The environmental impact result showed reduced values over energy and water consumption,
2.80E+01MJ/t.CW and 3.28E+00 m? depriv./t.CW, respectively. This concluded that the envi-
ronmental implications do not reflect the operational and functional advantages that IBES offers
over conventional AD such as improved waste treatment efficiency or increased energy recovery,
unless IBES combined with downstream Integrated processes in an IBR and offers reduced impact
effectively. This research identifies optimal solutions to reduced environmental impacts of various

integrated process to provide a sustainable approach in IBR research practices.
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Chapter 1

Introduction

1.1 Background and Problem Statement

With the global population surpassing 8billion in 2022 and continue to rise [1], accelerating indus-
trialization and increase pressure on natural resources and ecosystems are generated, leading to
complex environmental challenges such as climate change, resource depletion, pollution and energy
demand [2]. These trends intensified the unsustainable use of natural resources and increase in
global warming. To address these concerns and support sustainable development, decision-makers,
in both public and private sectors, required a comprehensive approach that can quantify the entire
life cycle of the earth’s finite resources, ensuring long term sustainability and ecological balance.
The policymakers require a significant tool particularly for detailed quantification of environmental
impacts and trade-offs between environmental pressures and benefits |2, 3|. Environmental policies
and legislation in European union (EU) highly emphasize the importance of "Life Cycle Thinking
(LCT)" as a basic framework to guide policy makers [3]. On the other hand, energy demand is
predicted to increase by 40% by 2035 due to the world’s rapid urbanization [4], energy is essential to
the socioeconomic advancement of a country, it must be met in a way that is both sustainable and
promotes economic growth [5]. Fossil fuels also experience unpredictable price fluctuations along
with not negligible impact on the environment. Additionally, approximately half of the fossil fuel
reserves are in the world’s most unstable geopolitical areas with low accessibility.

Given the drawbacks of using conventional fossil fuels, biofuels are now a feasible alternative and
their commercial production has already begun. Biofuel production from organic waste has emerged
as a key environmental solution, highlighting the role of biotechnological advances in transforming
organic wastes into valuable biofuels, like hydrogen. This approach presents a promising strategy to
improve energy security while promoting the use of sustainable and circular resources [6]. Traditional

waste treatment methods for biomass conversion are not sustainable and significantly contribute




1.1. Background and Problem Statement

to greenhouse gas (GHG) emissions. As an example, by 2025, traditional wastewater treatment
plants are responsible for 12.1 Ktd~! of global GHG emissions. Thus, innovative waste treatment
technologies with synergistic renewable energy production and resource recovery are currently being
developed [7]. Integrated waste management practices that utilize bio processing to handle large
volume of biowaste and simultaneously generate biofuels and other bio-based products are the
latest trend in the development of sustainable waste biorefinery [8]. In principle, a biorefinery
cannot be sufficiently sustainable if it only produces one type of biofuel or value-added product;
therefore, to develop sustainable waste management practices, varieties of bioproducts must be
produced [9]. Significant research began in advancement of sustainable waste biorefineries after the
first paper published in the 1980. Foley et al. compares the environmental performance of three
wastewater treatment technologies. The results revealed that microbial electrolysis cells (MECs)
offer the greatest environmental benefits due to their potential to displace energy-intensive chemical
production, while microbial fuel cells (MFCs) provided limited improvements over conventional
anaerobic digestion[10]. A review by Jozsef, et al. focused on the environmental and economic
impacts of the production of biofuels from diversified feedstocks [11]. In 2014, a study reveals the
cost of turning biomass feedstocks into valuable biofuels as a subject of one of these studies [12].
In 2015, research began to integrate conventional methods with more efficient feedstock conversion
technologies to make full resource use and reduce environmental impacts.

Incorporation of bioprocess integration with two or more units of operations simultaneously
in a single process, 'the so-called integrated biorefinery (IBR)’ can be a paramount approach to
efficient energy production and resource recovery. The goal of an integrated biorefinery (IBR) is
to utilize all organic fractions to maximize the resource recovery per waste input [13|. Alternative
technologies, such as direct anaerobic degradation (AD) of organic fractions in combination with
the application of Bio Electrochemical Systems (BES) offers integrated solution of efficient biofuel
production and maximum resource recovery from waste. BESs are advanced electrochemical devices
capable of producing electricity, and conversion of biomass into various biochemical compounds
through bio-electrochemical redox reaction. These systems support the catalytic activity of pure
microbial cultures, bacterial communities, or isolated enzymes to drive redox reaction, making them
a promising approach for sustainable energy production [14]. Microbial Electrolysis Cells (MECs),
a type of BESs represent an emerging technology which could play a vital role in future integrated
biorefineries for converting organic waste into bio-based products such as hydrogen. The MECs
employ exo electrogenic microbes at the anode to break down biodegradable substrates release
protons (H ). These electrons are transferred to the cathode, where they reduce protons helps in
additional H™ ions conversion into Hy molecules, hence additional electrochemical hydrogen (Hs)

production. Since microbial electrolysis is an endothermic process with positive Gibbs free energy,
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1.1. Background and Problem Statement

it does not occur spontaneously unless the hydrogen partial pressure is extremely low. To enable
H> gas production at the cathode, a small voltage must be applied between the electrodes to drive
the redox reaction. This applied voltage typically between 0.2-0.8V is significantly lower than the
voltage required for traditional water electrolysis (1.8-3.5 V). The energy needed can be supplied
by sustainable sources such as small solar panels, low-grade heat, or microbial fuel cells (MFCs),
making MECs a more energy-efficient and environmentally friendly alternative. The gap of energy
input between microbial and pure electrochemical electrolysis is provided by chemical energy stored
in the organic material. In addition to Hs gas production other inorganic and organic chemicals,
such as CHy, H,Oy and formic acid also produced using a similar process|15]

Moreover, although biofuel produced from waste sources is considered carbon-neutral, its overall
environmental impact can remain significant due to emissions generated from resource consumption
and energy use throughout the production process, upgrading, and distribution stages to the end
user. Minimizing the environmental impact of biofuel production from waste requires reduction
of emissions from entire production chain. Life cycle thinking has also been suggested in the
waste framework directive (Directive 2008/98/EC as amended by directive 2018/251) as a useful
method for the environmental impact calculation in waste management and for the identification of
the resource efficiency pathways. Life Cycle Assessment (LCA) is an internationally standardized
framework of methodology for the quantification of the magnitude of the environmental impacts of
any product/process/services. LCA is thus a valuable tool for decision-making process to provide
a comprehensive picture of the environmental impacts of a system.

The LCA applied to the BES-based IBR considers energy and mass flows and the whole set
of environmental emissions throughout the process chain. There is a lack of data in quantitative
assessment of environmental performance of BES technology. To the best author’s knowledge, the
only evaluation at commercial scale is by Aleksander et al. who calculated the MEC technology’s
target price of 1220€/m? Anode-Chamber (at 5A /cm?, 0.9 kWh/kg COD removed) at which Hj
-MECs for wastewater treatment break even financially after seven years |9, 10]. BESs can simul-
taneously treat waste and generate electricity or other valuable products. To match the energy
recovery efficiency of conventional anaerobic digestion with biogas production, Rabaey and Ver-
straete suggested that another bio electrochemical system, the so called microbial fuel cells (MFCs)
would need to achieve a power density of 1000 Wm ™3 of reactor volume, operating at an organic
loading rate of 10 kgm 3day~! [12].

Despite growing interest, previous LCA studies on the use of BESs in IBR face several challenges
complex cultivation of feedstocks, diverse technological pathways, and variations in LCA method-
ologies and system boundaries. Furthermore, there is a significant data gap in the techno-economic

evaluation of this emerging technology that limits a comprehensive assessment of its feasibility and
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scalability for large-scale implementation [11].

Given the limited literature on LCA studies of BES based IBR, this research aims to conduct
an LCA of a BES system that is innovative in its configuration [15]. This system has an integrated
configuration of BES and self-sustained in its operation for producing biofuel (green Hy+biogenic
CO2) as the primary product from an initial biomass stream (Figure 1.1). The research focused on
evaluating the environmental performance and complexity of the system performance of an inte-
grated bio electrochemical system (IBES) proposed by DE GIOANNIS, Giorgia, et al. with its key
performance parameters such as the efficiency of hydrogen production on a large scale [15]|. In addi-
tion, the research was extended to investigate the potential benefits (in terms of reduced impacts)
of a proposed IBR scheme by converting biodegradable waste into syngas production followed by
bio Hs separation from the sygas, hydrochar production, through an appropriate combination of
bio electrochemical and thermochemical processes. In addition, COs emission from the proposed
process scheme was limited thanks to the implementation of an accelerated carbonation process for
COs capture and its storage. By doing so, the study practiced enough to achieve optimal solutions
for achieving minimum carbon emissions and zero waste generation at the end user, hence con-
tributes to climate change mitigation and advancing sustainability of emerging BES technologies in

IBR practices.

1.2 Research Objectives

The doctoral research was conducted with three principal objectives:

I. The research first analyzed the environmental sustainability of an innovative organic waste
treatment method, Integrated Bioelectrochemical System (IBES), aimed at producing syngas
mainly composed of hydrogen and carbon dioxide. This analysis was conducted using the Life

Cycle Assessment (LCA) framework.

II. Subsequently, the research extended the LCA framework to evaluate the environmental sus-
tainability of upgrading process of the produced syngas, with particular focus onCarbon Cap-
ture and Storage (CCS) using industrial alkaline residual waste’s stream,Hydrogen separation
using polysulfone membranes, and the use of separated hydrogen in a Proton Exchange Mem-
brane Fuel Cell (PEMFC) for energy provision in an Integrated Waste Biorefinery (IBR),

which included various emerging and integrated technologies in waste valorization.

III. Finally, LCA was applied to Hydrothermal Carbonization (HTC) of the degraded biomass
from the IBES cell, with the primary goal of producing hydrochar (HC). The study further
assessed the use of HC in a Combined Heat and Power (CHP) plant for district heating.

Maryam Khaliq 4



1.3. Research Project Overview

This stage focused on the environmental sustainability of emerging technologies and aimed to

achieve maximum resource recovery while generating zero waste.

1.3 Research Project Overview

Three-year doctoral research activities are in line with the project"Biomaterials, Biofuels, C'Oq
Sequestration, and Circularity (BBCircle)", focusing on the implementation of a waste biorefinery
in the Lazio region. The research aimed to develop a theoretical framework for interpreting the
environmental impacts of an innovative Integrated Bio-Electrochemical System (IBES) to produce
hydrogen as primary bio product from dairy industry biomass. The research introduced IBES
in broader goals of the Integrated waste Biorefinery (IBR) and proposed a schematic of various

integrated waste valorization methods that facilitates waste-to-energy routes efficiently.

1.3.1 Stage 1: Innovative and integrated bio electrochemical system (IBES)

combined with dark fermentation for hydrogen(H)

In the first stage of IBR, an Innovative Bio Electrochemical System (IBES) is employed. This
system integrates a dark fermentation (DF) process with a bio-electrochemical system (BES) having
a dual-reactor setup. First reactor is a Continuous Stirred Tank Reactor (CSTR); it acts as the
cathode compartment containing organic waste as substrate. The second reactor serves as the anodic
compartment and contains an anolyte solution (ZnSQ0y). This dual-compartment system, equipped
with a zinc anode and titanium cathode form a galvanic cell configuration. An Anion Exchange
Membrane (AEM) ensures electro neutrality between the catholyte and anolyte. The electrons
released due to oxidation of metallic element in the anode chamber, while titanium cathode though
not involved in chemical reactions, supports electron transfer. These electrons enhance the H*
ions, released during the fermentation process, conversion into Hs gas. The primary functions of
this stage are the generation of electricity and bio and electrochemical Hs gas in combination with

COs.

1.3.2 Stage 2: Biogas upgrading through mineral carbonation process and per-
manent carbon capture and storage (CCS) using industrial alkaline resid-

ual waste

The second stage involves biogas upgrading with the inclusion of Carbon Capture and Storage
(CCS). Industrial alkaline residual waste utilized to capture carbon from C'O3 gas stream and stored
in a form of carbonated mineral aggregates. While the purified Hy gas is used in polyelectrolyte

membrane fuel cell (PEMFC) for electrical power generation in fuel cell.
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stage 1

Solid
L—— Digestate — fraction
Hydrochar
e "mn“—- -.

stage 2
Figure 1.1: Proposed Process Scheme of Integrated Bio Refinery

1.3.3 Stage 3: Hydrothermal carbonization of IBES digestate to produce hy-

drochar

This stage focuses on management of the efluent from the cathode compartment of IBES (digestate).
Hydrothermal Carbonization (HT'C) process is applied to the digestate with the primary objective

of producing hydrochar which is another value-added bio product.

1.4 Applied Framework of LCA in this research

The LCA study conducted is represented in this thesis in two parts:

e Life Cycle Assessment (LCA) of producing syngas through an integrated BES process in
comparison to conventional biogas production through Anaerobic Digestion (AD) process. At
this stage, LCA aimed to identify the environmental sustainability of IBES unit process and

potential areas for improvements (Chapter 3)

e Secondly, system boundaries were extended to an Integrated Biorefinery (IBR) process scheme
to account the environmental performance of producing various biofuels where the IBES
serves as primary process in combination with multiple integrated post treatment technologies

(Chapter 4).

1.5 Goal and Scope Definition of LCA in this Research

The primary goal of the applied LCA framework is to evaluate the environmental performance of

IBES in following stages: Producing syngas (Ha+CO3) through IBES.
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e Purification of produced Hs gas from gas mixture by membrane separation process, with a
particular focus on carbon capture and storage (CCS) by mineral carbonation of industrial

alkaline residual waste in form of carbonated mineral aggregates.

e Use of purified hydrogen in polymer electrolyte membrane fuel cell (PEMFC) for electric power

generation.

e Hydrothermal treatment of fermented Cheese Whey (IBES’s effluent) to produce hydrochar
and the application of hydrochar in Combined heat and power (CHP) plant.

Benchmark with conventional biorefinery (CBR) in which compare with
e Conventional Anaerobic Digestion (AD) process for C' Hy rich biogas production.
e Utilisation of C'Hy rich biogas in CHP plant for energy provision.

e Centrifugation of digestate and use of the solid fraction of digestate on land in soil application.

1.6 System Boundary

The system boundaries include all stages associated with IBR and CBR. The primary processes
within the system boundaries of IBR include; IBES process for Hs rich gas production from cheese
whey (CW) with additional advantage of current production through electrochemical redox reaction;
2) Hj gas separation process using membrane; 3) mineral carbonation process for carbon capture and
storage from C'O9 gas; 4) use of purified Hy gas in PEMFC; 5) hydrothermal treatment of digestate
and hyrochar production; 5) use of produced hyrochar in a CHP plant for energy provision. To
facilitate comparative assessment, the system boundary also includes benchmark CBR as; 1) AD
process; 2) C' Hy rich biogas production; 3) energy provisions from C Hy rich biogas in CHP plant;
4) centrifugation of the AD outflow; 5) use of dry matter as soil fertilizer.

For both scenarios, the inputs cover raw material synthesis, energy utilities, chemicals used
in processes. The output covers syngas and biogas production from both scenarios and energy
recovery from them, waste generation, and emissions. The primary experimental data for IBES
process is adopted from lab experiments performed in the environmental engineering laboratory
of Sapienza University of Rome, Italy, while the experimental data for AD process is collected
from the literature (details are given in Table 3.3). The background data related to the production
processes of utilities, fuels, chemicals, and manufactured materials entering the processes, generated
wastes, and emissions are adopted from the eco invent database version 3.11 included within the

system boundaries. Carbon emissions from biogenic C'O; is considered carbon neutral. The system
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boundaries do not incorporate the impact from the construction of the plant’s unit. The multi-
functional issues of the compared scenarios are addressed by the method of allocation referring the
average data in system model. This boundary framework enables a comprehensive evaluation of
the environmental impacts of introducing a novel IBES into IBR in comparison to conventional

technologies.

1.7 Functional Unit

The functional unit adopted in this LCA is one ton (1t) of effluent from cheese making process
(collected at an Italian dairy industry producing mozzarella cheese from a mixture of cow and

buffalo’s milk) so-called Cheese Whey (CW).

1.8 Structure of Thesis

Chapter 2: Literature Review

This chapter provides a comprehensive overview of biological hydrogen production and bio elec-
trochemical systems, highlighting their principles, technologies, and potential for sustainable energy
generation. It discusses how microorganisms can be used to produce hydrogen through biological
processes, offering a renewable alternative to fossil-fuel-based hydrogen. The chapter also explores
bio electrochemical systems technologies that combine biological and electrochemical processes to
produce energy or treat wastewater, highlighting their innovative role in the bioenergy sector. In
addition to technological aspects, the chapter introduces the Life Cycle Assessment (LCA) method-
ology. LCA is a critical tool that is used to evaluate the environmental impacts of bioenergy systems
throughout their life cycle, from raw material extraction to end-of-life disposal. By incorporating
LCA, the chapter emphasizes the importance of assessing not just the energy output, but also the
sustainability and environmental footprint of these systems.

Chapter 3: LCA of IBES Compared with Anaerobic Digestion

This chapter compares the environmental impacts of Integrated Bioelectrochemical Systems
(IBES) with conventional anaerobic digestion (AD), focusing on sustainability. It presents detailed
system modeling and inventory data to assess the performance of both technologies. Through these
models, the chapter analyzes key environmental factors like energy use, emissions, and resource
consumption. The results highlight the sustainability benefits of IBES, such as potentially higher
energy efficiency or lower greenhouse gas emissions, while also identifying trade-offs, such as higher
technological complexity or material demands. Overall, the comparison provides insights into the

relative strengths and weaknesses of each system, offering a clearer understanding of their potential
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for sustainable waste-to-energy applications.

Chapter 4: LCA of Integrated Waste Biorefinery Compared With Conventional
waste Biorefinery

This chapter evaluates an integrated waste biorefinery concept, which combines various advanced
processes for sustainable waste management and energy production. Specifically, it looks at the inte-
gration of syngas upgrading with Carbon Capture and Storage (CCS), hydrothermal carbonization
(HTC), and hydrogen utilization. The chapter develops process models and compiles inventory data
to simulate how these processes work together. It also includes impact assessments to evaluate the
environmental, economic, and operational performance of the entire system. By integrating these
technologies, the chapter aims to assess how well they can convert waste into valuable products,
reduce carbon emissions, and improve overall sustainability. The goal is to determine the viability

and benefits of this integrated approach for waste-to-energy applications and carbon management.
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Chapter 2

Literature Review

2.1 Introduction

The demand for sustainable and low-carbon energy carriers has increased substantially in recent
years as global efforts intensify to mitigate climate change, reduce greenhouse gas (GHG) emissions,
and transition away from fossil fuel dependence [16]. Among the emerging solutions, hydrogen has
gained attention as a versatile and clean energy vector capable of supporting decarbonization in
energy-intensive industries, transport, and power generation. Its high energy density, compatibility
with fuel cell systems, and potential for large-scale integration with renewable energy make hydro-
gen a cornerstone in the vision of a climate-neutral future. However, the sustainability of hydrogen
depends fundamentally on the production pathway employed. Conventional routes such as steam
methane reforming (SMR) and coal gasification remain carbon-intensive and environmentally un-
sustainable, thus necessitating the development of alternative low-emission technologies that align
with the integration of renewable energy and principles of circular economy [17].

Parallel to biological routes, bio-electrochemical systems (BES) particularly microbial electroly-
sis cells (MECs) have emerged as an innovative class of technologies combining microbial catalysis
with electrochemical processes [18] . In MECs, electroactive bacteria oxidize organic matter at
the anode, while protons are reduced at the cathode to form hydrogen, with assistance from an
externally applied voltage [19]. This approach is attractive because it couples hydrogen production
with wastewater treatment, offering a dual function of waste valorization and clean energy gener-
ation. Advances in high-surface-area electrode materials, biofilm engineering, and the replacement
of costly catalysts with sustainable alternatives (e.g., nickel iron alloys) have significantly improved
the efficiency and cost-effectiveness of MECs [20] . Recent demonstrations of wastewater-fed MECs
highlight their potential to reduce treatment costs while simultaneously producing hydrogen, rein-

forcing their role within circular economy frameworks [21].
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To ensure that such technologies genuinely contribute to sustainability, it is critical to adopt a
comprehensive environmental evaluation framework [22]. For this reason, this chapter also intro-
duces the Life Cycle Assessment (LCA) as a key methodological tool to analyze the environmental
implications of hydrogen production technologies throughout their entire life cycle [23]. Unlike con-
ventional assessments that focus narrowly on operational efficiency, LCA provides a cradle-to-grave
perspective, accounting for impacts from raw material extraction and system construction to oper-
ation, waste management, and decommissioning. By quantifying metrics such as GHG emissions,
resource depletion, water consumption, and toxicity, LCA facilitates objective comparisons between
conventional and emerging hydrogen production pathways [24]. It also identifies environmental "hot
spots’ and trade-offs, guiding both researchers and policymakers toward more sustainable system
designs.

The integration of biological hydrogen production, bioelectrochemical hydrogen production via
MECs, industrial integration opportunities and challenges, and LCA methodologies within this
chapter ensures a holistic analysis [25]. Rather than considering each technology in isolation, the
chapter emphasizes their role within broader energy and industrial ecosystems, highlighting both
their potential and limitations. In doing so, it underscores the importance of aligning technological
innovation with environmental responsibility, resource efficiency, and circular economy objectives.
This chapter provide a framework for understanding how hydrogen production pathways can evolve
beyond laboratory concepts to practical, large-scale solutions that genuinely support global climate

and sustainability goals.

2.1.1 Biological Hydrogen Production: Fermentation Process

Biological hydrogen production from organic substrates represents a sustainable alternative to fossil
fuel based hydrogen generation, leveraging microbial metabolism to valorize low-cost, renewable
feedstocks such as agricultural residues, food waste, and dairy effluents [26]. Two primary biological
routes: dark fermentation (DF) and photo-fermentation (PF) are widely explored. In DF, anaerobic
bacteria metabolize carbohydrates under oxygen-deprived conditions to produce hydrogen. Recent
advancements include metabolic engineering approaches aimed at enhancing hydrogenase enzyme
activity to improve yield [27]. Conversely, PF employs photosynthetic bacteria like Rhizobacteria
to convert short chain organic acids into hydrogen in the presence of light. The development of bio
hybrid systems integrating photosynthetic microbes with nano structured light absorbing materials
has significantly improved photon utilization efficiency, reportedly increasing hydrogen production
by 30% to 50% [28]. Both biological approaches have drawbacks such as low conversion efficiency and

substrate restrictions but improvements in reactor design and metabolic engineering provide a route

Maryam Khaliq 11



2.2. Integration with existing Industrial system:challenges and opportunities

to commercial success [26-28]. Despite these innovations challenges persist, including substrate

specificity, low conversion rates, and scalability limitations.

2.1.2 Bio-Electrochemical Hydrogen Production: Microbial Electrolysis Cells (MECs)

A new and promising technique that combines electrical energy and microbial activity to improve
hydrogen creation is bio-electrochemical hydrogen production. Microbial electrolysis cells (MEC)
are the most well-known technology in this field [29]. MECs use electro active bacteria to oxidize
organic compounds at the anode and reduce protons at the cathode to produce hydrogen using
external electrical energy [30]. Key technological advancements include the development of high-
surface-area electrode materials (e;g graphene-based composites) and biofilm engineering to enhance
electron transfer kinetics and microbial adherence. The substitution of platinum group catalysts
with more sustainable and cost effective alternatives such as nickel-iron alloys has emerged as a
crucial step in reducing environmental burdens and operational costs [31]. Recent studies indicate
that optimized MECs can achieve up to 40% increased hydrogen output when operated with com-
plex organic waste stream, such as food processing effluents. Innovations in dual-chamber reactor
design have further enhanced hydrogen purity and reduced external energy input by 10% relative
to conventional configurations . These advancements demonstrate MECs potential as dual function
systems for waste valorization and renewable hydrogen production, reinforcing their relevance in

circular economy frameworks|32].

2.2 Integration with existing Industrial system:challenges and op-

portunities

The transition from fossil fuel-based hydrogen production methods; such as Steam Methane Re-
forming (SMR), coal gasification, and hydrocarbon oxidation, to biological and bio-electrochemical
pathways remains constrained by both techno economic and systemic limitations [33|. Industrial
sectors with high hydrogen demands (e.g. steel, cement, petrochemicals) often face a scalability
mismatch with current biological systems [34] . Many companies have shown interest in switching
to clean fuel, especially those in energy intensive and heavy manufacturing sectors. Their primary
feedstocks (natural gas, coal, oil) are carbon-intensive, leading to significant COy emissions [35].
There are possibilities as well as problems in integrating biological and bio-electrochemical hydro-
gen production into current existing industrial system [36]. Biological processes typically produce
smaller volumes of hydrogen than traditional steam methane reforming (SMR), the scale mismatch

between the existing industrial hydrogen demand and the production capability of biological sys-
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tems continues to be a significant hurdle[33-35]. However, the logistics of integrating sustainable
hydrogen generation into current operations are challenging [36]. The biological pathways in inte-
gration with electrochemical cells can bring a holistic innovation into the existing industrial systems.
Retrofitting current industrial infrastructure to support integrated hydrogen production and storage
is another obstacle in this way. Gas storage, distribution, and safety procedures must be significantly
altered to integrate bioelectrochemical hydrogen production into existing industrial systems that
are frequently built around fossil fuels [37] . Not with standing these difficulties, bio-electrochemical
systems and more particularly, MECs offer remarkable chances for integration with sectors that pro-
duce a lot of organic waste [38]. For example, MECs that treat wastewater and produce hydrogen
as a byproduct can help the food and beverage sector, which generates a lot of wastewater, and
support circular economy models. Wastewater-fed MECs have the potential to produce hydrogen
while lowering treatment costs by up to 20%, according to recent test trials [39]. Additionally, to
further reduce their carbon footprint, businesses with high levels of renewable energy integration,
including the production of steel and cement, can use off-grid renewable energy sources to fuel the
synthesis of bio-electrochemical hydrogen. Since renewable power can supply the necessary low
voltage input, integration with renewable energy systems has demonstrated promising in improving
the economic viability of MECs. This makes bioelectrochemical hydrogen production a feasible part

of decentralized energy systems[40].

2.3 Introduction of Life Cycle Assessment

Environmental Life Cycle Assessment often abbreviated as LCA, is a comprehensive and systematic
approach for evaluating the environmental impacts of a product, process, or technology at its
developing stage and before introducing at commercial level. LCA has emerged as one of the most
widely accepted and standardized tools for evaluating the environmental performance of products,
processes, and services. Unlike traditional environmental assessments that focus on single phases of
a system’s life (e.g., production or disposal), LCA provides a holistic perspective by considering the
entire life cycle from raw material extraction to final disposal or recycling [41]. The International
Standardization of Organization (ISO), a global federation of international standard bodies (ISO
member bodies) set a framework for LCA in ISO 14040:2006 and ISO 14044:2006 which include
four phases|[42]. Together, these phases form a consistent and iterative framework that ensures
transparency, comparability, and scientific rigor. In practice, an LCA does not follow a purely linear
path; instead, it often requires iterative adjustments as new data, assumptions, or methodological

insights emerge|43] .
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2.3.1 Goal and Scope Definition

Describe the goal of the LCA and set system boundaries of a process and product to establish
the context in which the environmental assessment to be done. Also define the Functional Unit
(FU) of the reference flow against which all inputs and outputs are normalized. For example, in
energy systems, the FU might be defined as “1kWh of electricity generated,” ensuring that different
technologies are compared on a consistent basis . Equally important is the definition of system
boundaries, which determine which processes are included or excluded in the analysis. Depending
on the research question, system boundaries can range from “cradle-to-gate” (raw material extraction
to factory output) to “cradle-to-grave” (raw material extraction to disposal). The choices made in
this phase have a profound influence on the reliability and applicability of the LCA results, and
thus must be carefully justified.

2.3.2 Life Cycle Inventory

Once the scope has been defined, the next step is the life cycle inventory phase. This involves
collecting quantitative data on all relevant energy and material flows within the system, as well as
emissions and wastes released into the environment. The inventory may include flows such as raw
materials, fuels, water use, air emissions, wastewater discharges, and solid waste. Developing an
accurate LCI requires access to primary data from industrial operations or, where unavailable, the
use of secondary data from databases such as Ecoinvent.

The quality of the LCI is often a limiting factor in LCA, as data availability, representativeness,
and accuracy vary significantly depending on the system under study. Emerging technologies, such
as bio electrochemical systems or waste biorefineries, often rely on laboratory- or pilot-scale data,
which introduces additional uncertainties. Nevertheless, the LCI phase provides the quantitative

backbone of LCA and determines the robustness of the subsequent impact assessment.

2.3.3 Life Cycle Impact Assessment(LCIA)

LCIA quantifies the potential human and ecological consequences of flows coming from the inventory
analysis and their release into environment. LCIA is the phase where quantitative data of various
flows are collected and analyzed enabling a comprehensive understanding of how a flow has its
impacts to the selected impact categories. Impact categories are predefined environmental issues,
such as climate change, acidification, eutrophication, and eco toxicity, each representing a particular
aspect of environmental impact that need to account. The LCIA methodology operates within the

framework of internationally recognized standards, ISO 14044, and ISO 14040.
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2.3.4 Life Cycle Interpretation

The final phase of LCA is interpretation, where the results of the inventory and impact assessment
are analyzed in relation to the defined goal and scope. The main objectives of interpretation are
to identify key issues, check the completeness and consistency of the study, evaluate the sensitivity
of assumptions, and draw conclusions that can inform decision-making. Interpretation is not a
stand-alone phase; rather, it interacts with all other phases of LCA in an iterative manner. For
example, if data gaps or inconsistencies are identified during interpretation, analysts may return to
the inventory phase to improve data quality or adjust system boundaries. Ultimately, interpretation
ensures that the study is transparent, credible, and fit for purpose. LCA is increasingly applied
in the early stages of technology development, where it serves as a powerful decision-support tool.
For novel processes such as integrated bio electrochemical systems (IBES), hydrogen production,
or waste bio refineries, LCA can highlight potential environmental advantages and identify design
trade-offs long before large-scale implementation. This early application helps prevent “lock-in” of
unsustainable technologies and supports the transition towards a circular economy. Moreover, LCA
enables the assessment of multi-functional systems, where a process generates multiple outputs, such
as energy, bio fuels with various by-products. In such cases, system expansion or allocation methods
are applied to fairly distribute environmental burdens. This is particularly relevant for bio refineries,

where residues and co-products often contribute significantly to environmental performance.

2.4 Summary

In sustainable energy production pathways, biological and bio electrochemical technologies are
emerging as promising innovations for reducing reliance on fossil fuels and supporting a low-carbon
future. Among them, bio-electrochemical techniques such as microbial electrolysis cells (MECs)
have gained significant attention due to their ability to efficiently convert organic waste streams
into hydrogen and other value-added products. These systems not only produce clean energy but
also enable the recovery of valuable resources from industrial and municipal waste water, thereby
promoting circular economy principles. On the other hand, biological processes such as dark fer-
mentation and photo-fermentation provide environmentally friendly routes for hydrogen production,
utilizing renewable biomass or waste as feedstock. Together, these technologies demonstrate great
potential for integration into industrial waste management and energy recovery systems.

Despite these advantages, there are substantial challenges to scaling up and integrating these
technologies into existing industrial infrastructures. Industrial systems are typically optimized for
conventional energy pathways, and introducing new processes often requires significant modifica-

tions to infrastructure, logistics, and regulatory frameworks. Technical obstacles include optimizing
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process efficiency, ensuring long-term stability of microbial consortia, and managing operational
costs at a commercial scale. Furthermore, uncertainties regarding feedstock availability, system
durability, and product quality remain barriers to widespread adoption. Overcoming these chal-
lenges demands not only technological innovation but also robust assessment tools that can evaluate
potential environmental and economic trade-offs before large-scale implementation.

This is where Life Cycle Assessment (LCA) plays a central role. LCA enables a comprehensive
understanding of the full spectrum of environmental consequences associated with emerging pro-
cesses from the manufacturing of materials and construction of systems, through operational use,
to the management of end-of-life waste streams. By systematically evaluating inputs and outputs
across each stage, LCA provides a cradle-to-grave perspective that helps identify environmental
“hot spots” and opportunities for improvement. Importantly, it allows comparison of new technolo-
gies with conventional energy systems under consistent functional units and boundaries, thereby
supporting fair and evidence-based decision-making.

In the context of bio electrochemical and biological hydrogen production, LCA can quantify and
analyze critical indicators such as energy consumption, greenhouse gas (GHG) emissions, resource
depletion, water use, and toxic emissions. Beyond environmental impacts, LCA results can be linked
with techno economic assessment (TEA) to provide insights into cost, market feasibility, and scala-
bility. This holistic approach ensures that the promotion of new technologies does not inadvertently
shift burdens from one environmental compartment to another for example, reducing greenhouse
gas emissions while increasing toxic chemical use. Instead, it provides a balanced framework for
guiding scientific research, industrial innovation, and policymaking.

Ultimately, LCA acts as a decision-support tool that bridges the gap between laboratory-scale in-
novation and real-world implementation. For businesses, it provides a framework for developing en-
vironmentally responsible products and complying with sustainability standards. For governments,
it informs policy development, subsidy allocation, and regulatory approval of novel technologies.
For researchers, it highlights the environmental trade-offs of different process designs, guiding opti-
mization efforts. In this way, LCA contributes not only to advancing sustainable energy pathways

but also to fostering a broader transition towards a circular and climate-neutral economy.
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Chapter 3

Life Cycle Assessment of Integrated Bio
Electrochemical System Compared with

Baseline Anaerobic Digestion Process

3.1 Introduction

The potential for hydrogen production from organic matter is a viable prospect, which occures
through a complex series of metabolic processes known as dark fermentation (DF) process. The-
oretically, the maximum hydrogen yield stands at twelve moles of hydrogen per mole of glucose
consumed[44, 45].

CeH1206 + 6H20 — 12Hs + 6CO2 (3.1)

In many instances, the actual hydrogen yield achieved is only four moles of hydrogen per mole of
glucose consumed when acetate is the final metabolic product of the fermentation process. This
yield remains economically challenging compared to the commercial level practices [46]. In response
to this challenge, a recent and innovative strategy has emerged, focusing on enhancing bio and
electrochemical hydrogen recovery by integrating biological process with electrochemical cells [47].
This integration not only offers the potential for enhanced hydrogen production but also presents a
solution that bridges the gap between theoretical potential and practical applicability. The increased
hydrogen yield obtained through this integration makes hydrogen production more economically
viable as an alternative to conventional methods.

This chapter evaluate the environmental concerns, and the scalability options of an energeti-
cally self-sustained integrated electrochemical cell developed and tested in Environmental Engineer-

ing laboratory at the Department of Civil, Building and Environmental Engineering (DICEA) at
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Sapienza University of Rome, Italy. The research reported by De Gioannis Giorgia, et al. pro-
vides an integrated electrochemical cell combine with DF process, so called IBES (Figure 3.3) based
on the electrochemical reduction of protons released during the dissociation of volatile fatty acids
(VFAs) produced in the DF process, resulting in additional hydrogen (Hj) production [15]. The
redox reaction is driven by the electrons produced from the oxidation of a metallic element (Zn an-
ode) in the anodic compartment of IBES, thereby generating an electric current. An inert electrode
(Ti cathode) which serves as an electron carrier rather than participating directly in the reaction,
is immersed in the fermentation medium in cathode compartment of IBES. Both electrodes are
connected via an external electric circuit. The ion flow between the two compartments essential for
maintaining electro neutrality achieved through an appropriate connection. The reactions occurring

in bio electrochemical cell are given below along with their corresponding reduction potentials (Ej).

Zn — Zn*t 4+ 2e, E°(Zn®T/Zn) = —0.762 V (3.2)

2H" +2e~ — Hp, E°(2H"/Hy) = 0.000 V (3.3)

Consequently, IBES benefits from conventional biochemical hydrogen production additionally
the production of electrochemical hydrogen (Hz) using reduction of protons derived from metabo-
lites through electrones released from oxidation of mattelic element at aode. Because of its galvanic
cell design, the system uses energy to maintain itself. The integration of bio-electrochemical hy-
drogen recovery into conventional DF provides several distinct advantages. First, it significantly
enhances hydrogen yield beyond the biochemical limits of DF alone, improving the overall energy
recovery efficiency of the process. Second, it creates opportunities for waste valorization by cou-
pling hydrogen production with the treatment of organic rich waste streams such as food processing
wastewater or agricultural effluents. Third, the system’s self sustaining galvanic design reduces
dependence on external electricity, thereby lowering operating costs and improving scalability. Fi-
nally, by stabilizing pH through proton consumption, IBES alleviates one of the major bottle necks
in DF operation, which is the inhibitory effect of excessive acidification on microbial metabolism.
Despite these benefits, challenges remain with respect to scalability, long-term electrode stability,
and integration into existing industrial infrastructure. Electrode material costs, fouling, and the
durability of components under complex waste stream conditions represent critical technical barri-
ers. Additionally, large-scale deployment would require careful assessment of system compatibility
with existing hydrogen production and distribution infrastructure. Importantly, the conversion of
protons to Hs gas molecule also contributes to reducing the acidification of the solvent, thus re-

ducing the need of external buffering to maintain optimal pH levels that might reduce microbial
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activity. While the technological promise of IBES is evident, its environmental sustainability com-
pared to established anaerobic digestion (AD) systems remains underexplored. Both IBES and AD
are capable of valorizing organic waste streams while producing renewable energy carriers (hydro-
gen or methane). However, the relative impacts of these systems on climate change, resource use,
acidification, eutrophication, and toxicity are not straightforward and depend heavily on process
design, energy inputs, and waste management practices.

Life Cycle Assessment (LCA) provides a robust methodological framework to evaluate these
aspects by quantifying environmental impacts across the full life cycle of each system from feed-
stock acquisition to energy conversion and by-product management. By applying LCA to compare
IBES with baseline AD, this study aims to provide scientifically grounded insights into the envi-
ronmental trade-offs associated with transitioning from conventional DF process to advanced bio
electrochemical for hydrogen production systems. The results will be a preliminary support for
researchers, decision makers, industrial stakeholders, and policy makers on the feasibility, benefits,

and challenges of adopting IBES at larger scales.

3.2 The Framework

3.2.1 Goal of LCA

The goal of this LCA is:

1. To evaluate the environmental performance of the electrochemical cell, combined with dark
fermentation (IBES), as a stand-alone unit process to quantify all the resource use (e.g; chem-
icals, water, energy) and outputs (hydrogen, electricity). This LCA specifically the environ-
mental impacts associated with innovative IBES process only, excluding downstream impacts.

The goal of this LCA is to identify the potential areas of improvement within IBES.

2. Secondly, the IBES process is compared with baseline conventional anaerobic digestion (AD)
process aimed to understand the potential of scalability of this new and integrated approach

in industrial scale application.

3.2.2 System Definition

The system boundaries include the IBES process for Hs rich syngas production, conventional AD
process for C Hy rich biogas production. The functional unit adopted for comparison is one ton of
cheese whey (1t CW). The process includes the boundaries of synthesis of materials, energy utilities,

products, by-products. The avoided burdens are subtracted from the outputs in the system allowing
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Figure 3.2: System boundaries of AD process
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the model to capture the environmental credits associated with the displacement of conventional
methods. The hydrogen gas is separated from biogenic COs through a conventional membrane
adsorption process and credited to petroleum refinery hydrogen production process available at
commercial scale. A proper eco invent dataset in record “hydrogen production, gaseous, petroleum
refinery operation | hydrogen, gaseous | APOS, U” is used for substitution. Methane rich biogas is
upgraded through conventional amino washing process and credited by replacing with fossil-derived
natural gas using the dataset “Natural gas, high pressure, at plant/GLO, U” in eco invent record.
The provider process is used from an Eco invent record; heat and power co-generation, natural gas
replaced by hydrogen, IBES, combined cycle power plant, 400MW electrical | electricity, high voltage
| APOS, U. The CO5 emissions from both processes is considered biogenic. The effluent streams
from DF and AD reactors are by-product of the process are included in the system boundaries, but
their further treatment is not evaluated at this stage of LCA. The sole purpose of this LCA is to
investigate the impact caused by producing a biofuel using innovative IBES, and its comparison
with the conventionally available process AD processes at industrial scale. The impact caused by

the construction of the plant is not included in system boundaries.

3.3 Inventory Analysis

3.3.1 Inventory of IBES Process

Cheese whey (CW) is sourced from an Italian dairy plant producing mozzarella cheese from cow and
buffalo milk. It exhibits varying pH levels based on the cheese production process, with pH values
of 5.9-6.6 for semi-hard or soft cheese-derived whey and a more acidic pH range of 4.3-4.6 for whey
generated during mineral acid-precipitated casein production [48|. The process begins by adjusting
the pH of the CW to 7.5 using a 2M solution of Sodium Hydroxide (NaOH). Subsequently, one ton
of CW with the characteristics described in Table 3.1 is introduced into a continuous stirred tank
reactor (CSTR). This reactor functions as the cathodic compartment within the electrochemical
cell setup. Another reactor of identical size and dimensions serves as the anodic compartment
and contains an anolyte solution (ZnSOjy solution, 0.5M). Both compartments work in conjunction
with a Zinc (Zn) anode and a Titanium (Ti) cathode to constitute a complete galvanic cell. To
maintain electroneutrality in the catholyte and anolyte, Anion Exchange Membrane (AEM) is
positioned between both of compartments allowing the selective flow of anions from the cathodic to
the anodic compartment. The electrons released because of the metallic element oxidation in the
anodic chamber are traveled through a wire connected to the cathode generating an electric current.
A voltmeter is installed to measure the intensity of this current. The Ti cathode that does not take

part in any biological or chemical reactions but facilitate electron transfer from anode to cathode
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Figure 3.3: IBES process

compartment. The presence of HTions released during the dissociation of various volatile fatty
acids (VFAs) in the fermentation process further promotes the electrochemical reduction (Redox
reaction) leading to additional electrochemical Hy molecule yield. The observed electrochemical
and biochemical hydrogen yield falls within the range of 75.5-78.8 NLH» /kgTOC at the laboratory
scale with a volumetric composition of 60.8% Hs and 39.2% CO, at 44 hours while the reactor
operates in batch mode . All the operational conditions and materials and energy requirements are
described in Table 3.3 and Table 3.4. It is hypothesized that a similar yield can be achieved under
continuous flow conditions at an industrial scale when HRT of 44h is adopted. The critical aspect
of the IBES is the scaling up of laboratory experiment to industrial scale, so that it was assumed

that one ton of CW yield produced an equivalent of 3085NL of Hy gas is assumed.

Table 3.1: Initial Characteristics of CW.

Parameters Unit Values
carbohydrates g glucose/l CW  38.50
TOC g C/1CW 39.30
TS g/l CW 74

VS g/l CW 64

pH - 3.60
density g/mL 1.00

acetic acid mg HAc/1 CW  364.00
butyric acid mg HBu/lCW <DL
ethanol mg EtOH/1 CW  3360.00

Maryam Khaliq 22



3.3. Inventory Analysis

3.3.2 Scaling Up of IBES Process According to Functional Unit

A laboratory experiment is typically conducted in a batch reactor with stirring and if necessary,
heating or cooling. It is a discontinuous process in which the reactor is filled with feed and then
emptied after the reaction has occurred. In contrast, in a continuous process, the reactor is fed and
emptied continuously after a specific HRT without any interruption. Continuous Flow Stirred Tank
Reactors (CSTRs) are widely used to optimize continuous processes at industrial level. Dimensional
analysis and experimental methods are required in the scaling of the reactor that involve some
essential parameters, for example, the stirring power at a specific volume and the linear terminal
velocity of the impeller |29, 49|. The problem in successful scaling is that the results obtained by such
methods are not known until experiments are performed in a scaled-up reactor. However, the scaling
up process in LCA allows a comparison of emerging technologies to improve their environmental
sustainability at the commercial level [50, 51].

Piccino et al. proposed an engineering-based scale-up procedure to simulate processes and
perform LCA studies on a commercial scale with laboratory protocol [52]. The amount of CW used
in a laboratory reaction is 0.51 which is scaled up linearly using a functional unit for LCA that is
10001. The actual volume of a reactor (Vreactor) typically exceeds the quantity to be processed in
it (Vmix). After adjustment of the pH of 10001 of cheese whey, the volume of the reaction mixture
is 10731 or 1.07m>. The increase in reactor volume 10% is assumed to be greater than the volume

of the reaction mixture[52].

Vmiz = Q x HRT, (10%increase) (3.4)

Where: Vmix = Volume of mixture
Q = Volumetric Flow Rate
HRT = Hydraulic Retention Time
Volume of mixture, Vmix = 1.07m?3 with Increase in space head for safety measures = 10%.
For all the calculations, the HRT at which the observed hydrogen yield is maximum, t = 44h,
44 /24= 1.83day

1. 3
Flow rate = — 07 m

= —0.58m’day ! 3.5
¢~ 1.83 day e day (35)

The surface area(A) of a cylindrical reactor can be calculated using the diameter (D) and height

(L). The suggested height and diameter for a 1000L reactor is 1.11m [52].

A =2mr(r+ L) =2 x 3.1415 x 0.55 x (0.55 + 1.11) = 5.72 m? Where,
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Diameter of reactor, D = 1.11m

Height of the reactor, L = 1.11m

Radius of the Reactor, r = 0.55m

Total volume of reactor = 1.05 + (1.07 x10%) = 1.157m3

Total organic carbon is 39.30 gram in a litter of cheese whey, calculated during lab experiment.

TOC = 39.30gC/1 CW = 39.30kg TOC/m3.CW

kg
m3 CW

OLR =TOC (

3
> x Flow Rate (m CW> 1

day “ HRT (day)

OLR = 39.30 x0.58 x g3 = 12.45 kg TOC - m~2 - day ™' (3.6)

3.3.3 Material/Energy Requirement for pH Adjustment of Catholyte

The pH of CW was adjusted to 7.5 at the beginning of the DF experiments using 2M NaOH solution
in laboratory experiment [51]. The reported amount of sodium hydroxide and de-ionized water to

prepare the 2M solution for one ton of CW is assumed the same and reported in Table 3.3.

3.3.4 Material/Energy Requirement for Anolyte

The anolyte used in the batch test of IBES process is 0.5M of zinc sulphate solution [15] Considering
the same anolyte solution. The amount of anolyte required for one ton of CW is reported in Table

3.3.

3.3.5 Material/Energy Requirement for Transferring Catholyte and Anolyte

into Reactors

The reaction mixture is to be transferred into the fermentation reactor before starting the process.
This transfer normally occurs in pipes, and the energy comes from a pump. The reactors work in
continuous flow condition and pump energy is required to feed the mixture. The energy requirements
at the inlet for both reactors (Anode and Cathode) are calculated by the equation given below [52].
By = AN (3.7)
Tlpump

Where “m” is the mass of reaction mixture and “g” is gravitational field strength 9.81m/sec?,
Ah is hydraulic head from the ground surface to the pipe. The hydraulic head and pump efficiency
are unknown parameters in the equation in the scaling up procedure. For industrial use positive

displacement pumps such as reciprocating pumps with low head are proposed to operate with high
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flow. The change in hydraulic head (Ah) is the sum of gravitational head, dynamic head, static

head and frictional head and indicates the energy consumption of a pump.

Ah = Ahg + Ahay + Ahg + Ahg (3.8)

Where Ah, is the gravitational head; the height difference between starting and end point.
Ahgy is the dynamic head influenced by the average speed of the fluid (v). Ahg is the static head;
the pressure differences of starting to end point. Ahyg is frictional head; the pressure loss through
friction depending on the friction factor (\), pipe length (1) and diameter (d) as well as the average
speed (v). The friction factor “A” in pipe varies between laminar and turbulent flow (Re < 2300
laminar flow; Re > 4000 turbulent flow) and depends on the pipe surface roughness “k” (k value
depends on the pipe material used). The gravitational head is standardized at 4m ensuring that
the height of the reactor should be overcome. The pipe parameters have been standardized for the
industrial framework to a diameter of 0.2m and a length of 30m and steel is the suggested material
with the surface roughness k= 0.1 mm. Using an average speed of 1m/s in turbulent flow, then the
hydraulic head (Ah) results in 4.2m [53|. Assuming the efficiency of reciprocating pumps is 0.75,

the pump energy requirements at inlet/outlet.

3.3.6 Stirring Energy Requirement:

A certain amount of stirring energy is consumed during reaction in both compartments of the
IBES. The stirring power required for both cathode and anode compartment are calculated using

the equation [52].

Ny pmix N3 d° t

Tlstir

Egir = (3.9)

The power number of impeller (Np) and diameter (d) of the impeller, rotational velocity of
stirring (N), density of the reaction mixture (pmix) and the reaction time, all influence on the
stirring energy. An axial flow type impeller is preferable than a radial type of impeller for an
average speed of mixing because the power number of impeller is very high in a radial type of
impeller . The impeller diameter is assumed to be one-third of the reactor diameter. According to
dimensional analysis theory, the power number N, is a dimensionless number and is specific to a
specific type of impeller but remains constant in turbulent flow. The turbulent flow is commonly
used in mixing, so the power number 0.79 is fixed in the calculations of which an average speed of
1.41571. Density of CW is assumed as 1000kg/m? and density of ZnSO, solution is 1050 kg/m?,

time of reaction taken as HRT (44h) and agitator efficiency for both compartments is constant as
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90%.
Diameter of reactor, d = 1.11m

Diameter of impeller = 1.11x1/3=0.37m

3.3.7 Heat Energy Requirement For The Fermentation Process

The expected temperature of CW after dairy processing is 25C while the DF is carried out at 38C.
Heating is required to achieve the desired temperature of the feed stock, calculated by the equation

give below.

Qloss
Qreact === (310)
TTheating element
Where “Qloss” is heat loss from the reactor surface, calculated as
A-k
Qloss = Ta (Tr - TO) t (311)

Where,

A = Area of the reactor, A = 2 7r x (rL)

k, = thermal conductivity of insulation material, W/m K

s = thickness of insulation, m

t = Time of reaction, h

T, = Temperature of reaction, K

T, = Initial temperature, K

The insulation material is typically selected based on the temperature required. The thickness
is to be decided considering the economic values that compares the costs of the material to be used
and the costs of heat losses and determines the appropriate size of the reactor as discussed in section
3.3.2. Fibber glass is a commonly available insulation material with a temperature range of 20 - 45
°C and a thermal conductivity of 0.032 to 0.052 W /m?. K. Assuming the reactor is insulated by glass
fibber with 75mm thickness, then the calculated thermal conductivity of insulation (ka) is 0.042
W /m.K, and the heat transfer coefficient of insulation (k,/s) is 0.56 W/m?K. The heating device’s
efficiency can be measured by the ratio of energy transferred to the reaction mixture to the energy
consumed by the heating element. The efficiency of a heating element is determined by several
factors including type of material, fluid, and temperature. The value is standardized at 75% for the
10001 reactor and scaled up with a scaling factor of 0.02 being the best approximation. Assuming
heating source is natural gas, and a heating coil to heat the reactor that is made of stainless-steel,

the heat energy required during the fermentation reaction is 2.48kJ.
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Figure 3.4: proposed scaled-up reactor design of IBES process

3.3.8 Anaerobic Digestion (AD) Process

For the anaerobic digestion (AD) process, average input data were sourced from previous literature
and are presented in table 3.2. The operating conditions for the AD system are summarized in the
second part of 3.3. Cheese whey (CW) is assumed to possess the same initial characteristics as those
described in table 3.1 for the IBES process. The AD process is assumed in a single-stage, continuous
stirred tank reactor (CSTR). The initial pH of CW is 3.6 while the optimal pH required for AD
process is 7.33 (table 3.3). To achieve this, pH adjustment is assumed using a 2M NaOH solution.
The material includes the use of NaOH (5.85 kg) and water (72.181) to prepare 73.171 of the required
2M NaOH solution for 1t of CW. After neutralization, the resulting reaction mixture of CW and
2M NaOH (total volume: 1.07t) is fed into the CSTR at a flow rate of 3.28m3/t.CW /day, with a
hydraulic retention time (HRT) of 19.49 days, and maintained at a mesophilic temperature of 35
°C. The energy required for transferring the reaction mixture is 0.03 kWh/t.CW, continuous mixing
into the reactor is 8.22 kWh/t.CW, heating is 1.91kJ/t.CW as mentioned in table 3.4, calculated
using the equations mentioned in material and energy requirements section (in Chapter 3). This
stage results in biogas composed of 60.69% methane (CHy) and 39.31% carbon dioxide (CO3). The
system is considered as a unit process, and all the material and energy requirements are calculated

at industrial scale accordingly functional unit.
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Table 3.2: Summary of Anaerobic Digestion Studies on Various Reactor Types

Reactor Type HRT (days)|TS (g/L)|VS (g/L)|Temperature (°C) |OLR (kgVS/L/day)| pH |CH, Production (L CH,/kg VS)|CH, (%) |References
Single CSTR 25 73.62 61.82 38 2.54 7.5 241.80 60.43 [54]
Two-phase CSTR 23.03 62.10 52.00 37 0.003 7.5 320.00 53.00 13]
Co-digestion in CSTR 16.60 67.70 31.20 35 0.002 7.6 625.00 35.40 [56]
Co-digestion in CSTR* 16.00 62.40 37.50 37.5 8.30 7.8 585.50 [58]
Two-stage CSTR 8.90 68.00 - 35 0.34 7.74 0.147 68.10 [58]
Two-stage CSTR** 6.20 - - 38 - - - - [59]
Average 19.68 64.11 43.18 36.5 1.70 7.53 241.80 - 60.68

Table 3.3: Operational Conditions of IBES and Benchmark AD Process.

1. Operating Parameters for IBES and Benchmark AD Scenario
CATHODE COMPARTMENT (Fermentation Reactor)

Parameters Values Unit References
Amount of diluted solution of | 1.07 t Calculated
CW (CW+NaOH)

Operating temperature, T 38 °C [48, 49, 54]
Hydraulic retention time, | 1.83 day [48]

HRT

Flow rate of Solution | 0.58 t/day Calculated
(CW+2M NaOH), Q

pH 7.5 - [54]
Organic loading rate, OLR 12.45 kg TOC/m?>day [48, 49, 54]
Volume of reactor 1.15 m? Calculated
Ti Cathode surface area 0.6 m? Calculated
Produced Syngas 4.42 Nm? syngas/t CW | [54]
Volumetric ratio of Ha gas 60.80 % [54]
Volumetric ratio of CO2 gas | 39.20 % [54]
ANODE Compartment

Anolyte (0.5M Zinc Sul- | 1.073 t [54]

phate)

Anolyte flow rate 0.58 t/day Calculated
Temperature Room temp °C [54]

Anode Plate 1.32 m? calculated
S/V ratio of AEM 1.35 m?/1 calculated
2. Operating parameters for Benchmark AD Scenario (average data from literature)
Anaerobic Digestion Reactor

Reaction mixture (CW+2M | 1.073 t Calculated
NaOH) volume

Flow rate 0.053 t/day Calculated
Organic loading rate, OLR 10.78 kgVS/m? /day [55-58]

pH 7.33 - [55]

HRT 19.49 day Calculated
Temperature 35.00 °C [48, 49, 54]
Produced biogas 10.15 Nm3/t CW [54]
Volumetric ratio of CHy gas | 60.69 % [54]
Volumetric ratio of COy gas | 39.31 % [54]

3.4 Material/Energy Requirements For Anaerobic Process

The process requires the addition of 5.85kg of sodium hydroxide (NaOH) per ton of CW to maintain
optimal pH conditions for microbial activity, along with 73.18] of deionized water to support the
reaction condition. In terms of energy consumption, electricity usage for transferring the reaction
mixture is minimal (0.03 kWh/t.CW), while mixing inside the reactor demands a higher input of
8.22 kWh/t.CW highlighting the importance of proper agitation for uniform conditions to enhance
digestion efficiency. The heat energy required for the AD process is also relatively low at 2.48 kJ/t

CW, suggesting mesophilic operating temperature.

Maryam Khaliq 28



3.5. Model Development

Table 3.4: Material/Energy Requirements for IBES and AD Process

IBES Process

Material /Energy Values | Unit

Amount of Cheese Whey (CW) 1 t

Amount of Sodium Hydroxide (NaOH) 5.85 kg / t CW
Amount of de-ionized water (H2O) 1059 kg/t.CW

Anion exchange membrane (AEM) 1.35 m?/t.CW

Zinc Sulphate (ZnSOy,) 86 kg / t CW
Weight of Anode, Zn plate 16242 | kgZn / t CW
Weight of Cathode, Ti grid 32.13 kg Ti / t CW
Electricity for transferring reaction mixture 0.03 kWh/t.CW
Heat Energy requirement for DF process 2.48 kJ /t CW
Electricity for mixing (cathodic compartment) 0.75 kWh/t.CW
Electricity for mixing (anodic compartment) 0.79 kWh/t.CW
Produced Syngas (Hs + CO2) 4.42 Nm? syngas/t CW
Anaerobic Digestion Process

Amount of Sodium Hydroxide (NaOH) 5.85 kg/t CW
Amount of de-ionized water (H20) 73.18 kg HoO / t CW
Electricity for transferring reaction mixture 0.03 kWh / t CW
Heat Requirement for AD process 2.48 kJ/t CW
Electricity for mixing the reactor 8.22 kWh/t CW
Produced biogas (CH4 + CO2) 10.15 Nm? biogas / t CW

3.5 Model Development

3.5.1 IBES Model

The present inventory data sources for LCA are largely restricted to conventional technologies,
and they do not directly incorporate integrated and innovative technological approaches that are
emerging and not fully established at industrial scale. As a result, it becomes necessary to adopt
a critical and adaptive approach in the development of life cycle models. This involves leveraging
and modifying existing data flows from traditional processes to better reflect the novel technological
processes that are being investigated. Data from conventional technologies is carefully adapted or
supplemented to represent the functionality and outcomes of the innovative approach being modelled
for IBES. By applying this critical and systematic approach to data flow modification, the model can
simulate the performance of new technology in an accurate and scientifically credible manner, even
though the original database does not directly support such innovations. This approach enables the
testing of integrated waste treatment technologies in a way that is not reflected in the traditional
datasets. They are used as categorized in primary (foreground) and secondary (background) dataset
forms. In case where the traditional data flows are insufficient, additional data is sourced from

laboratory results or scientific literature to accurately represent the new technology. The Ecoinvent
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Table 3.5: Database of AD model in OpenLCA

Flow Category Amount Unit Provider Description

Electricity, low voltage | Others/Ecoinvent | 8.24 kWh market for electric- | Calculated with a fixed factor

{FR} market for | Cut-off, | cut-off S copy ity, low voltage - IT | per t of input treated

S - Copied from Ecoinvent

-IT

Heat, central or small-scale, | Others/Ecoinvent | 0.0024 MJ market for heat, | Calculated with a fixed factor

other than natural gas {Eu- | cut-off S copy central or small- | per m® biogas produced

rope without Switzerland} scale, other than

market for heat, central natural gas Europe

or small-scale, other than without S - Europe

natural gas | Cut-off, S - without  Switzer-

Copied from Ecoinvent land

Sodium Hydroxide Solu- | 1.BESproject/IBES | 73.18 kg Sodium Hydroxide

tion  2M Process Flows Solution 2M - IT

Whey, at Plant - IT 1.BESproject/IBES | 1000 kg
Process Flows

ouTPUT

Biogas, from anaerobic di- | Anaerobic  Diges- | 16575 kg

gestion of biowaste tion

Carbon dioxide, biogenic Elementary 1.67x16575 | kg 1.67 kg CO2 per kg CHy
flows/Emission
to air/low popula-
tion density

F. Digestate, from anaero- | Chemicals/Fertiliser| 1031 kg Adapted from “anaerobic diges-

bic digestion of biowaste (or- tion of manure CH” with data
ganic)/Digestate from Ardolino et al. (2018).

Methane, biogenic Elementary 0.1%0.609 * | kg 10% (1-18%) of the methane
flows/Emission 16575 % 1.2 content of biogas (50.8%) is as-
to air/low popula- sumed to be lost to the environ-
tion density ment. Density of biogas: 1.2

kg/m?.

database is one of the most comprehensive and widely used life cycle inventory (LCI) available
database, provides an extensive data on materials, energy, emissions, and waste for a wide range
of industrial processes and sectors. This supplemental data is then integrated into the existing
framework. To ensure that the model captured all relevant aspects of the novel approach, table 3.5,
each process is characterized by its inflows, outflows, and the associated environmental emissions.
For example, a unit process of producing 2M sodium hydroxide solution comprised with the inputs
such as acquiring market for sodium hydroxide and production of de-ionized water datasets. It yields
outputs along with their associated environmental impact. Developing a waste treatment process
model, the quantity of waste that is going to be treated is set as "Reference flow" of whole model. In
IBES model, waste flow of 1ton of CW is the reference flow. All other flows within the processes are
interconnected by providing a provider process flows and adding the necessary amounts of materials
and energy. This comprehensive approach ensures that every stage and aspects of the IBES process
is thoroughly evaluated in terms of its environmental consequences. The OpeLLCA software is used

in this research for the model development.
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3.5.2 AD Model

AD model is developed using the developed inventory during the inventory analysis. For the input
and output flows of the AD model, the existing database flows in ecoinvent 3.11 version is modified
according to the created scenario. The dataset used is a French dataset of an organic fertilizer’s
characteristics for a conventional AD plant reported in [56]. The data reported a study on screening
LCA of a french organic amendments and fertilizers with an unspecified boundary in emissions in
nature. This activity produces biogas and digestate from biowaste. The methane content of the
biogas is calculated depending on the substrate input. A new flow is created as waste flow adding
the properties of material’s contents in CW such as total solids (TS), volatile solids (VS), total
organic carbon (TOC), and other organic contents. The electricity demand calculated with a fixed
factor per ton of treated waste, and the heat demand is calculated with a fixed factor per cubic
meter biogas produced in the given mode. A specific CO2 emission was assumed as 1.67kg CO3/kg
CH, produced. The fugitive emissions were assumed as 10% of the methane content in the total

CH, produced (60.69% of biogas)|56].

3.5.3 System Expansion

To accurately attributing environmental impacts between multiple outputs of interest, 1SO:14044
recommends allocation by distributing the environmental impacts among the different outputs based
on their relevant factor. However, where multiple processes combine and represent a single product
system 1SO:14044 preferences are to avoid allocation by expanding system boundaries (system ex-
pansion). The system expansion is applied and the hydrogen produced through IBES is substituted
by conventionally produced hydrogen through petroleum refinery and replaced by proper Ecoinvent
record “hydrogen production, gaseous, petroleum refinery operation | hydrogen, gaseous | APOS,
U”. Similarly, the methane produced through AD system is substituted with fossil-derived natural
gas, in eco invent dataset “Natural gas, high pressure, at plant/GLO, U”. These avoided burdens
are subtracted from the outputs in the system allowing the model to capture the environmental

credits associated with the displacement of conventional methods.

3.6 Impact Assessment

The product environmental footprint (PEF) method is useful for undertaking environmental foot-
print studies for a product and is supported by the 2013 recommendation to the european com-
mission (EC) Communication “Building the single market for green products and facilitating better

information on the environmental performance of products and organisations [57]. EF version 3.0
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method has been developed by the Directorate General Joint Research Centre (JRC) of the EC in
close cooperation with the Directorate General for Environment (DG ENV) [58]. The structure of
the EF3.0 method for accounting environmental foot printing of a product are five identified key
principles; 1) Relevance 2) Completeness 3) Accuracy 4) Consistency 5) Transparency. Based on
those principles EF3.0 is categorized into set of fourteen main impact catagories among them cli-
mate change (CC), acidification (AC), eutrophication (EU), land use (LU), ozone depletion (OD),
particulate matter (PM), photochemical ozone formation (POF), resource usage (fossils, minerals,
and metals), and water use (WU) are the associated with nontoxic impact categories. The three
categories that addressed toxicity-related impacts are freshwater ecotoxicity (ETf), human toxi-
city cancer (HTc), and human toxicity non-cancer (HTnc)[59]. The number of inventory results
parameters can range from a few dozens to hundreds, making the output of the study difficult to
understand. Each flow’s impact is classified into their relevant impact category (i;e climate change,
eutrophication) in different environmental compartments (i;e soil, air, water) according to their en-
vironmental load. Each flow can also have multiple impacts in more than one impact category, for
example, an emission of NOx can be assigned to acidification and eutrophication category and even
to photochemical oxidation potential, given the nature of this pollutant. Then the amount of each
flow is multiplied by their respective characterization factors (pre defined values set in impact as-
sessment model) which are based on the possible environmental consequences of all inventory flows
(inputs and outputs), such as carbon dioxide, nitrogen oxides, and sulphur dioxide emissions|60].
In accordance with FU. This results into changing the flow’s quantity in a standardized unit that
represents its impact potential. The associated CO2 emissions/t.CW are multiplied by its charac-
terization factor 1kg COs equivalent/kg.COy emissions, for instance, since 1kg CO9 emission has
characterization factor of 1kg CO2 equivalent. This provides the emissions as per FU (kg CO2 eq./t
CW). The implications of each material, energy, and waste flow measurement are specified by these
indicators. A definition of “characterization” and “characterization factor” refers to the calculation
of the magnitude of the contribution of each classified input and output to their respective impact
categories” and “aggregation of the contributions within each category”. This is carried out by
multiplying the inventoried values by the relevant characterization factor for each impact category
considered. The characterization factors are substance or resource-specific. They represent the im-
pact intensity of a substance relative to a common reference substance for an impact category and

used to calculate the relative impact category indicator.
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3.7 Results and Discussion

This section presents the environmental impacts as assessed according to the adapted EF3.0 method.
The results expressed per functional unit (1t of CW) are reported in table3.6, for the two main sce-
narios, IBES and benchmark AD unit processes. Results indicate that IBES exhibits higher fresh-
water ecotoxicity due to inorganic and metal pollutants, suggesting potential risks to aquatic ecosys-
tems. It’s resource demand is also notable with substantially higher fossil energy use (2.25E+02M.J)
and water consumption (3.61E+01m?) compared to AD indicating challenges in resource sustain-
ability especially in water-scarce regions. This indicates based on the considered inventory of the
use of material and energy, for example, the production process of zinc monosulphate, market of
sodium hydroxide and de-ionized water production gains significant impacts. This underscores the
need for careful management of resource use and pollutant mitigation to fully realize IBES potential
as a sustainable hydrogen production method. Therefore, even though the suggested procedure is
novel, it must be improved to compete with a more conventional management alternative in terms

of environmental impacts 3.5 and 3.6.
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Figure 3.5: Contribution of main flows of IBES process in high impact categories; acidification, eutrophi-
cation, climate change and ozone depletion in their relevant environmental compartments.

In fact, IBES Scenario’s higher environmental impact is caused by its higher energy and material
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Table 3.6: Impact Assessment results of IBES and AD Process

Name Unit Impact assessment result

AD IBES
Acidification mol H' eq/t CW 4.98E-02 3.84E-01
Climate change kg COz eq/t CW 2.02E+04 2.94E+01
Climate change - Bio- kg CO3 eq/t CW 2.02E+04 8.47E-02
genic
Climate change - Fossil kg CO eq/t CW 8.43E-+00 2.93E+01
Climate change - LU kg CO3 eq/t CW 1.21E-02 2.35E-02
change
Ecotoxicity, freshwater ~ CTUe/t CW 3.81E+02 8.16E-+02
Ecotoxicity, freshwater - CTUe/t CW 2.83E+01 8.87E+01
inorganics
Ecotoxicity, freshwater - CTUe/t CW 1.66E+02 7.27E402
metals
Ecotoxicity, freshwater - CTUe/t CW 1.91E+02 9.19E+00
organics
Eutrophication, fresh- kg P eq/t CW 4.75E-03 1.78E-02
water
Eutrophication, marine kg N eq/t CW 9.78E-03 4.11E-02
Eutrophication, terres- mol N eq/t CW 1.03E-01 4.56E-01
trial
Human toxicity, cancer ~ CTUh/t CW 4.22E-09 2.48E-08
Human toxicity, cancer CTUh/t CW 0.00E+00 -2.53E-09
- inorganics
Human toxicity, cancer CTUh/t CW 2.92E-09 1.79E-08
- metals
Human toxicity, cancer CTUh/t CW 1.31E-09 3.85E-09
- organics
Human toxicity, non- CTUh/t CW 2.81E-05 1.28E-05
cancer
Human toxicity, non- CTUh/t CW 2.28E-05 3.17E-05
cancer - inorganics
Human toxicity, non- CTUh/t CW 1.52E-07 1.27E-05
cancer - metals
Human toxicity, non- CTUh/t CW 2.79E-05 9.96E-09
cancer - organics
Tonising radiation kBq U-235 eq/t CW 3.63E+00 4.26E-+00
Land use Pt/t CW 2.70E+01 8.44E-+00
Ozone depletion kg CFC11 eq/t CW 4.87E-06 3.85E-07
Particulate matter disease incid./t CW 3.73E-07 1.62E-07
Photochemical — ozone kg NMVOC eq/t CW 6.03E-+00 8.57E-03
formation
Resource use, fossils MJ/t CW 1.55E+-02 7.00E+01
Resource use, mineral- kg Sb eq/t CW 3.93E-05 1.24E-05
s/metals
Water use m? depriv./t CW 8.08E+00 3.51E+01
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Figure 3.6: Contribution of main flows of IBES process in high impact categories; human toxicity cancer,
photochemical ozone formation, resource use and land use in their relevant environmental compartments.

consumption in comparison to the benchmark AD Scenario. However, IBES performed significantly
better than AD in terms of climate change impact and photochemical ozone formation offers clear
benefits in air quality improvement. Thus, IBES process although offers operational and functional
advantages over conventional AD (e.g., higher energy recovery or better waste treatment efficiency)
but these benefits are not reflected in the impact assessment which focuses solely on environmental
burdens. Including functional performance or process wise metrics provide a more balanced and
meaningful comparison. The significantly higher contribution of IBES in categories; freshwater eco
toxicity, and resource use raise questions about the reasons behind these impacts possibly caused by
some specific material and energy flow, for example, in eco toxicity (freshwater), emissions of alu-
minum and zinc from zinc mono sulfate production are key contributor particularly through air and
soil pathways. These emissions represent substantial toxicological burdens on aquatic ecosystems
with chloride emissions to water further enhancing the impact. Similarly, the sodium hydroxide
production and market process contributes to eco toxicity due to use of aluminum and chloride,
although the associated emissions of aluminum and chloride are less impactful compared to those
of zinc mono sulfate. Also, the zinc mono sulfate from production process of zinc sulfate solution
exhibits heavy reliance on non-renewable resources, with natural gas, crude oil, and coal as pri-
mary contributors, reflecting its high fossil energy demand. The sodium hydroxide flow while less

intensive still draws significantly on coal and natural gas resources and indicating a non-negligible
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Figure 3.7: Comparative environmental impacts of the AD and IBES processes: (a) ecotoxicity indica-
tors including freshwater ecotoxicity, ecotoxicity from inorganics, and ecotoxicity from metals (measured in
CTUe); (b) land use (Pt), fossil resource use (MJ), and water use (m? deprivation). The IBES process shows
significantly higher impacts across all categories compared to the AD process

depletion of fossil reserves. The de-ionized water production process demonstrates significant surface
water consumption, a concerning aspect of its environmental footprint. However, this is partially
mitigated by a net replenishment effect observed from river water use, which offsets some water
deprivation impacts. Based on above results, there is crucial need for targeted interventions to
address resource inefficiencies and emission hot spot, particularly for zinc monosulfate production,

while also recognize the potential opportunities for improvement in water resource management.

3.8 Conclusion

The comparative Life Cycle Assessment (LCA) of the Integrated Bio-Electrochemical System (IBES)
and the benchmark Anaerobic Digestion (AD) process highlights the dual nature of emerging hy-
drogen production technologies: while they offer important opportunities for innovation and climate
mitigation, they also introduce new sustainability challenges. The analysis shows that IBES provides
promising advantages in certain environmental categories, yet it also generates notable drawbacks
that cannot be overlooked if the technology is to become a realistic alternative to conventional sys-
tems. A central finding of this study is the superior performance of IBES in terms of climate change
mitigation and photochemical ozone formation. These benefits are primarily linked to the higher
hydrogen yields achievable through the combined biological and electrochemical process. By captur-

ing additional protons released during dark fermentation and converting them into hydrogen, IBES
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produces more energy per unit of organic waste than traditional AD. As a result, greenhouse gas
emissions per functional unit are reduced, and the potential for photochemical smog is minimized.
These results suggest that IBES could play a significant role in future low-carbon energy systems,
particularly where reducing greenhouse gas emissions is a priority. At the same time, the envi-
ronmental profile of IBES is challenged by significantly higher burdens in other impact categories,
most notably freshwater eco toxicity, fossil energy demand, and water use. These negative outcomes
stem from upstream processes that supply critical materials and inputs to the IBES system. The
potential emission of zinc monosulfate, sodium hydroxide, and de-ionized water introduces toxic
emissions, high fossil resource consumption, and heavy water demand into the life cycle of IBES.
For example, zinc and aluminum emissions from zinc monosulfate production contribute dispro-
portionately to freshwater eco toxicity, threatening aquatic ecosystems. Similarly, reliance on fossil
fuels for sodium hydroxide production places additional pressure on non-renewable energy sources,
while the production of de-ionized water consumes large amounts of freshwater, which could be-
come problematic in water-scarce regions. These trade-offs underline a key challenge in developing
next-generation hydrogen technologies: the environmental gains from improved performance must
not be offset by increased burdens elsewhere in the system. While IBES shows technological and
functional promise, its sustainability performance remains uneven. Addressing these weaknesses
requires targeted interventions. Substituting zinc-based materials with environmentally benign al-
ternatives, optimizing processes to reduce chemical consumption, and integrating renewable energy
into input production could significantly lower IBES’s overall footprint. Similarly, improved water
resource management strategies—such as closed-loop water systems or the use of lower-quality wa-
ter for certain processes—would help mitigate the pressure on freshwater resources. From a broader
perspective, IBES also provides functional and operational advantages that may justify continued
research and investment. The system not only generates higher hydrogen yields but also facilitates
the valorization of organic waste streams, offering synergies with waste management and circular
economy strategies. Its galvanic cell design provides the potential for decentralized, self-sustaining
energy recovery, which could be particularly valuable in regions without access to centralized infras-
tructure. These qualities extend the value of IBES beyond its immediate environmental impacts,
pointing to its role in integrated resource recovery systems. Nevertheless, the findings of this study
make it clear that IBES is not yet ready to replace AD at scale. Conventional AD remains more
environmentally robust in several impact categories, reflecting its maturity, optimization, and lower
reliance on specialized chemicals and materials. For IBES to achieve technology readiness as AD
process, further innovation is required. Advancements in material science, the development of
low-impact electrode and electrolyte alternatives, and improved integration with renewable energy

sources will be central to reducing its environmental footprint.
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In conclusion, IBES represents an innovative and promising pathway for sustainable hydrogen
production, but it remains an emerging technology with significant areas for improvement. Its ability
to enhance hydrogen yields and reduce greenhouse gas emissions is encouraging, yet the environ-
mental burdens associated with its inputs highlight the need for careful system design and targeted
interventions. Future research should focus on scaling up laboratory and pilot studies to industrial
contexts, assessing long-term performance under real conditions, and exploring circular strategies
to minimize toxic emissions and resource depletion. By systematically addressing the identified
challenges, IBES has the potential to evolve into a viable contributor to the renewable hydrogen
economy. With continued innovation, integration into circular resource management frameworks,
and adoption of cleaner input pathways, IBES could complement or even surpass conventional AD
in sustainability performance. Ultimately, this technology could support global efforts toward cli-
mate neutrality, resource efficiency, and the transition to a more resilient and sustainable energy

system.

Maryam Khaliq 38



Chapter 4

Life Cycle Assessment of Integrated
Waste Biorefinery

4.1 Introduction

Utilizing integrated bio electrochemical method with post treatment processes in a waste biore-
finery (Figure 4.1) relies on the appropriate combination of several process chains (e;g fermented
whey valorization, syngas upgrading) to improve the overall process performance. The aim is in
fact to achieve the environmental benefits is a comprehensive approach towards maximum energy
recovery and comprehensive waste management. In contrast to conventional biorefineries which
frequently manage energy generation and waste treatment in conventional ways, the so called inte-
grated biorefinery (IBR) approach combine a novel microbial fuel cell process and a post-treatment
of the generated effluent, as well as the upgrading of produced syngas with primary focus on carbon
capture and utilization. The syngas upgrading process separate energy-rich Hs gas with Carbon
capture and storage. The hydrothermal treatment convert byproduct into biochar while the IBES
effectively transforms organic waste into valuable syngas with other byproducts. The IBES process
plays a central role in the suggested scheme of IBR by converting organic-rich waste streams such as
cheese whey (CW) into hydrogen through a combination of dark fermentation and electrochemical
cell. Post-treatment processes further enhance system performance. Hydrothermal treatment of
fermentes cheese whey provides recovery of nutrients after fermentation process while minimizing
disposal related impacts. Similarly, syngas upgrading integrated with carbon capture and utiliza-
tion (CCU) technology facilitates the recovery of high-purity hydrogen from gaseous product while
simultaneously reducing greenhouse gas emissions through carbon capture process. Together, these
processes enable the biorefinery to operate as a closed loop system that transform waste stream into

valuable bioproducts while addressing climate and resource sustainability challenges.
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The Life Cycle Assessment (LCA) of the proposed IBR process provides a comprehensive eval-
uation of the environmental consequences of integrating IBES with digestate treatment and syngas
upgrading. By analyzing energy and material flows across the entire system, LCA identifies the
trade-off and benefit of combining these processes into a unified scheme. The results are crucial for
understanding how integrated designs can minimize environmental burdens, optimize resource use,
and enhance the overall sustainability of hydrogen production pathways. This chapter therefore
explains the application of LCA to the integrated biorefinery process (Figure 4.1), focusing on how
the combined operations contribute to reducing emissions, improving energy recovery, and support-
ing the transition toward climate-neutral energy systems. The LCA application to the proposed
process scheme of IBR, Figure 4.1, is explained in this chapter. This analysis resulted into the
identification of moderate environmental burdens while optimizing energy and material recovery by

combining multiple integrated operations.
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Figure 4.1: System boundaries of the proposed integrated waste bio refinery

4.1.1 Upgrading of produced syngas with special focus on Carbon Capture and
Storage

Hydrogen produced through IBES contains non-combustible gases, e.g. biogenic COs. In a hydrogen-
based economy, producing hydrogen with ultra-high purity (>99.95 %) is crucial, as outlined in the
ISO 146872025 standard (ISO 14687). Therefore, hydrogen enrichment and upgrading are just as

critical as its production. It is important to note that hydrogen can be utilized as an energy fuel
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in specific applications, such as fuel cells, when its purity is around 99.99%. Although no studies
have yet documented the upgrading of hydrogen gas produced from the DF process, but hydrogen
produced through other conventional techniques has been subjected to various physical and chemi-
cal upgrading methods. Physical techniques involve pressure swing adsorption (PSA), temperature
swing adsorption (TSA), Cryogenic and membrane separation techniques are generally considered
established technologies in various chemical and Petro chemical refineries|61]. In membrane sep-
aration technology, hydrogen-selective membranes are engineered in which primary species in the
permeate is hydrogen and the remaining components of the gas mixture remain in the retentate|62]

Hydrogen selective membranes are used in various applications where high-purity of hydrogen
is required such as in fuel cells . Based on the material used, hydrogen selective membranes are
broadly categorized into four types: (i) polymer (ii) metallic (iii) carbon (iv) ceramic (Table 4.1).
The metallic, carbon, and ceramic are known as inorganic membranes while polymer membranes are
organic. Inorganic membranes can be further classified into two groups based on raw material used:
metal membranes and ceramic membranes. Additionally, they are divided into porous (mesoporous
and microporous) and nonporous (dense) membranes|63] . Microporous inorganic membranes are
prepared as thin films supported on a porous inorganic base. Dense inorganic membranes are typi-
cally made from polycrystalline ceramics or metals. Dense ceramic membranes, including perovskite,
bismuth oxide, and solid-electrolytes are developed and commercialized now [64]. A self-supporting
dense metallic membranes particularly those based on palladium (Pd) and with a thickness greater
than 0.1mm have become unattractive for hydrogen separation due to their high cost, low perme-
ance, and low chemical stability [65]. As a result, dense inorganic membranes are usually prepared
as thin films on porous medium which provide mechanical support with minimal mass resistance.
Due to this, gas separation using polymer membranes is a preferable technology with good ability
to cope up with high pressure drops and low cost that makes key advantages of use of polymer
membranes in hydrogen purification process. The performance of a membrane can be discussed in
terms of flux (or permeance) and selectivity. The flux is the total transport of material through the
membrane and can be expressed as mass or mole per unit time per unit area. Similarly, permeance
is defined as the flux per unit pressure difference between upstream (retentate) and downstream

(permeate) sides [66].

4.1.2 Hydrothermal Carbonization (HTC) of Fermented Cheese Whey

As mentioned in earlier in Chapter 3, a significant portion of the carbon associated with initial
substrate (CW) during DF remains in the fermented cheese whey thus the potential energy content

of the organic waste stays in the efluent of IBES at the end of the process in the form of metabolites
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(e.g. VFAs and alcohols) which implies further treatment. The characteristics of the fermented
cheese whey is mentioned in table 4.6. To maximize the net benefit of the entire multistage process
a treatment of the DF effluent is focused for the maximum resource recovery and to reduce the
pollutants in the final effluent. The hydrothermal carbonization process is an attractive option
that effectively densify the nutrient in organic waste without the need for a prior drying process.
In hydrothermal carbonization, process a series of hydrolysis, condensation, decarboxylation, and
dehydration reactions correspond [67|. Three products are obtained at the end of HT'C process: solid
hydrochar, aqueous chemicals, and gases [68]. The gas product which mostly consists of CO2 from
1-3% of the raw material [69]. After HTC process, the aqueous solutions are then filtered to remove
the nutrients, thus nutrients rich liquid as second product of the HTC. Their main constituents
include organic acids, sugar, and inorganic salts. Because of thermal treatment, the third product

of HTC is hydrochar a homogenized, carbon-rich, and energy-dense solid fuel [70] .

4.2 The Framework

4.2.1 Goal and Scope Definition

The goal of life cycle assessment in this chapter is to determine how the waste biorefinery approach
particularly IBES with multiple integrated post processing phases work together to achieve the

following collective goals such as:

e Upgrading Hs rich biogas with CCS using alkaline residual waste stream: stage 2 of the

proposed scheme, Chapter 3.

e HTC treatment of digestate of cathode compartment of the IBES: Stage 3 of the proposed

process scheme, Chapter 3.

4.2.2 System Boundary

System boundaries include:

Production of syngas with additional benefits of electricity generation in IBES process. Then
upgrading of syngas; Ho gas separation from gas mixture using membrane adsorption process and
CCS using alkaline industrial residual waste via carbonation process. The hydrogen gas is used in
polymer electrolyte membrane fuel cells (PEMFCs) for electric power generation in electric vehicles
and carbon from CQO, stream is permanently stored in form of carbonated mineral aggregates.
Effluent of IBES is further treated to produce hydrochar through HTC process. Then hydrochar is
used in a combined heat and power plant (CHP) for energy provision. The generated liquid wastes

in each step are sent to the conventional wastewater treatment plant. All inputs raw materials,
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chemicals, fuels, and energy as well as emissions and resource use, are considered within system
boundaries.

Upstream impact of the IBES include materials and chemicals used as inputs and modelled
using the ecoinvent flows such as “Sodium hydroxide, 2M, RER”, “Zinc sulphate solution, 0.5M,
RER”, “Titanium grid, cathode production, RER”, “Zinc plate, anode production, RER”, “Anode
production, for zinc, RER”, “Sodium sulphate, RER”, and “lon exchange membrane, RER”. These
flows required to create IBES scenario for syngas and hydrogen generation. The syngas is upgraded
through “Membrane separation for Hs purification is modelled using the eco invent flow “Polymer
membrane, Polysulfone of high Hy/COy selectivity, gas purification at Industry” in dataset. The
hydrogen is used in power converter process in polymer electrolyte membrane fuel cells (PEMFC)
using ecoinvent record “polymer electrolyte membrane, 2kW electrical, future | fuel cell, polymer
electrolyte membrane, 2kW electrical, future | APOS, U”. This electricity generated from hydrogen
as fuel is credited by substituting “Electricity, low voltage, I'T”.

The fermented CW undergoes solid liquid separation phase after HT'C process. The recovered solid
part (hydrochar) is first dried then used in a coal-based CHP system modelled using “heat and
power co-generation, hard coal | heat, district or industrial, other than natural gas | APOS, U”, for
the generation of heat and electricity both. These energy outputs of CHP system are credited by
substituting “Heat, district or industrial, natural gas, I'T” and “Electricity, low voltage, I'T”, respec-
tively.

All the flows are allocated by following the system expansion via substitution method (avoided bur-
den approach) in existing dataset in allocation tab of OpenLCA software. The useful co-products
such as electricity, heat, hydrogen, are credited and modified by replacing conventionally avail-
able italian datasets, that are effectively avoiding their environmental burdens. Additionally, the
system includes COy mineral carbonation representing a permanent carbon capture and storage
(CCS) step which avoids the release of biogenic COy. Wastewater generated during each process is
handled through wastewater treatment plant using eco invent database record: wastewater treat-
ment, at wastewater treatment plant, industrial wastewater according to the Directive 91/271/EEC
concerning urban wastewater treatment, slightly organic and inorganic contaminated. The impact

associated with infrastructure (construction, machinery, buildings) are explicitly excluded.
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4.3 Inventory Analysis

4.3.1 Inventory of Process of Separating H; gas from Syngas Using Membrane

Technology

Following the syngas production phase within the IBES, produced hydrogen goes to the purifica-
tion process with the process condition mentioned in table 4.2. The syngas is then fed into the
gas separation unit that includes the polymer membrane module, typically consists of a feed gas
inlet, permeate (hydrogen-rich) gas outlet, and retentate (CO2 gas) outlet. The hydrogen-selective
membrane, the goal is to exploit the high diffusivity of the hydrogen molecule and to limit the effect
of the lower solubility. As hydrogen is one of the smallest gas molecules, but it also has a much
lower critical temperature than most of the other gases. The small size of the hydrogen molecule
gives hydrogen its high diffusivity. However, the significantly lower critical temperature suggests
that the condensability and hence the solubility of the hydrogen is going to tend to be much lower.
The membrane module involves (figure 4.2) two main stages: gas compression and separation. The
inflow pressure required for the physical adsorption of hydrogen gas is 10bar [71] . The optimization
of internal pressure in multistage compressor required intercooling, is described by Lugo et al. in
which the authors note that "for design purpose and to approach the lowest energy consumption,
the compression ratio is split in two or more stages, cooling the compressed gas in between. This ap-
proach minimize the work required for compression and is particularly beneficial when dealing with
high pressure ratios [72]. When high compression ratio >2 is needed, the compression is typically
performed in multiple stages with intercooling between stages [72|. This approach offers significant
power savings and help to maintain the hydrogen gas temperature after each compression stage
[73]. The required pressure of hydrogen gas is 10bar. The hydrogen gas is initially compressed
from 1bar (atmospheric pressure) to 3.5bar in the first compressor, and then from 3.5bar to 10bar
in the second compressor. After the first stage of compression, the hydrogen gas temperature rises
from 311.15K to 448K. To ensure the gas temperature is within the permissible durability range of
polymer membrane, the intercooling is required to prevent membrane breakage. For this purpose,
the gas temperature is reduced back to 311.15K before it enters the second compression stage. The
compressed gas at 3.5bar is then passed to the second compressor, achieved the required discharge
pressure of 10bar required for the membrane adsorption process. The compression ratio is main-
tained at 1:3.5:10 to achieve the necessary pressure [73]. The compressed gas stream than passed
through the Hs gas selective polymer membrane allows hydrogen molecules to permeate across
membrane walls. Gas transport through polymer membrane typically occurs via solution diffusion
mechanisms. The gas molecules dissolve into the membrane material on the high-pressure side. The

dissolved gas molecules then diffuse through the membrane material to the low-pressure side. The
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Figure 4.2: Membrane Module for Hydrogen Purification from Syngas produced in IBES

gas molecules desorb from the membrane material on the low-pressure side |74].

Table 4.1: Hy permeability and selectivity for different polymers

Polymer H, Permeability (Barrer) | Selectivity (Hz/N2) | Selectivity (Ho/CHy) | Selectivity (Hy/CO3)
polysulfone 12.1 15.1 0.3 2.0
polystyrene 2.0 3.8 39.7 29.8
polymethyl methacrylate 24 2.0 4.0 4.0
polyvinylidene fluoride 2.4 3.4 1.8 2.0

Note:1 Barrer = 10710 em? (STP)cm/(cm?.s.cmHg), where STP=standard temper-
ature and pressure

The standard assumed process conditions (table 4.2) are applied. The demonstrated recovery
rate is through the analysis of a conventional membrane-based and hybrid multi-configuration sys-
tems for purifying hydrogen from ammonia steam reforming and fuelling stations recovery rate and

purity of 99.5%.

Energy Requirements Thermodynamic power calculations for multistage compressors with in-
tercooling can be performed using the isentropic model based on several assumptions|75]. This model
helps to determine the efficiency and power requirement for compression. The power required for

a single stage compressor is calculated using a formula based on the gas constant, efficiency, and

k—1
k Z Py Tk
Psingle stage — <k‘—1> <77isen> Tsuc gm R <ijz> - 1] (4~1)
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where,

k = ratio of specific heat under constant pressure to the ratio of specific heat under constant volume,
Cp /Cv 1.41 (Hydrogen)

7= Average compressibility Factor typically in the range 1.0 -

1.4 For Hydrogen

Tsue = Suction/InletTemperature, 311.15K
Tdis = Discharge/outletTemperature, 448 K
Psue = Suction / Inlet Pressure, 1bar
Pgis = Discharge / outlet Pressure, 3.5Bar
R = Universal gas constant, 8.314 J/mol. K
gm = Molar Flow Rate of gas, 3.24 moles/sec.

The isentropic efficiency of the compressor is set at 75%, and the gas-specific constant, k, is 1.41
(dimensionless). The gas compression begins at a suction pressure (Psuc) of 1bar and is compressed
to a discharge pressure (Pdisc) of 3.5bar. The temperature at suction is 311.15K, and the discharge
temperature (Tdis) is 448K. The compressibility factor (Z) is 1, and the gas flow rate (qm) is
3.24 moles/sec |76, 77]. With these parameters, the energy required for a single stage compressor is
calculated to be 75.24 kJ. Given that the system includes two compressors, the total energy required
for compression is 33.76kJ. This translates to an electricity consumption of 0.0093kWh. After
compression, the gas undergoes to inter-cooling process to reduce its temperature before membrane
(table 4.3). The energy required for this cooling is calculated using the specific heat capacity of the
gas (14,300J /kg/K), the mass flow rate of 3.78 kg of biogas, and a temperature difference (AT') of
137K (the difference between the discharge temperature and the cooling temperature of 311.15K).
The energy required for inter-cooling is 7400.76kJ, which corresponds to an electricity consumption
of 2.06kWh.

Q=m-C,- AT (4.2)

Table 4.2: Operating Parameters of Polymer Membrane

Operating Parameters Values | Unit References
Pressure ratio 10 bar [78]
Temperature 311.15 | K [79]
Feed gas flow rate 3.24 | mol/sec [80]
Recovery percentage of polymer membrane 99 % [81]
Hydrogen gas recovery 2.68 Nm? -

Additionally, vacuum energy is required at the permeate side of the system to maintain pressure.
The energy required for this process is 27.46 kJ /mole/sec. which results in a power consumption of

0.0076 kWh. This data provides a comprehensive view of the energy demands for compressing and

Maryam Khaliq 46



4.3. Inventory Analysis

cooling hydrogen in a multi-stage compressor system, ensuring efficient energy utilization throughout

the process. The energy requirements for a membrane module are shown in table 4.6.

Table 4.3: Operating Parameters in syngas Compression and the energy Consumption

Parameters Values | Unit References
Number of compressors 2 - [81]
Efficiency of compressor 75.00 % [82]
Energy required for single compressor 75.24 kJ [83]

Total Energy for both compressors 33.76 kJ [82]
Electricity consumption 0.0093 | kWh calculated
Mass flow of material, m 3.24 mol syngas/sec calculated
Specific heat capacity of material, Cp 14300 J/kg/K calculated
Required cooling temperature, T .. 311.15 | K [84]
Difference in Temperature discharge at compres- | 137 K -

sor 1 and cooling temperature, AT = (Tgse -

Tcool)

Reaction time, HRT 34.55 minutes [85]
Energy requiremet for inter cooling 7400.76 | kJ/Nm?® syngas calculated
Electricity consumption (kWh) 2.06 kWh/Nm? syngas | calculated
Hy gas recoveralsy 98 % calculated

Table 4.4: Parameteric conditions of Hydration process

Parameter Value Units
Amount of Binder 3.158 | L/kg CO2
Liquid-to-Solid (L/S) Ratio | 0.24 1/kg
Particle Size (D50) 1.00 mm

4.3.2 Inventory of Mineral Carbonation process for Carbon Capture and Stor-

age (CCS) Using Alkaline Industrial Residual Waste

The separated C'O2 gas is assumed to be utilized in a rotary drum type reactor during mineral
carbonation process. The types of alkaline residues reported in previous literature for COs storage
includes steelmaking slags, residues from thermal treatment processes like biomass ash, ash from oil
and lignite combustion, waste incineration byproducts such as bottom ash and air pollution control
(APC) residues, as well as byproducts from cement and paper production contains a variety of
metal oxides, including alumina (Al2O3), calcium oxide (CaO), and iron oxide (Fe2O3) and useful
to store in form of carbonated aggregates [87, 90, 91].

Assuming the circulating fluidized bed combustion (CFBC) residual characteristics mentioned
in table 4.7, with a particle size (D50) of 1.00mm and an optimal liquid-to-solid (L/S) ratio of 0.24
litter per kilogram of residues, a dense slurry prepared before starting carbonation reaction. To form

a slurry in the reactor, deionized water is added together with the residues in a controlled conditions
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4.3. Inventory Analysis

Table 4.5: Parametric Conditions of CO5 Capture and Storage through Mineral Carbonation Process

Parameter Value Units References
Reactor Type Rotary drum - [86]

HRT 30 min -
Temperature 30 °C -

Pressure 3 bar [86]

CO2 Concentration in Feed 100 Yovol [86, 87]
Gas Pressure 1 bar [87, 88|
CO5 Flow Rate 0.110 kg CO2/min calculated
Gas Feeding Time 30 min [89]

Solid Feeding Time 30 min -

Input Flow of Solids 1.45 kg/min -

Steam Feeding Time 30 min -

Input Flow of Liquid 0.35 1/min -

CO4 Uptake 0.076 gCOy uptake/g residue | calculated
Carbonated Residues Produced 43.47 kg residue calculated

Table 4.6: Energy consumption in CO5 Capture and Storage through Mineral Carbonation Process

Process Stage Energy per Unit CO> | Total Energy Required
Gas Compression 83.42 kJ /kg COq 275.62 kJ
Reactor Heating 1263.52 kJ /kg COq 4174.86 kJ
Reactor Rotation 31.14 kJ /kg COq 102.89 kJ

for 10 minutes at 30 °C and 3bar of pressure [89]. Then C'O; is introduced with concentration of
100 by volume and a flow rate of 0.06 m3 CO /min. The total gas feeding time is assumed 30

minutes, but it can be varied with the gas composition when the process will carry out in real.

Table 4.7: Alkaline Industrial Residual waste Composition

Element | Amount in Residual waste (kg/kg Ash) | Oxides | Amount in residual waste (g/kg)
Al 0.035 Al O3 0.1338
Ca 0.298 CaO 0.418
Fe 0.029 FeoO3 0.0843
K 0.012 K20 0.0298
Mg 0.024 MgO 0.0402
Si 0.082 NayO 0.0075
Ba 0.003 Si04 0.1762

All the process parameters of hydration process are mentioned in table 4.4, and for carbonation
process is mentioned in table 4.5. In much published research the reaction conditions are maintained
at 60°C to maximum optimize C'O, uptake. Following a curing period of 28 days, the carbonation
final product is expected to exhibit an inorganic carbon concentration of 0.83% and a total carbon
content of 2.7%. The carbonation efficiency, based on C'Oy uptake, is calculated at 0.076 kg of CO9
per kilogram of residue with a total COs uptake of 3.30 kg [89, 92, 93|. This process results in the
production of 13.16kg carbonated residue per kg C'Os uptake can be used in construction or other

applications effectively saving the carbon in a stable form.
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4.3. Inventory Analysis

Energy Requirements

The energy requirements for carbonation process involves gas compression, reactor heating, and
reactor rotation. Energy requirements are calculated based on a standard energy consumption

available in previous literature ( mentioned in table 4.6) .

4.3.3 Inventory of Utilizing Purified H; gas in Polymer Electrolyte Membrane
Fuel Cell (PEMFC) for Energy Provision

The Hj gas produced by IBES, 2.41m3 of Hs purified gas/t.CW is fed into the Polymer Electrolyte
membrane fuel cell PEMFC serve as the primary fuel for energy production. In the PEMFC, Hy gas
enters the anode side of the cell, where it is split into protons and electrons by a catalyst, protons
pass through the polymer electrolyte membrane while the electrons are forced to travel through an
external circuit generating electricity and water as final product. The reaction occurs in a PEMFC
is given as:

2H3 + O2— > 2H50 + Energy(—572 kJ) (4.3)

For every two moles of hydrogen the amount of of heat released is then equal to -572kJ. Hydrogen
has value of 143 kJ/g. The ecoinvent database reported an efficiency of PEMFC equal to 87%
indicating that 87% of the hydrogen’s inherent energy is converted into usable electrical energy.
Under this conditions, the energy produced in the fuel cell is derived by multiplying the inherent
energy content of hydrogen by the efficiency, this resulting in a total energy production of 29858.4
kJ/t CW when utilizing Hy gas in PEMFC.

4.3.4 Inventory of Hydrothermal Treatment of Effluent of IBES

After the electrochemical and biochemical degradation of the cheese whey (CW) the fermented
cheese whey (FCW) solution is assumed to be sent to the Hydrothermal Carbonization (HTC)

process.

Table 4.8: Characteristics of FCW

Parameters Amount | Unit

Total wet weight of FCW | 993.32 | kg/t CW

Liquid fraction 94.16 %

Total solid 5.84 %
Carbohydrates 18.00 kg glucose/t CW
TOC 26.70 kg C/t CW

VS 40.00 kg VS/t CW

pH 3.50 -

NaOH 5.85 kg NaOH /t CW
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4.3. Inventory Analysis

Table 4.9: Operational Conditions of Centrifugation Process

Parameters Amount | Unit
Average energy consumption for industrial scale cetrifugation 0.55 kWh/100L
Solids content of FCW 23 %

Liquid content of FCW 7 %

Liquid waste produced after centrifugation 747.83 kg/t FCW

Table 4.10: Operational Conditions of HTC Process

Parameters | Amount | Unit | References
Temperature | 180-250 °C [98]
Pressure 10 MPa, -
Moisture 77 % -

HRT 24 h [99]

pH <7 - -

FCW still rich in organic matter (Table 4.8) received high moisture content (approximately equal
to 94%) unsuitable for hydrothermal process, so centrifugation of FCW is required to separate the
water from the solids to be sent to HT'C. The centrifugation process intended to achieve a specific
solid content >= 23%. The 993.32kg of FCW obtained with a composition of 5.8% solids and 94.2%
liquid is sent for centrifugation. After centrifugation, the total wet weight is reduced to 252.17kg.
The dry matter content reaches 23%, aligning with the process requirements, and the liquid fraction
after centrifugation is 194.17kg in total wet weight. The centrifugation process generated 747.83kg
of liquid waste, primarily water, which is removed during centrifugation. The key parameters of
centrifugation process are described in table 4.9.

The life cycle inventory (LCI) of the hydrothermal carbonization (HTC) process begins with
centrifuged feedstock, which is characterized by 195kg/t FCW liquid fraction and 58kg/t FCW of
dry matter in FCW, a neutral pH = 7, and an initial energy content of approximately 145,260.87MJ
based on an assumed higher heating value (HHV) of 10 MJ/kg. The HTC process is carried out
under thermochemical conditions with applied temperature range of 180-250°C and pressure range
from 10-40 bar with a hydraulic retention time (HRT) of around 4 hours (table 4.10). During the
reaction, the organic matter present in feedstock converted into hydrochar (HC), while remaining is
converted into gases (mainly CO3) and nutrient rich liquid. Hydrochar yield on wet basis is around
52.7% of the feedstock mass, amounting to 132.9 kg of HC from the process with a total solid content
of 17.4 kg, volatile solids (VS) of 21.08 kg, and total organic carbon (TOC) of 14.07kg, while the
remaining 87 kg is water and 17.4kg is COs contributing to a total output mass of 252.17kg/t. FCW
[94]. Following this, a filtration step is applied to separate solid hydrochar from the liquid filtrate.
Approximately 4% of the mass is retained as filtered cake (9.39kg) with the remaining 94% process

water as a filtrate|95]. The filtered cake contains 5.63 kg of total solids, with VS and ash contents
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4.3. Inventory Analysis

Table 4.11: Energy Cosumption in HTC Process

Parameters Value | Unit
Electricity required for stirring 0.07 kWh/t FCW
Heat energy required for hydrothermal Process | 2.69 kJ/t FCW
Electrical energy required for centrifugation pro- | 4.29 kWh/t FCW

cess
Table 4.12: Product distribution of HTC Process

Parameter Value ‘ Unit

Hydrochar (dried) Yield

Dried HC Yield 6.78 %

Dried HC Mass 3.02 kg/t FCW

TS (%) 35.8 %

VS (%) 66.02 %

Ash (%) 29.11 %

TOC (%) - %

Fix carbon ratio 0.0385 %

Gas Yield

Gases produced (mainly CO3) 7.57 %

COg2 mass produced 17.40 kg/t FCW

Liquid Yield

Process water produced 166.06 kg

Total water content in system 17.40 kg/t FCW

Initial energy in CW 145260.87 | MJ/t FCW

respectively 6.83 kg and 3.07kg, respectively, while retaining 3.76kg of water. This hydrochar is
then subjected to a thermal drying or air-drying process to reduce its moisture content further,
achieving a final total solid content of 92% and leaving only 4% moisture in the final product. After
drying, the hydrochar mass is reduced to 6.02kg, with TS at 5.64kg, VS at 5.95kg, and ash content
at 2.08kg, indicating a significant improvement in energy density and material stability. The dried
hydrochar yield is approximately 6.78% of the original feedstock mass [96].

From a compositional standpoint, the final hydrochar contains 35.83% total solids, 66.03%
volatile solids, 29.11% ash, and a fixed carbon content of approximately 3.85%. During the HTC
reaction, gas evolution occurs primarily in the form of C O, with a total yield of 17.4kg, equating
to about 7.57% of the raw feedstock. A substantial portion of the mass is converted into liquid
effluent, or process water, amounting to 166.06kg, representing most of the mass transfer in the
system containing dissolved organic matter, nutrients, and volatile fatty acids, which may require
post treatment (Table 4.15). In terms of energy transformation, although the hydrochar accounts
for only a small fraction of the mass converted, it provides approximately 120.8MJ of energy with
an HHV of 13.41MJ /kg that represent an energy yield of 60.6% of original feedstock energy content.

This suggests a significant enhancement in energy density due to carbonization.
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4.4. Inventory of Conventional Biorefinery

Table 4.13: Mass flow throughout HT'C process chain

Parameters Value ‘ Unit

HTC Process

Mass yield of hydrochar 52.7 % wet weight
Hydrochar yield 0.527 | kg HC/kg FCW
Total wet weight HC 132.90 | kg

Total solids 1740 | kg TS
Volatile Solids (VS) 21.08 | kg

Ash 9.486 kg

TOC 14.07 | kg C

Water 87.00 | kg

COq 17.40 | kg COq

Mass Balance (Total) 252.17 | kg
Filtration Process

% Mass of Filtered Cake 4.00 % wet weight
% Filtrate 94.00 | % wet weight
% TS in Filtered Cake 60.00 | % wet weight
Mass of Filtered Cake 9.39 kg

Total Solids 5.63 kg

VS 683 | ke

Ash 3.07 kg

TOC - -

Water 3.76 kg
Thermal/Air Drying

% TS after drying 92.00 | %

% Moisture 4.00 %

Total Solids (TS) 5.64 kg

VS 595 | ke

Ash 2.08 kg

TOC - -

Total Dried HC Mass 6.02 kg

The process thus shows clear partitioning of the feedstock into three major phases: solid (hy-
drochar), liquid (process water), and gas (mainly C'O3), each requiring dedicated handling or further
processing depending on the targeted end-use or environmental considerations. The balance of mass
and energy (table 4.13) in the HT'C process represents itself as a sustainable waste to energy route,
however, the optimization of water and gas handling remains key factors for its overall efficiency

and environmental performance.

4.4 Inventory of Conventional Biorefinery

The inventory of conventional processes scenario is carried out taking into account a waste biore-
finery approach based on a commercially available process. Conventional waste biorefinery that

usesuses CW as primary feedstock has several stages,ages, starting with the anaerobic digestion
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4.5. Process Flow Diagrams(PFDs)
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Figure 4.3: System boundaries of conventional biorefinery

process in a CSTR reactor with a flow rate of 3.28kg VS / t CW / day at the / day at the assumed
HRT of 19.49 days and at a tempe® Cture of 35 ° C as reported in Chapter 3. The biogas produced in
this case is 10.15 m? biogas/t Cw. The biogas composition is approximately 60.69% C Hy (6.06 m3
CH,/t CW) and 39.31% CO3 (3.94 m3 COz/t CW). Produced biogas is used in a combine heat and
power (CHP) plant. The digestate produced from anaerobic digestion is separated by centrifugation
into 20-30% solid fraction. The centrifuged is thermally dried to 70-80% solid digestate is applied
as organic fertilizer on agriculture soil in accordance with Italian legislation. The specific nutrient
values for the digestate is obtained from literature from typical nutrient concentration in raw cheese
whey (CW), with N, P, and K content equal to 2.63%, 0.125%, and 0.305% of TS contents and re-
placed with a substitution ratio of 3kg of solid digestate with 1kg average mineral fertilizer, as KoO
ratio3:1 [56]. The liquid fraction, a nutrient-rich liquid, possible treatment is applicable. The solid
digestate, classified as green waste, provides additional value in compost application, the datasets

available in ecoinvent version 3.0 [56].

4.5 Process Flow Diagrams(PFDs)

The Process Flow Diagram (PFD) is a line and symbol graphic representation of the major inputs
and waste streams through the process stages in the proposed configuration. The PFD drawing

shows arrows lines representing directional pipelines, tag numbers representing major treatment
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4.5. Process Flow Diagrams(PFDs)

units and equipment, as well as pumps and valves. However, the PFD for the proposed waste
biorefinery scheme does not show complete plant and all features, it only shows the features that
are researched in this thesis. This simplified PFD allows a quick development of easily recognizable
characteristics and flows of the different waste streams that are then reflected in the mass balance.

A total of 5 PFDs is presented ( figure4.5 to 4.8).

4.5.1 Functions of PFDs

For the following media, the PFD shows how the material flows through the treatment plant goes:
1. Cheese Whey (CW)
2. Fermented Cheese Whey (FCW)
3. Main product: syngas (Ha+CO2)

4. Other byproducts e; g mineral aggregates (MA), hydrochar (HC), Liquid fraction (LF)

4.5.2 PFD-1

The IBR-1, figure4.4, process stage, two key solutions are prepared: a 0.5M ZnSOy solution and a
2M NaOH solution. The ZnSOy solution is prepared in block 1B-1 by mixing 71.62 kg of ZnSO4
with 958.67 kg of water. The NaOH solution is prepared in block 1B-2 using 79.70kg of NaOH and
42.79kg of water. These solutions, along with 1000kg of cooling water (CW), are introduced into the
IBES (block 1B-3). Inside the reactor, microbial and electrochemical processes occur, leading to the
generation of a gas mixture composed of hydrogen (Hz) and carbon dioxide (CO2). Additionally,
the process produces 211.26kg of wastewater (WW 1B-3), fermented whey (FCW), and 419.69 kWh

of electrical energy (EE).

4.5.3 PFD-2

In the IBR-2 process, figured4.5 the gas mixture generated in PFD-1 undergoes upgrading Hs and
CO; at a volume of 4.23m3, is first passed through two stages of compression and cooling. The
first compressor (2C-1) raises the pressure, followed by heat exchanger 1 (2E-1), which reduces the
temperature to around 311.15 K. This is followed by a second compression (2C-2) and cooling stage
(2E-2) to ensure the gas is at optimal conditions for separation. The compressed gas is then passed
through an air pump (2P-1) and directed to a Pressure Swing Adsorption (PSA) unit containing
an H-selective membrane. This unit effectively separates 2.68m® of pure hydrogen gas, which is
later utilized for energy applications. The remaining gas, primarily COs, is sent to the Carbon

Capture System (CCS), which converts 2.94 m? of COs into a stable carbonated residues (CR)
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4.5. Process Flow Diagrams(PFDs)

weighing 25.11kg. The process also generates 10.43kg of wastewater (WW 2B-2) from gas handling
and separation units. This phase is critical for isolating hydrogen as a clean energy source and

capturing CO5 and reuse.

4.5.4 PFD-3

PFD-3 describes the transformation of liquid waste from PFD-1 into solid fuel via hydrothermal
carbonization, figure 4.6. The FCW stream of 1000kg is first pumped using liquid pump 1 (3P-1)
and heated through heat exchanger 1 to reach a temperature of 493.15K. The pressurized liquid is
further pumped by liquid pump 2 (3P-2) and sent into the HTC reactor (block 3B-2). This process
converts the organic components in the liquid into a carbon-rich slurry. The slurry, with a mass
of 224.57kg is separated in block 3B-3 using centrifugation. The solid portion is filtered and dried
in block 3B-4, resulting in the production of 4.80kg of hydrochar (HC). The liquid portions from
the HTC process are separated into two wastewater streams: 211.26kg from centrifugation (WW
3B-3) and 747.82 kg from the drying and filtration process (WW 3B-4). This phase enables the
valorization of process water into usable solid fuels while generating wastewater that is treated in

the next stage. PFD-4: Wastewater Treatment System

4.5.5 PFD-4

PFD-4 integrates all wastewater streams produced in the IBR process into a centralized treatment
system, figure 4.7. The wastewater streams include: WW 1B-3 (211.26 kg) from the BES unit,
WW 2B-2 (10.43 kg) from the gas separation phase, and two streams from the HTC section —
WW 3B-3 (211.26 kg) and WW 3B-4 (747.82 kg). These are collectively sent to the industrial
wastewater treatment unit (block 4B-1). The treatment facility is designed in accordance with EU
Directive 91/271 /EEC, which mandates the removal of both organic and inorganic contaminants.

The plant ensures that effluents meet regulatory discharge limits before being released or reused.

4.5.6 PFD-5

The final stage of the IBR process, illustrated in figure 4.8, showcases the valorization of all major
products into commercially viable outputs. The purified hydrogen gas is used in hydrogen fuel cell
system for clean mobility applications. The carbonate residue (CR) repurposed in the manufac-
turing of building blocks, contributing to the construction industry as a sustainable material. The
hydrochar (HC) produced during the HT'C process is utilized in Combined Heat and Power (CHP)
plants as a renewable solid fuel. Additionally, the electrical energy (419.69 kWh) generated during

the bio-electrochemical fermentation stage is supplied for commercial use, potentially feeding into
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4.6. Mass Balance
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Figure 4.4: PFD-1 of IBR

the local grid or powering on-site operations. This phase exemplifies the circular economy approach
by ensuring that every stream from the process finds a valuable application, minimizing waste and
maximizing resource efficiency.

Figure 4.9 represents the legend of all the symbols and acronyms used in the 5 PFD.

4.6 Mass Balance

The mass balance reported is accounts for the material’s mass flow through the treatment process.
Flow rates are expressed in units of kilogram per day (kg/d). Variations in the mass balance are
developed at each stage to represent different loading conditions. The mass balance, in Table 77,
is based on the same pathways followed explained in PFDs.

The mass balance represents the balance of materials through the treatment process, including

the liquid flow rates:
1. Total Solids (TS)
2. Volatile Solids (VS)
3. Total Organic Carbon (TOC)

4. Water Content
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4.6. Mass Balance
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4.6. Mass Balance
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4.7. Energy Balance
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Figure 4.9: PFD-6 of IBR

4.7 Energy Balance

Energy balance is a critical aspect in evaluating the sustainability and efficiency of integrated waste
treatment processes. In the context of modern waste management, the ability to recover energy from
waste treatment technologies not only improves the overall energy efficiency but also contributes
to environmental and economic benefits. The energy balance analysis focuses on the energy flows

within a series of advanced and traditional waste treatment processes, as outlined in the Table.

4.8 Model Development

Following the inventories, schematic representations, and the conceptual design of the waste biore-
finery, a rigorous model was developed using the openLCA software. Initially, individual process
models were constructed for each unit operation in IBR with precise calculations of required mate-
rial’s quantity. These unit processes serve as the foundational activities within the product system,
encompassing operations such as raw material extraction, manufacturing, and transportation and
marketing. The processes are interconnected through flows which represent the exchange of ma-
terials, energy, or emissions between processes and the environment. Each flow is defined by its
properties (mass, energy content) measured in specified unit groups and connected with actors
which denote the stakeholders or entities involved, such as suppliers, manufacturers or end-users.

The data collected in the inventories reported above, are utilized with ecoinvent version3.0 datasets,
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4.8. Model Development

Table 4.14: Energy balance and net energy benefits analysis (in kJ/t.CW)

Total Energy
Process EE request | HE request energy produced Net
request
Integrated bio- 7757.26 2.48 7759.74 429697.19 -421937.45
Electrochemical
Process (IBES)
Centrifugation 40642.1 0 40642.1 0 40642.11
Process
Hydrothermal 2783.45 2.69 3841.16 0 -87752680.56
Carbonization
(HTC) Process
Filtration 11710.13 0 11710.13 0 11710.13
Process
Co-generation 0 0 0 120958 -120958
Heat and Power
(CHP)
Membrane 19564.65 0 19564.65 0 19564.65
Separation
Process
Carbon Capture 11982.60 4174.66 11982.60 0 11982.60
and Storage
(CCS)
Polymer 0 0 0 29858.4 -29858.4
Electrolyte
Membrane Fuel
Cell (PEMFC)
| I—"
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Figure 4.10: mass flow at each stage of IBR
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4.8. Model Development

Table 4.15: Mass flow at each stage of suggested IBR process scheme

Parameter 1 2 3 4 5 6 7 8 9 10 | 11 | 12 13
Total Solids (kg) 79.85 | 86.93 58 86.93 - 58 17.40 - 5.63 - - - | 4348
Water (kg) 999.18 | 986 942 986 | 747.83 | 194.17 | 217.37 | 220.63 | 3.76 - - - 11043
Volatile Solids (kg) 64 - 40 - - 40 21.06 - 6.83 - - - -
Carbon Content (kg) | 39.30 - 26.70 - - 26.70 | 14.07 - - - - - -
Temperature (°C) 38 - 38 - - 180 1801 - 180 | - - - -
Pressure (bar) - - - - - 10 10 - - - - - -
Flow rate (t/day) 0.59 - 0.59 - - - - - - - - - -
Gas content (kg) - - - - - 17.40 - - 354102402433 -
Hj content (kg) - - - - - - - - 024|024 | - - -
CO4 content (kg) - - - - - - - - 3.3 - - - -
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Figure 4.11: Model Framework of OpenLCA
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modified for energies, emissions and waste flows where required. For each unit process data from
conventional technologies is carefully adapted or supplemented to represent the functionality and
outcomes of the innovative approach being modelled. By applying this critical and systematic ap-
proach to data flow modification, the model can simulate the performance of new technologies in
an accurate and scientifically credible manner, even though the original database does not directly
contain specific information for this innovative scheme/process.

Subsequently, an integrated product system developed to represent all unit processes included
specifications of relevant flows, flow properties, units, and quantified values for each environmental
indicator. This model setup systematically implemented to ensure accuracy and consistency across

all components of all unit processes in the simulation.

4.8.1 Cut-off Crteria

The cut-off criteria are applied to the inventory data by choosing only the relevant processes and
flows in the existing database that meet specified threshold. This can be done manually during the
data selection process by using datasets that have already comprised cut-off criteria. Processes or
flows that are below the cut-off threshold of less than 5% are excluded during the system boundary
definition. Upstream or downstream activities that add very little mass or energy to the system or

that have a small environmental impact is skipped during impact assessment.

4.9 Results & Discussion

4.9.1 Impact Assessment

The findings of the Life Cycle Impact Assessment (LCIA) demonstrate notable distinctions between
conventional and integrated technologies in the context of waste biorefinery in suggested impacts
catagories. In climate change, conventional biorefinery scenario increases greenhouse gas emission
to 1.52E+03 kg CO2 eq./t CW but integrated biorefinery scenario shows minimum emissions to
2.87TE+00 kg CO2 eq./t CW. When compared to impact on aquatic life, integrated one has a signif-
icantly lower impact in freshwater ecotoxicity, 3.17E+01CTUe/t CW. Eutrophication from nutrient
runoff is almost non-existent in integrated approach (7.05E-04 kg P eq./t CW). With an acidifi-
cation potential of 2.67E-02 mol H+ eq, integrated approach has substantially larger potential of
2.67E - 02 mol H' eq/t CW compared to conventional process. Overall, the IBR scenario shows
substantial reductions in greenhouse gas emission with climate change impact including biogenic,
fossil, and land use decreased by several order of magnitude compared to the CBR, provide more

carbon management possibly through improved energy integration or the use of renewable sources.
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Figure 4.12: Environmental Impact of IBR compared with CBR in considered impact categories in their
relevant environmental compartment

Significant reductions are also observed in ecotoxicity indicators, particularly in freshwater environ-
ments where impacts from inorganics, metals, and organics decline dramatically, suggesting that
IBR incorporates more effective pollutant removal and containment systems. Eutrophication im-
pact, both freshwater and marine are notably mitigated in the IBR scenario approach a negligible
level, indicative of enhanced nutrient recovery or discharge control.

Human toxicity impacts both (cancer and non-cancer) are substantially lowered in the IBR
system, particularly for inorganic substances where some impacts are eliminated entirely, reflecting
more advanced waste processing or cleaner input streams. Resource use is another domain where the
IBR excels, showing a drastic decrease in fossil and mineral resource consumption, as well as water
use, which plummets from 6.98E+04 to just 3.28E-+00 m? depriv. /t CW, underscoring the efficiency
and conservation capabilities of the integrated system. While the IBR demonstrates impressive
overall environmental benefits, some categories such as ionizing radiation and particulate matter
show smaller, though still notable, improvements, potentially due to residual upstream energy
dependencies or limitations in emission controls that require further optimization. Additionally,
the moderate changes observed in ozone depletion and photochemical ozone formation suggest that

while the IBR is generally cleaner, certain air pollutants may persist and merit additional attention.
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Table 4.16: Life Cycle Impact Assessment Results of the integrated waste biorefinery (IBR) Approach
Benchmark with Conventional Waste Biorefinery (CBR)

Impact Assessment Results [ Impact Assessment Results

Name Unit CBR IBR
Acidification mol H™ eq/t CW 1.46E-02 2.67E-02
Climate change kg CO3 eq/t CW 1.52E+03 2.87E-+00
Climate change - Biogenic kg COq eq/t CW 1.52E+03 1.27E+02
Climate change - Fossil kg COq eq/t CW 1.82E+00 2.86E+00
Climate change - Land use and LU change | kg CO3 eq/t CW 9.29E-04 9.91E-04
Ecotoxicity, freshwater CTUe/t CW 3.06E+01 3.17E+01
Ecotoxicity, freshwater - inorganics CTUe/t CW 2.54E+00 3.22E+00
Ecotoxicity, freshwater - metals CTUe/t CW 1.41E+01 2.86E+01
Ecotoxicity, freshwater - organics CTUe/t CW 1.43E+01 3.21E+01
Eutrophication, freshwater kg P eq/t CW 3.98E-04 7.05E-04
Eutrophication, marine kg N eq/t CW 1.95E-03 2.59E-03
Eutrophication, terrestrial mol N eq/t CW 2.39E-02 4.53E-02
Human toxicity, cancer CTUhL/t CW 4.21E-10 1.09E-09
Human toxicity, cancer - inorganics CTUhL/t CW 0.00E+-00 0.00E+00
Human toxicity, cancer - metals CTUh/t CW 2.91E-10 7.69E-10
Human toxicity, cancer - organics CTUhL/t CW 1.30E-10 3.25E-10
Human toxicity, non-cancer CTUh/t CW 2.11E-06 3.66E-07
Human toxicity, non-cancer - inorganics CTUhL/t CW 2.09E-09 3.01E-09
Human toxicity, non-cancer - metals CTUhL/t CW 1.52E-08 3.62E-07
Human toxicity, non-cancer - organics CTUh/t CW 2.10E-06 9.40E-10
Tonising radiation kBq U-235 eq/t CW | 3.54E-01 2.23E-01
Land use Pt/t CW 2.77E+00 8.44E+00
Ozone depletion kg CFC11 eq/t CW 3.86E-07 3.35E-07
Particulate matter disease inc./t CW 4.29E-05 1.16E-07
Photochemical ozone formation kg NMVOC eq/t CW | 2.40E+00 8.57E-03
Resource use, fossils MJ/t CW 1.46E-+01 2.80E+01
Resource use, minerals and metals kg Sb eq/t CW 3.06E-10 1.24E-05
Water use m? depriv./t CW 4.92E+00 3.28E+00

4.9.2 Contribution Analysis
Scenario’s Contribution

Contribution analysis of both scenarios compares the environmental performance of IBR and CBR
across different impact categories highlight the areas where IBR have a higher contribution than
CBR or vice versa. To account the contribution of impacts coming from three main streams in
IBR, the stream 1 (S1) follow the path of hydrothermal carbonization of digestate starting from the
organic feed stock 1t CW. The process begins with pH adjustment of the waste, followed by treat-
ment in a bio-electrochemical cell that generates electricity. The digestate is then centrifuged, with
the liquid stream proceeding to hydrothermal treatment to produce carbonated slurry and process
water. The slurry undergoes filtration, yielding carbonated residue for hydrochar production and
additional process water. The hydrochar is utilized in a co-generation plant to produce electricity
and heat, while process water is treated in a wastewater treatment plant, yielding treated water.
Stream 2 (S2) focused on the flow of anolyte solution. It begins with the preparation of a 0.5M
ZmSQOy solution using zinc sulfate and deionized water. This anolyte solution is fed into an integrated
bio-electrochemical cell, where heat and electricity are supplied to drive the process. The cell pro-
duces 1.07 ton of anolyte wastewater as an output, which is then treated in a wastewater treatment

plant (WWTP). The WWTP processes the wastewater, generating treated water for potential reuse
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Figure 4.13: Stream 1 (S1 ) Flow in IBR process

or safe discharge. Streams 3-4 follow the hydrogen purification process through polymer membranes
and the carbon capture and storage in form of mineral carbonates. The carbon dioxide equivalent
(CO2 eq.) emissions linked to different processes in S1, S2 and S3-4 are calculated. The CCS has
a particularly significant effect in lowering COs2 level. On the other hand, the carbon footprint is
significantly increased by wastewater treatment plant (WWTP) and membrane process for hydro-
gen purification which shows notable positive emissions. While the use of de-ionized water has a
modest decrease in emissions, other process such as IBES and electricity avoidance have negligible
emissions. The graph illustrates how proposed technologies differs in carbon emissions; some aid in

mitigation efforts, while others raise the total carbon footprint.

4.9.3 Energy Analysis

As illustrated in table 4.17 in the energy input and output of each processing unit the highest
energy requiring process in the system is centrifugation which requires 15444KJ, followed by hy-

drothermal treatment of digestate and filtration at 4449.85KJ. Membrane process for hydrogen
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Figure 4.14: Stream 2 (S2 ) Flow in IBR process

Table 4.17: Energy balance and Net energy benefits analysis (kJ/t.CW)

PROCESS EE REQUEST | HE REQUEST | TOTAL ENERGYREQUEST | ENERGY PRODUCED NET
Integrated 7757.26 2.48 7759.74 429697.19 -421937.45
bio-Electrochemical

Process (IBES)

Centrifugation Process 40642.1 0 40642.1 0 40642.1
Hydrothermal 2783.45 2.69 3841.16 0 -87752860.56
Carbonization (HTC)

Process

Filtration Process 11710.13 0 11710.13 0 11710.13
Co-generation Heat and 0 0 0 120958 -120958
Power (CHP)

Membrane Separation 19564.65 0 19564.65 0 19564.65
Process

Carbon Capture and 11982.60 4174.66 11982.60 0 11982.60
Storage (CCS)

Polymer Electrolyte 0 0 0 29858.4 -29858.4
membrane fuel cell

(PEMFC)
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Figure 4.15: Stream 3-4 (S3-4 ) Flow in IBR process

separation requires 7462KJ. These processes, though critical for system operation, the issue has
been raised regarding their overall contribution to the system’s energy efficiency. Centrifugation
and filtration are energy-intensive processes, which indicate that process optimization or coupling
with less energy-intensive alternative can enhance system performance. For instance, waste heat
recovery from energy-generating processes or coupling renewable energy sources can offset these
losses. While CCS is crucial for the management of carbon its substantial energy requirement
underscores the significance of advances in low-energy carbon capture technologies when combin-
ing with gas separation process using membranes. The greenhouse gas mitigation versus increased
hydrogen production scenario is represented by the analysis of hydrogen production and avoided
CO3 equivalent (CO2 eq.) emissions at different functional units (FU) of cheese whey (CW). The
production of hydrogen grows significantly as the amount of CW increases from 1 ton to 100 tons,
reaching over 275 cubic meters at 100 tons. Concurrently, as the scale grows, the COs emissions
showed a decrease in climate impact. Emissions are marginally positive at lower quantities, such 1
ton of CW, but they turn negative as the CW input rises. The largest reduction, around -110kg
CO3 eq, occurs at 100 tons of CW. This suggests that producing hydrogen on a greater scale from
CW is an environmentally advantageous technique since it not only increases hydrogen output but

also significantly reduces greenhouse gas emissions.
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4.9.4 Uncertainty Analysis

The Monte Carlo simulations were performed within the developed model in openLCA, to assess
uncertainty in each complex system’s database by running multiple simulation trials. The simu-
lation was executed 100 times, and the results varied within a wider range, with a mean value of
approximately 0.105kg COzeq. /t. CW and a standard deviation of 0.092kg COseq. /t. CW in
histogram shown in Figure 4.17. This indicated moderate variability in the outcomes, suggesting
that the simulated process involves more uncertainty compared to a fully deterministic or stable
system. The results span is approximately -0.169 to 0.508 with a 90% confidence interval (between
the 5th percentile at -0.033 and the 95th percentile at 0.231). The presence of both negative and
positive values implies that the process being modeled can sometimes result in emissions (positive
values) and at other times in avoided emissions or sequestration (negative values), depending on
the variation in input data. This behavior is clearly associated with processes of Carbon Capture
and Storage (CCS) or Hydrothermal Carbonization (HTC), which are under certain conditions
may significantly reduce emissions. However the extent of the reduction can vary depending on
parameters like energy input, feedstock, or background data. The histogram’s distribution shows a
slightly skewed pattern, with most results concentrated around the mean and median ( 0.105 and
0.102, respectively). However, the presence of outliers on both ends highlights that some simulation
scenarios may yield significantly higher or lower impacts, reflecting the sensitivity of the model
to input data uncertainty. Overall, this Monte Carlo analysis demonstrates reasonably consistent
performance. There is some degree of variability which is important for understanding the potential

range of climate change related impact (in kg CO2 eq) in real world applications.

4.10 Conclusion

This study has demonstrated the environmental and energetic viability of Integrated Biorefinery
(IBR) approach for organic waste valorization, particularly cheese whey (CW), using advanced con-
figurations that include Integrated Bio-electrochemical Systems (IBES), Hydrothermal Carboniza-
tion (HTC), Carbon Capture and Storage (CCS) using an integrated approach by using industrial
alkaline residual waste stream, and membrane-based hydrogen purification. Through the application
of Life Cycle Assessment (LCA) in accordance with ISO 14040/44 and the Environmental Footprint
(EF) 3.0 methodology, the environmental performance of IBR has been systematically benchmarked
against a Conventional Biorefinery (CBR) scenario. The IBR system exhibited significant reductions
across multiple environmental impact categories. Notably, climate change impact was drastically
reduced from 1.52E+03 kg CO3 eq/t.CW in the CBR to just 2.87E+400 kg CO2 eq/t.CW in the IBR,

indicating enhanced carbon management and sequestration. This reduction is attributed to effective
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integration of CCS and process energy optimization. Similarly, freshwater ecotoxicity and eutrophi-
cation potentials were reduced due to improved pollutant containment, enhanced nutrient recovery,
and reduced discharge. Acidification potential was also lowered, suggesting minimal acidifying emis-
sions from the integrated system. In human toxicity categories, especially for inorganic pollutants,
the IBR demonstrated substantial impact reduction, likely resulting from cleaner feedstocks and
more advanced waste treatment methods. Resource consumption especially fossil energy and wa-
ter use was significantly minimized, with water deprivation reduced from 6.98E+04 to 3.28E+00
m3 /t.CW, underscoring the conservation efficiency of the IBR configuration. Energy use was opti-
mized through recovery systems and valorization of hydrochar and hydrogen co-products. However,
energy-intensive processes like centrifugation (15.44 kJ/t) and membrane purification (7.462 kJ/t)
represent hotspots in the system and should be targeted for further optimization. Potential solutions
include integration of renewable energy sources, heat recovery systems, and low-energy alternatives
for separation and purification. A contribution analysis of the three main IBR process streams
revealed that Stream 1 (digestate valorization via HTC and hydrochar use) and Stream 2 (anolyte
treatment) significantly contribute to environmental gains, while Stream 3—4 (hydrogen purification
and CCS) delivers net carbon benefits. The CCS system in particular provides measurable COs
mitigation, although it introduces moderate energy demands. The environmental performance is
highly dependent on efficient downstream integration and synergy among the sub-processes. Monte
Carlo simulations, conducted using 100 iterations in openLCA, identified moderate variability in
impact results, with a mean of 0.105 and a standard deviation of 0.092. The results indicate the
system’s sensitivity to input data uncertainty, particularly in CCS and HTC modules. The simula-
tion outcomes ranged from negative to positive emission values, further validating the dual potential
of the system for both emission generation and avoidance. This variability highlights the need for
careful parameter control, accurate database selection, and further empirical data validation.
From a scale-up perspective, the analysis revealed that increasing CW input from 1 to 100 tons
significantly enhances hydrogen production while decreasing net CO2 emissions transitioning from
positive to strongly negative values ( =110 kg CO3 eq at 100 tons). This suggests strong scalabil-
ity potential for IBR, provided that the system’s energy balance and material recovery processes
remain optimized. In summary, the IBR system represents a scientifically robust, environmentally
beneficial alternative to conventional organic waste treatment methods. It maximizes energy and
material recovery while minimizing environmental burdens through a well-integrated combination
of biological, electrochemical, and thermochemical technologies. While certain subsystems require
further optimization to reduce energy inputs, the overall framework aligns with the principles of
circular economy, resource efficiency, and climate neutrality. The study affirms that IBR can play

a pivotal role in the transition toward sustainable waste-to-energy systems and future bioeconomy
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Figure 4.17: Uncertainty in results of climate change showing Monte Carlo simulation in OpenLCA runs
100times. The x-axis represents the resulting impact scores ranged between —0.169 and 0.508. The bars are
grey and outline how often certain results appeared. The y-axis shows frequency for each run. Left red line
-0.033 minimum percentile. Middle red line 0.102: Median. and right red line 0.231: maximum percentile.
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Chapter 5

Conclusion

5.1 Conclusion

The results from the comparative assessments of both the Integrated Bio-Electrochemical System
(IBES) and the broader Integrated waste Bio-Refinery (IBR) system reveal significant potential for
innovation in sustainable hydrogen production and organic waste valorization. While each system;
IBES and IBR was evaluated in comparison to its respective conventional technologies;Anaerobic
Digestion (AD) and Conventional Biorefinery (CBR). Both analyses covered insights into integrated,
multi process approach to achieve meaningful environmental benefits but they also bring new chal-
lenges that require targeted interventions. From the IBES perspective, the system demonstrates
superior performance in critical impact categories such as climate change mitigation and photo-
chemical ozone formation, primarily due to its enhanced hydrogen yield through the synergistic
combination of biological fermentation and electrochemical processes. By capturing and converting
additional protons during dark fermentation, IBES generates significantly more energy per unit
of organic waste compared to traditional AD. This positioned IBES as a promising pathway for
reducing greenhouse gas emissions and contributing to future low-carbon energy systems. How-
ever, this potential is counterbalanced by elevated impacts in freshwater ecotoxicity, fossil energy
demand, and water use, largely driven by the production and use of zinc sulfate, sodium hydroxide,
and deionized water. These upstream inputs introduce toxicity, depletes non renewable resources
and pose challenges in water scarce regions. Therefore, while IBES holds technological promise, its
uneven sustainability profile underscores the need for material substitution, cleaner input sourcing,
and water management improvements.

In the broader context, the IBR system, which integrates IBES with Hydrothermal Carboniza-
tion (HTC), Carbon Capture and Storage (CCS), and membrane-based gas separation, delivers

even more compelling outcomes. Life Cycle Assessment (LCA) results show drastic reductions in
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climate impact, with CO2 emissions dropping from 1.52E+03 kg CO3 eq/t.CW in the CBR scenario
to just 2.87kg CO2 eq/t.CW in IBR. Similarly, water deprivation is minimized by several orders
of magnitude, highlighting the system’s potential for water conservation. The environmental per-
formance across categories such as acidification, eutrophication, and toxicity is also significantly
improved, thanks to optimized feedstock processing, nutrient recovery, and advanced waste treat-
ment. Moreover, energy efficiency is enhanced through the valorization of hydrochar and hydrogen,
although energy intensive units like centrifugation and membrane purification remain hot spots.
These findings are further explained by contribution and uncertainty analyses, which indicate that
system level integration and input variability are critical drivers of environmental performance.
What emerges from both assessments is; IBES, while not yet ready to replace AD at scale,
offers a foundation for future hydrogen technologies, especially if supported by advances in material
science and renewable integration. Meanwhile, the IBR system, with its strong scalability poten-
tial and circular economy alignment, stands as a scientifically robust alternative to conventional
waste treatment methods. In conclusion, the study affirms that integrated bio-refinery approaches,
particularly those combining biological, electrochemical, and thermochemical technologies, can sig-
nificantly advance the sustainability of organic waste-to-energy systems. While both IBES and IBR
exhibit certain limitations, these are not insurmountable. With continued research, optimization of
subsystems, and the adoption of cleaner, low-impact inputs, these technologies can play a pivotal
role in supporting global transitions toward climate neutrality, resource efficiency, and resilient bioe-
conomy infrastructures. The integration of hydrogen production, COs capture, and organic waste
valorization in a closed-loop system represents not just a technological opportunity, but a strategic

pathway for addressing some of the most pressing environmental challenges of our time.

5.2 Future Recommendation

While the Integrated Bio-Electrochemical System (IBES) and the broader Integrated Bio-Refinery
(IBR) framework have demonstrated considerable promise in advancing sustainable hydrogen pro-
duction and organic waste valorization, several areas require further exploration to enhance technical
feasibility, environmental performance, and scalability.

First and foremost, material substitution and process optimization should be a primary focus
of future research. The high environmental burdens associated with critical inputs such as zinc
sulfate, sodium hydroxide, and deionized water highlight the need to identify and validate more
sustainable alternatives. Investigating low-toxicity and bio-based electrolytes, recyclable electrode
materials, or non-metallic catalysts could significantly reduce freshwater ecotoxicity and fossil en-

ergy demand. Additionally, optimizing the operational conditions of the bio electrochemical process
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to reduce chemical consumption and energy intensity will be essential for improving overall system
sustainability. Another important direction involves the integration of renewable energy sources
within the IBR infrastructure. While the system already recovers energy through hydrochar com-
bustion and hydrogen utilization, supplementing energy-intensive stages such as centrifugation, gas
compression, and membrane separation with biological source of energy could further reduce the
carbon footprint and enhance the system’s resilience to fossil fuel price volatility.

Moreover, the development and testing of closed-loop water systems and alternative water
sources (wastewater reuse) could mitigate the high water demand identified in the life cycle as-
sessment. Research into advanced water recovery technologies, membrane distillation, may pro-
vide viable solutions to minimize water loss and maintain water balance within the system. At
the systems level, real-world pilot-scale studies are critical to validate the scalability and opera-
tional robustness of both IBES and IBR under variable environmental and feedstock conditions.
These studies should include long-term monitoring of system performance, process stability, prod-
uct quality, and emissions under fluctuating load and waste input characteristics. Techno-economic
assessments of (TEAs) integrated with sensitivity analyses and risk assessments will be necessary to
determine commercial viability and identify key cost drivers. Further research is also needed to ex-
plore policy integration, regulatory frameworks, and market pathways for the widespread adoption
of IBR technologies. This includes developing mechanisms for carbon capture, waste valorization,
and decentralized renewable hydrogen production, as well as establishing standardized environmen-

tal performance benchmarks across regions and industries.

Maryam Khaliq 76



Bibliography

1]

2]

3]

[4]

[5]

(6]

7]

8]

Ayyoob Sharifi. Trade-offs and conflicts between urban climate change mitigation and adapta-

tion measures: A literature review. Journal of Cleaner Production, 276:122813, 2020.

Yang Liu, Yizheng Lyu, Jinping Tian, Jialing Zhao, Ning Ye, Yongming Zhang, and Lujun
Chen. Review of waste biorefinery development towards a circular economy: From the per-
spective of a life cycle assessment. Renewable and Sustainable Energy Reviews, 139:110716,

2021.

David Lazarevic, Nicolas Buclet, and Nils Brandt. The application of life cycle thinking in the

context of european waste policy. Journal of Cleaner Production, 29:199-207, 2012.

Faegheh Moazeni and Javad Khazaei. Optimal operation of water-energy microgrids; a mixed

integer linear programming formulation. Journal of Cleaner Production, 275:122776, 2020.

Shady S Hassan, Gwilym A Williams, and Amit K Jaiswal. Moving towards the second genera-
tion of lignocellulosic biorefineries in the eu: Drivers, challenges, and opportunities. Renewable

and Sustainable Energy Reviews, 101:590-599, 2019.

Jayne Lois G San Juan, Kathleen B Aviso, Raymond R Tan, and Charlle L. Sy. A multi-
objective optimization model for the design of biomass co-firing networks integrating feedstock

quality considerations. Energies, 12(12):2252, 2019.

Jhuma Sadhukhan, Jon R Lloyd, Keith Scott, Giuliano C Premier, Eileen H Yu, Tom Curtis,
and Tan M Head. A critical review of integration analysis of microbial electrosynthesis (mes)
systems with waste biorefineries for the production of biofuel and chemical from reuse of co2.

Renewable and Sustainable Energy Reviews, 56:116-132, 2016.

Abudukeremu Kadier, Yibadatihan Simayi, Peyman Abdeshahian, Nadia Farhana Azman,
K Chandrasekhar, and Mohd Sahaid Kalil. A comprehensive review of microbial electrolysis
cells (mec) reactor designs and configurations for sustainable hydrogen gas production. Alezan-

dria Engineering Journal, 55(1):427-443, 2016.

7



BIBLIOGRAPHY

19]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Jeffrey M Foley, René A Rozendal, Christopher K Hertle, Paul A Lant, and Korneel Rabaey.
Life cycle assessment of high-rate anaerobic treatment, microbial fuel cells, and microbial elec-

trolysis cells. Environmental science & technology, 44(9):3629-3637, 2010.

A Escapa, X Gémez, B Tartakovsky, and A Moran. Estimating microbial electrolysis cell (mec)
investment costs in wastewater treatment plants: case study. International journal of hydrogen

energy, 37(24):18641-18653, 2012.

Yifeng Zhang and Irini Angelidaki. Microbial electrolysis cells turning to be versatile technol-

ogy: recent advances and future challenges. Water research, 56:11-25, 2014.

Korneel Rabaey and Willy Verstraete. Bacterial potential for electricity generation. Trends in

Biotechnology, 23(6):291, 2005.

Abudukeremu Kadier, Yibadatihan Simayi, Peyman Abdeshahian, Nadia Farhana Azman,
K Chandrasekhar, and Mohd Sahaid Kalil. A comprehensive review of microbial electrolysis
cells (mec) reactor designs and configurations for sustainable hydrogen gas production. Alezan-

dria Engineering Journal, 55(1):427-443, 2016.

Goran Finnveden, Michael 7Z Hauschild, Tomas Ekvall, Jeroen Guinée, Reinout Heijungs, Ste-
fanie Hellweg, Annette Koehler, David Pennington, and Sangwon Suh. Recent developments

in life cycle assessment. Journal of environmental management, 91(1):1-21, 2009.

Giorgia De Gioannis, Alessandro Dell’Era, Aldo Muntoni, Mauro Pasquali, Alessandra Polet-
tini, Raffaella Pomi, Andreina Rossi, and Tatiana Zonfa. Bio-electrochemical production of
hydrogen and electricity from organic waste: preliminary assessment. Clean Technologies and

Environmental Policy, 25(1):269-280, 2023.

Marcela Moreira Albuquerque, Gabriela de Bona Sartor, Walter Jose Martinez-Burgos,
Thamarys Scapini, Thiago Edwiges, Carlos Ricardo Soccol, and Adriane Bianchi Pedroni
Medeiros. Biohydrogen produced via dark fermentation: a review. Methane, 3(3):500-532,
2024.

Xin Mei Guo, Eric Trably, Eric Latrille, Héléne Carrére, and Jean-Philippe Steyer. Hydrogen
production from agricultural waste by dark fermentation: a review. International journal of

hydrogen energy, 35(19):10660-10673, 2010.

Jacqueline Xiao Wen Hay, Ta Yeong Wu, Joon Ching Juan, and Jamaliah Md. Jahim. Biohy-

drogen production through photo fermentation or dark fermentation using waste as a substrate:

Maryam Khaliq 78



BIBLIOGRAPHY

[19]

[20]

[21]

[22]

23]

[24]

[25]

[26]

[27]

28]

overview, economics, and future prospects of hydrogen usage. Biofuels, Bioproducts and Biore-

fining, 7(3):334-352, 2013.

Sung-Gwan Park, Chaeyoung Rhee, Dipak A Jadhav, Jin-Hyeok Jang, Moon-Hyun Hwang,
and Kyu-Jung Chae. Enhanced hydrogen production in microbial electrolysis cells through a
magnetically induced electroactive anode biofilm. Chemical Engineering Journal, 505:159071,

2025.

Abhispa Bora, K Mohanrasu, T Angelin Swetha, V Ananthi, Raveendran Sindhu, Nguyen
Thuy Lan Chi, Arivalagan Pugazhendhi, A Arun, and Thangavel Mathimani. Microbial elec-
trolysis cell (mec): reactor configurations, recent advances and strategies in biohydrogen pro-

duction. Fuel, 328:125269, 2022.

Aparna Sharma, Syed Ejaz Hussain Mehdi, Soumya Pandit, Sang Eun-Oh, and Varaguna-
pandiyan Natarajan. Factors affecting hydrogen production in microbial electrolysis cell (mec):

A review. International Journal of Hydrogen Energy, 61:1473—-1484, 2024.

L Gil-Carrera, A Escapa, P Mehta, G Santoyo, SR Guiot, A Moréan, and B Tartakovsky. Mi-
crobial electrolysis cell scale-up for combined wastewater treatment and hydrogen production.

Bioresource technology, 130:584-591, 2013.

Umair Yaqub Qazi. Future of hydrogen as an alternative fuel for next-generation industrial

applications; challenges and expected opportunities. Energies, 15(13):4741, 2022.

Derek P Gregory, DYC Ng, and GM Long. The hydrogen economy. In FElectrochemistry of

cleaner environments, pages 226-280. Springer, 1972.

Ahmed I Osman, Mahmoud Nasr, AR Mohamed, Amal Abdelhaleem, Ali Ayati, Mohamed
Farghali, Ala’a H Al-Muhtaseb, Ahmed S Al-Fatesh, and David W Rooney. Life cycle assess-
ment of hydrogen production, storage, and utilization toward sustainability. Wiley Interdisci-

plinary Reviews: Energy and Environment, 13(3):e526, 2024.

Md Tabish Noori, Ruggero Rossi, Bruce E Logan, and Booki Min. Hydrogen production in
microbial electrolysis cells with biocathodes. Trends in Biotechnology, 42(7):815-828, 2024.

Wenwen Cui and Shunde Yin. Microbial electrolysis cells for h2 generation by treating acid

mine drainage: Recent advances and emerging trends. Fuels, 6(1):14, 2025.

Shweta Rawat, Akhil Rautela, Indrajeet Yadav, Sibashis Misra, and Sanjay Kumar. A compre-
hensive review on enhanced biohydrogen production: pretreatment, applied strategies, techno-

economic assessment, and future perspective. BioEnergy Research, 16(4):2131-2154, 2023.

Maryam Khaliq 79



BIBLIOGRAPHY

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Aparna Sharma, Syed Ejaz Hussain Mehdi, Soumya Pandit, Sang Eun-Oh, and Varaguna-
pandiyan Natarajan. Factors affecting hydrogen production in microbial electrolysis cell (mec):

A review. International Journal of Hydrogen Energy, 61:1473-1484, 2024.

Nebechi Kate Obiora, Chika Oliver Ujah, Christian O Asadu, Funsho Olaitan Kolawole, and
Benjamin Nnamdi Ekwueme. Production of hydrogen energy from biomass: Prospects and

challenges. Green Technologies and Sustainability, 2(3):100100, 2024.

José Pereira, Reinaldo Souza, Jeferson Oliveira, and Ana Moita. Hydrogen production, trans-

porting and storage processes—a brief review. Clean Technologies, 6(3):1260-1313, 2024.

Abbas Tcharkhtchi, Hamid Reza Vanaei, Albert Lucas, and Sedigheh Farzaneh. Hydrogen

Production, Storage, and Utilization: Technologies and Applications. CRC Press, 2024.

Abbas Tcharkhtchi, Hamid Reza Vanaei, Albert Lucas, and Sedigheh Farzaneh. Hydrogen

Production, Storage, and Utilization: Technologies and Applications. CRC Press, 2024.

Hyung-Sool Lee, Wim FJ Vermaas, and Bruce E Rittmann. Biological hydrogen production:
prospects and challenges. Trends in biotechnology, 28(5):262-271, 2010.

George Mbella Teke, B Anye Cho, Caterine Elizabeth Bosman, Zwonaka Mapholi, Dongda
Zhang, and RWM Pott. Towards industrial biological hydrogen production: a review. World
Journal of Microbiology and Biotechnology, 40(1):37, 2024.

Marcella Calabrese, Maria Portarapillo, Alessandra Di Nardo, Virginia Venezia, Maria Turco,
Giuseppina Luciani, and Almerinda Di Benedetto. Hydrogen safety challenges: a comprehen-
sive review on production, storage, transport, utilization, and cfd-based consequence and risk

assessment. Energies, 17(6):1350, 2024.

Michael Kitching, Robin Butler, and Enrico Marsili. Microbial bioelectrosynthesis of hydrogen:

current challenges and scale-up. Enzyme and microbial technology, 96:1-13, 2017.

Wenwen Cui and Shunde Yin. Microbial electrolysis cells for h2 generation by treating acid

mine drainage: Recent advances and emerging trends. Fuels, 6(1):14, 2025.

Xiuting Dong, Dianyu Pang, Gang Luo, and Xiuping Zhu. Microbial water electrolysis cells for
efficient wastewater treatment and h2 production. ACS Sustainable Chemistry € Engineering,

12(10):4203-4212, 2024.

Adridn Escapa, Maria Isabel San-Martin, and Antonio Moran. Potential use of microbial
electrolysis cells in domestic wastewater treatment plants for energy recovery. Frontiers in

FEnergy Research, 2:19, 2014.

Maryam Khaliq 80



BIBLIOGRAPHY

[41]

[42]

[43]

[44]

[45]

[46]

[47]

48]

[49]

[50]

Joao Onofre Pereira Pinto, Marcio L. Magri Kimpara, Prasad Kandula, and Madhu Sud-
han Chinthavali. Power electronics for off-grid gigawatt-scale green hydrogen production for
steel manufacturing—architectures, costs, and efficiencies analysis tool. In 2023 IEEE Design

Methodologies Conference (DMC), pages 1-6. IEEE, 2023.

Matthias Finkbeiner, Atsushi Inaba, Reginald Tan, Kim Christiansen, and Hans-Jiirgen Kliip-
pel. The new international standards for life cycle assessment: Iso 14040 and iso 14044. The

international journal of life cycle assessment, 11(2):80-85, 2006.

Jonathan Pryshlakivsky and Cory Searcy. Fifteen years of iso 14040: a review. Journal of
Cleaner Production, 57:115-123, 2013.

Aarnav Hetan Sanghvi, Amarjith Manjoo, Prachi Rajput, Navya Mahajan, Natarajan Rajamo-
han, and Iyman Abrar. Advancements in biohydrogen production—a comprehensive review of

technologies, lifecycle analysis, and future scope. RSC advances, 14(49):36868-36885, 2024.

Aarnav Hetan Sanghvi, Amarjith Manjoo, Prachi Rajput, Navya Mahajan, Natarajan Rajamo-
han, and Iyman Abrar. Advancements in biohydrogen production—a comprehensive review of

technologies, lifecycle analysis, and future scope. RSC' advances, 14(49):36868-36885, 2024.

Gonil Vardar-Schara, Toshinari Maeda, and Thomas K Wood. Metabolically engineered bac-

teria for producing hydrogen via fermentation. Microbial Biotechnology, 1(2):107-125, 2008.

Satheesh Murugan Ramu, Boobalan Thulasinathan, Dinesh Gujuluva Hari, Abhispa Bora,
Tamilmani Jayabalan, Samsudeen Naina Mohammed, Mukesh Doble, Pugazhendhi Arivalagan,
and Arun Alagarsamy. Fermentative hydrogen production and bioelectricity generation from
food based industrial waste: An integrative approach. Bioresource Technology, 310:123447,
2020.

F Asunis, Giorgia De Gioannis, M Isipato, Aldo Muntoni, Alessandra Polettini, Raffaella Pomi,
Andreina Rossi, and Daniela Spiga. Control of fermentation duration and ph to orient bio-

chemicals and biofuels production from cheese whey. Bioresource technology, 289:121722, 2019.

Walter José Martinez-Burgos, Esteffany de Souza Candeo, Adriane Bianchi Pedroni Medeiros,
Julio Cesar de Carvalho, Valcineide Oliveira de Andrade Tanobe, Carlos Ricardo Soccol, and
Eduardo Bittencourt Sydney. Hydrogen: Current advances and patented technologies of its
renewable production. Journal of Cleaner Production, 286:124970, 2021.

Luca Zampori, Rana Pant, et al. Suggestions for updating the product environmental footprint

(pef) method. Publications Office of the European Union: Luzembourg, 201910:424613, 2019.

Maryam Khaliq 81



BIBLIOGRAPHY

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

J Streeck, C Hank, M Neuner, L Gil-Carrera, M Kokko, S Pauliuk, A Schaadt, S Kerzenmacher,
and RJ White. Bio-electrochemical conversion of industrial wastewater-cod combined with
downstream methanol synthesis—an economic and life cycle assessment. Green Chemistry, 20

(12):2742-2762, 2018.

Fabiano Piccinno, Roland Hischier, Stefan Seeger, and Claudia Som. From laboratory to
industrial scale: a scale-up framework for chemical processes in life cycle assessment studies.

Journal of Cleaner Production, 135:1085-1097, 2016.

Nikolaos Venetsaneas, Georgia Antonopoulou, Katerina Stamatelatou, Michael Kornaros, and
Gerasimos Lyberatos. Using cheese whey for hydrogen and methane generation in a two-stage
continuous process with alternative ph controlling approaches. Bioresource technology, 100(15):

3713-3717, 2009.

Giorgia De Gioannis, Alessandro Dell’Era, Aldo Muntoni, Mauro Pasquali, Alessandra Polet-
tini, Raffaella Pomi, Andreina Rossi, and Tatiana Zonfa. Bio-electrochemical production of
hydrogen and electricity from organic waste: preliminary assessment. Clean Technologies and

Environmental Policy, 25(1):269-280, 2023.

K Bella and P Venkateswara Rao. Anaerobic co-digestion of cheese whey and septage: Effect
of substrate and inoculum on biogas production. Journal of environmental management, 308:

114581, 2022.

Angel Avadi. Screening lca of french organic amendments and fertilisers. The International

Journal of Life Cycle Assessment, 25(4):698-718, 2020.

Ottmar Edenhofer, Ramon Pichs-Madruga, Youba Sokona, S Agrawala, IA Bashmakov,
G Blanco, J Broome, T Bruckner, Steffen Brunner, M Bustamante, et al. Summary for poli-

cymakers. 2014.

Simone Manfredi, Karen Allacker, Nathan Pelletier, Erwin Schau, Kirana Chomkhamsri, Rana
Pant, and David Pennington. Comparing the european commission product environmental
footprint method with other environmental accounting methods. The International Journal of

Life Cycle Assessment, 20(3):389-404, 2015.

Michael Hauschild, Mark Goedkoop, Jerome Guinee, Reinout Heijungs, Mark Huijbregts,
Olivier Jolliet, Manuele Margni, Schryver An De, et al. Recommendations for life cycle impact
assessment in the european context-based on existing environmental impact assessment models

and factors (international reference life cycle data system-iled handbook). 2011.

Maryam Khaliq 82



BIBLIOGRAPHY

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

Juuso Tattari. Clean hydrogen usage in manufacturing industry processes. 2025.

Mohsen Karimi, Mohammad Shirzad, José AC Silva, and Alirio E Rodrigues. Carbon dioxide
separation and capture by adsorption: a review. Environmental chemistry letters, 21(4):2041—

2084, 2023.

Muhammad Amin, Ayyaz Shahbaz Butt, Jawad Ahmad, Chaehyeon Lee, Shakir Ul Azam,
Hafiz Abdul Mannan, Abdul Basit Naveed, Zia Ur Rahman Farooqi, Eunhyea Chung, and
Amjad Igbal. Issues and challenges in hydrogen separation technologies. Energy Reports, 9:
894-911, 2023.

YS Lin, I Kumakiri, BN Nair, and H Alsyouri. Microporous inorganic membranes. Separation

and Purification Methods, 31(2):229-379, 2002.

Benjamin A Wilhite, Martin A Schmidt, and Klavs F Jensen. Palladium-based micromem-
branes for hydrogen separation: Device performance and chemical stability. Industrial & engi-

neering chemistry research, 43(22):7083-7091, 2004.

Ho Bum Park, Jovan Kamcev, Lloyd M Robeson, Menachem Elimelech, and Benny D Freeman.
Maximizing the right stuff: The trade-off between membrane permeability and selectivity.

Science, 356(6343):eaab0530, 2017.

John D Perry, Kazukiyo Nagai, and William J Koros. Polymer membranes for hydrogen sepa-
rations. MRS bulletin, 31(10):745-749, 2006.

Malgorzata Wilk. A novel method of sewage sludge pre-treatment-htc. In E3S web of confer-
ences, volume 10, page 00103. EDP Sciences, 2016.

G Ischia, M Cutillo, G Guella, N Bazzanella, M Cazzanelli, M Orlandi, A Miotello, and L Fiori.
Hydrothermal carbonization of glucose: Secondary char properties, reaction pathways, and

kinetics. Chemical Engineering Journal, 449:137827, 2022.

Hongcai Su, Xuanyou Zhou, Rendong Zheng, Zhihao Zhou, Yan Zhang, Gaojun Zhu, Caimeng
Yu, Dwi Hantoko, and Mi Yan. Hydrothermal carbonization of food waste after oil extraction
pre-treatment: Study on hydrochar fuel characteristics, combustion behavior, and removal

behavior of sodium and potassium. Science of The Total Environment, 754:142192, 2021.

G Srinivas, Yanwu Zhu, Richard Piner, Neal Skipper, Mark Ellerby, and Rod Ruoff. Synthesis
of graphene-like nanosheets and their hydrogen adsorption capacity. Carbon, 48(3):630-635,
2010.

Maryam Khaliq 83



BIBLIOGRAPHY

[71]

[72]

73]

[74]

[75]

[76]

[77]

78]

[79]

[30]

[81]

Helen Lugo-Méndez, Teresa Lopez-Arenas, Alejandro Torres-Aldaco, Edgar Vicente Torres-
Gonzalez, Mauricio Sales-Cruz, and Rail Lugo-Leyte. Interstage pressures of a multistage

compressor with intercooling. Entropy, 23(3):351, 2021.

Ehsan Hashemi and Pegah Pezeshkpour. Multi-stage centrifugal compressors and defining the
optimum pressure ratio according to temperature limitations. In ASME Power Conference,

volume 48329, pages 465-472, 2008.

Maria de los Angeles Ramirez-Kantun, Fynn Weigelt, Silvio Neumann, Sergey Shishatskiy,
and Torsten Brinkmann. Temperature stable, polymeric thin-film composite membrane for

hydrogen separation. Journal of Membrane Science, 695:122519, 2024.

Ahmad Naquash, Muhammad Abdul Qyyum, Yus Donald Chaniago, Amjad Riaz, Fatma
Yehia, Hankwon Lim, and Moonyong Lee. Separation and purification of syngas-derived hydro-
gen: A comparative evaluation of membrane-and cryogenic-assisted approaches. Chemosphere,

313:137420, 2023.

Helen Lugo-Méndez, Teresa Lopez-Arenas, Alejandro Torres-Aldaco, Edgar Vicente Torres-
Gonzalez, Mauricio Sales-Cruz, and Rail Lugo-Leyte. Interstage pressures of a multistage

compressor with intercooling. Entropy, 23(3):351, 2021.

Aleksander Makaruk, Martin Miltner, and Michael Harasek. Membrane gas permeation in
the upgrading of renewable hydrogen from biomass steam gasification gases. Applied Thermal

Engineering, 43:134-140, 2012.

Mohd Adnan Khan, Cameron Young, Catherine Mackinnon, and David B Layzell. The techno-

economics of hydrogen compression. Transition Accelerator Technical Briefs, 1(1):1-36, 2021.

Dixit V Bhalani and Bogyu Lim. Hydrogen separation membranes: a material perspective.

Molecules, 29(19):4676, 2024.

Sushil Adhikari and Sandun Fernando. Hydrogen membrane separation techniques. Industrial

& Engineering Chemistry Research, 45(3):875-881, 2006.

Nathan W Ockwig and Tina M Nenoff. Membranes for hydrogen separation. Chemical reviews,

107(10):4078-4110, 2007.

Norazlianie Sazali, Mohamad Azuwa Mohamed, and Wan Norharyati Wan Salleh. Membranes
for hydrogen separation: a significant review. The International Journal of Advanced Manu-

facturing Technology, 107(3):1859-1881, 2020.

Maryam Khaliq 84



BIBLIOGRAPHY

[82]

[83]

[84]

[85]

[36]

[87]

[33]

[39]

[90]

[91]

[92]

Mohd Adnan Khan, Cameron Young, Catherine Mackinnon, and David B Layzell. The techno-

economics of hydrogen compression. Transition Accelerator Technical Briefs, 1(1):1-36, 2021.

Heinz P Bloch and Arvind Godse. Compressors and modern process applications. John Wiley

& Sons, 2006.

Nikolaos Chalkiadakis, Athanasios Stubos, Emmanuel Stamatakis, Emmanuel Zoulias, and
Theocharis Tsoutsos. A review on hydrogen compression methods for hydrogen refuelling

stations. Hydrogen electrical vehicles, pages 47-73, 2023.

Ana M Arias, Patricia L Mores, Nicol4ds J Scenna, José A Caballero, Sergio F Mussati, and
Miguel C Mussati. Optimal design of a two-stage membrane system for hydrogen separation

in refining processes. Processes, 6(11):208, 2018.

Shashikant Yadav and Anurag Mehra. A review on ex situ mineral carbonation. Environmental

science and pollution research, 28(10):12202-12231, 2021.

Renato Baciocchi, Giulia Costa, Paola Librandi, Stefano Stendardo, and Daniela Zingaretti.
Assessment of a carbonation-based co2 utilization process for the valorization of cfbc ash.

Industrial & Engineering Chemistry Research, 60(29):10814-10825, 2021.

Daniela Zingaretti, Giulia Costa, and Renato Baciocchi. Assessment of accelerated carbonation
processes for co2 storage using alkaline industrial residues. Industrial € engineering chemistry

research, 53(22):9311-9324, 2014.

Paola Librandi, Giulia Costa, Stefano Stendardo, and Renato Baciocchi. Carbonation of bof
slag in a rotary kiln reactor in view of the scale-up of the wet route process. Environmental

Progress & Sustainable Energy, 38(3):€13140, 2019.

Cheonwoo Jeong, Sadanand Pandey, Dongcheol Lee, SangHyeon Park, Joon Hyun Baik, and
Joonwoo Kim. Co2 capture and h2 recovery using a hollow fiber membrane contactor. Sepa-

rations, 10(7):367, 2023.

Oana Cristina David, Daniel Gorri, Ana Urtiaga, and Inmaculada Ortiz. Mixed gas separation
study for the hydrogen recovery from h2/co/n2/co2 post combustion mixtures using a matrimid

membrane. Journal of Membrane Science, 378(1-2):359-368, 2011.

Andrea Di Maria, Ruben Snellings, Luc Alaerts, Mieke Quaghebeur, and Karel Van Acker.
Environmental assessment of co2 mineralisation for sustainable construction materials. Inter-

national Journal of Greenhouse Gas Control, 93:102882, 2020.

Maryam Khaliq 85



BIBLIOGRAPHY

[93] Kevin Schnabel, Felix Briick, Tim Mansfeldt, and Harald Weigand. Full-scale accelerated
carbonation of waste incinerator bottom ash under continuous-feed conditions. Waste Man-

agement, 125:40-48, 2021.

[94] Paola Librandi, Giulia Costa, Ana Carolina Bello de Souza, Stefano Stendardo, Aderval Sev-
erino Luna, and Renato Baciocchi. Carbonation of steel slag: testing of the wet route in a

pilot-scale reactor. Energy Procedia, 114:5381-5392, 2017.

[95] G Mannarino, S Caffaz, R Gori, and L Lombardi. Environmental life cycle assessment of
hydrothermal carbonization of sewage sludge and its products valorization pathways. Waste

and biomass valorization, 13(9):3845-3864, 2022.

[96] Ganesh K Parshetti, Zhengang Liu, Akshay Jain, MP Srinivasan, and Rajasekhar Balasubra-
manian. Hydrothermal carbonization of sewage sludge for energy production with coal. Fuel,

111:201-210, 2013.

Maryam Khaliq 86



	List of Figures
	List of Tables
	Nomenclature
	Introduction
	Background and Problem Statement
	Research Objectives
	Research Project Overview
	Stage 1: Innovative and integrated bio electrochemical system (IBES) combined with dark fermentation for hydrogen(H2)
	Stage 2: Biogas upgrading through mineral carbonation process and permanent carbon capture and storage (CCS) using industrial alkaline residual waste
	Stage 3: Hydrothermal carbonization of IBES digestate to produce hydrochar

	Applied Framework of LCA in this research
	Goal and Scope Definition of LCA in this Research
	System Boundary
	Functional Unit
	Structure of Thesis

	Literature Review
	Introduction
	Biological Hydrogen Production: Fermentation Process
	Bio-Electrochemical Hydrogen Production:Microbial Electrolysis Cells (MECs)

	Integration with existing Industrial system:challenges and opportunities
	Introduction of Life Cycle Assessment
	Goal and Scope Definition
	Life Cycle Inventory
	Life Cycle Impact Assessment(LCIA)
	Life Cycle Interpretation

	Summary

	Life Cycle Assessment of Integrated Bio Electrochemical System Compared with Baseline Anaerobic Digestion Process
	Introduction
	The Framework
	Goal of LCA
	System Definition

	Inventory Analysis
	Inventory of IBES Process
	Scaling Up of IBES Process According to Functional Unit
	Material/Energy Requirement for pH Adjustment of Catholyte
	Material/Energy Requirement for Anolyte
	Material/Energy Requirement for Transferring Catholyte and Anolyte into Reactors
	Stirring Energy Requirement:
	Heat Energy Requirement For The Fermentation Process
	Anaerobic Digestion (AD) Process

	Material/Energy Requirements For Anaerobic Process
	Model Development
	IBES Model
	AD Model
	System Expansion

	Impact Assessment
	Results and Discussion
	Conclusion

	Life Cycle Assessment of Integrated Waste Biorefinery
	Introduction
	Upgrading of produced syngas with special focus on Carbon Capture and Storage
	Hydrothermal Carbonization (HTC) of Fermented Cheese Whey

	The Framework
	Goal and Scope Definition
	System Boundary

	Inventory Analysis
	Inventory of Process of Separating H2 gas from Syngas Using Membrane Technology
	Inventory of Mineral Carbonation process for Carbon Capture and Storage (CCS) Using Alkaline Industrial Residual Waste
	Inventory of Utilizing Purified H2 gas in Polymer Electrolyte Membrane Fuel Cell (PEMFC) for Energy Provision
	Inventory of Hydrothermal Treatment of Effluent of IBES

	Inventory of Conventional Biorefinery
	Process Flow Diagrams(PFDs)
	Functions of PFDs
	PFD-1
	PFD-2
	PFD-3
	PFD-4
	PFD-5

	Mass Balance
	Energy Balance
	Model Development
	Cut-off Crteria

	Results & Discussion
	Impact Assessment
	Contribution Analysis
	Energy Analysis
	Uncertainty Analysis

	Conclusion

	Conclusion
	Conclusion
	Future Recommendation

	Bibliography

