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Abstract

The iron and steel sector accounts for a significant share of global greenhouse gas emis-
sions, largely due to fossil-based reduction routes. Achieving deep decarbonization re-
quires alternative solutions, and renewable hydrogen has emerged as a crucial pathway.
This thesis, developed in collaboration with Stegra, KTH Royal Institute of Technol-
ogy, Lulea University of Technology, and Politecnico di Milano, investigates the role of
biomass gasification as a complementary pathway to electrolysis for renewable hydrogen

production in fossil-free steelmaking.

The work takes Stegra’s large-scale Direct Reduced Iron (DRI) facility under construction
in Boden, Sweden, as a reference case. A complete plant design was developed, consisting
of a circulating fluidized bed gasifier integrated with partial oxidation, water-gas shift,
and pressure swing adsorption units. Based on process simulation, the system achieves a
hydrogen yield of 40.5 kg per ton of biomass and a thermal efficiency of 58%, supplying
up to 17% of the hydrogen demand from the DRI plant.

Economic analysis highlights the strong sensitivity of the Levelized Cost of Hydrogen
(LCOH) to biomass price, steam generation strategy, and COq capture. In its most favor-
able configuration, the process can deliver hydrogen at 3.6 €/kg, making it competitive
with electrolysis. At the same time, it offers clear advantages: the chance to reach nega-
tive emissions with CO, capture, the use of renewable feedstock, and the integration with
electrolytic oxygen that enhances overall efficiency. The study also considers innovative
technologies such as SATS for HsS splitting, which could further boost total hydrogen

production while improving process efficiency.

Overall, the results show that biohydrogen can play a practical and scalable role in decar-
bonized steel production. By combining cost-effectiveness, flexibility, and synergies with
existing technologies, biomass gasification strengthens the resilience and sustainability of

hydrogen supply in the transition toward fossil-free steel.

Keywords: Biohydrogen, Biomass gasification, Fossil-free steel, Direct reduced iron

(DRI), Techno-economic analysis, LCOH, CO, capture, Electrolysis integration.
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Abstract in lingua italiana

Il settore siderurgico € tra le principali fonti globali di emissioni di gas serra, per la forte
dipendenza da processi di riduzione fossili. La decarbonizzazione richiede soluzioni alter-
native, e I'idrogeno rinnovabile si ¢ affermato come soluzione chiave. Questa tesi, svilup-
pata in collaborazione con Stegra, KTH Royal Institute of Technology, Lulea University
of Technology e Politecnico di Milano, analizza il ruolo della gassificazione della biomassa
come percorso complementare all’elettrolisi per la produzione di idrogeno destinato alla

siderurgia fossile-free.

Il lavoro prende a riferimento la domanda di idrogeno del nuovo impianto DRI di Stegra,
in costruzione a Boden, Svezia. E stato sviluppato il design completo dell’impianto,
comprendente un gassificatore a letto fluido circolante integrato con ossidazione parziale,
water-gas shift e pressure swing adsorption. Le simulazioni mostrano una produzione di
40,5 kg di idrogeno per tonnellata di biomassa, con un rendimento termico del 58%, in

grado di coprire fino al 17% della domanda di idrogeno del DRI.

L’analisi economica evidenzia come il costo livellato dell’idrogeno (LCOH) dipenda soprat-
tutto dal prezzo della biomassa, dalla generazione del vapore e dall’adozione di sistemi di
cattura della CO,. Nella configurazione piu favorevole, il processo puo fornire idrogeno a
3,6 €/kg, risultando competitivo con l'elettrolisi. Al contempo, offre vantaggi significativi:
possibilita di emissioni negative con cattura della CO,, utilizzo di biomassa rinnovabile
e integrazione con l'ossigeno da elettrolisi per migliorare 'efficienza. Lo studio considera
anche tecnologie innovative come il processo SATS per la scissione dell’H,S, in grado di

aumentare la produzione totale di idrogeno e migliorare le prestazioni del sistema.

Nel complesso, i risultati mostrano come il bioidrogeno possa avere un ruolo concreto e
scalabile nella produzione di acciaio decarbonizzato. Grazie a competitivitd economica,
flessibilita e sinergie con tecnologie esistenti, la gassificazione della biomassa rafforza la
resilienza e la sostenibilita della fornitura di idrogeno nella transizione verso una siderurgia

fossile-free.

Parole chiave: Bioidrogeno, Gassificazione della biomassa, Acciaio fossile-free, Riduzione
diretta del minerale di ferro (DRI), Analisi tecno-economica, LCOH, Cattura della COsq,

Integrazione con elettrolisi.
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Introduction

The iron and steel industry is one of the most resource- and energy-intensive sectors
globally and contributes significantly to global greenhouse gas (GHG) emissions. De-
spite considerable improvements in energy efficiency and production technologies, the
overall carbon footprint of the industry has continued to grow due to the rising global
demand for steel [1]. Globally, the iron and steel industry accounts for 7.2% of global
anthropogenic CO, emissions [2| and around 7% of global energy-related emissions [3].
Achieving a climate-safe future, as outlined by the Paris Agreement, requires reaching
net-zero emissions by 2050 and net-negative thereafter, including in hard-to-abate sectors
like steel [4]. A global shift to renewable and alternative energy is needed to cut GHG
emissions (mainly CO,) by 60% by 2050, aiming to limit global warming to below 2 °C [5].
Deep decarbonization of steel production requires a systemic transformation of both the
steelmaking process and the broader energy system in which it operates. The technologies
required for this transition are not yet commercially available and are currently under de-
velopment in a series of mostly European innovation projects. However, since 2016, major
steel manufacturers have declared their ambitions to pursue deep decarbonization [6].

Several incumbent steel producers have announced the construction of demonstration
plants, with some companies communicating plans to introduce ‘green’ steel to the mar-
ket within the next decade. Achieving a radical reduction in carbon emissions from iron
and steel production requires a combination of measures, particularly the development
and deployment of breakthrough technologies with near-zero or zero carbon emissions.
The primary strategy involves a shift away from the conventional primary steelmaking
route, which relies on the blast furnace followed by the basic oxygen furnace (BF-BOF).
This route is the main source of CO, emissions in the sector, due to its dependence on
fossil carbon in blast furnaces (BFs)[7]. The BF process currently dominates ironmaking
technologies and is responsible for around 80% of the total CO5 emissions from primary

iron and steel production [3].

Instead, the industry is moving toward hydrogen-based iron ore reduction. This emerging
pathway consists of producing direct reduced iron (DRI) or hot briquetted iron (HBI),
followed by melting in electric arc furnaces (EAFs) for final steel production [7]. This
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transition represents a fundamental shift in steel manufacturing, requiring substantial
advancements in technology, infrastructure, and energy supply. The successful deployment

of these innovations will be critical in achieving a low-carbon steel industry.

Scrap-based steelmaking using EAFs is also gaining traction as a decarbonization route;
however, concerns over future shortages of high-quality scrap suggest that fossil-free DRI

will be essential to supplement scrap availability [3].

Fossil-free ironmaking thus holds the greatest potential for achieving deep emission cuts
in the sector. In this context, accelerating the development and deployment of fossil-
free DRI technologies becomes crucial. Among the various DRI pathways, biomass-based
DRI offers particular promise, especially for countries with ample and sustainably man-
aged biomass resources. Biomass is renewable, versatile, and increasingly recognized as a
viable low-carbon alternative to fossil carbon in the steel industry. Accordingly, there is
growing interest in expanding biomass utilization in steelmaking processes to support the

industry’s transition to a sustainable, carbon-neutral future [3].

0.1. GHG Emissions in Steel: A Core Issue

Wang et al. (2021) [1| conducted a comprehensive study analyzing the historical emissions
from steel production over the past century (1900-2015) using a combination of Material
Flow Analysis (MFA) and Life Cycle Assessment (LCA). The results of this analysis are
shown in Figure 1, and it can be stated that the direct emissions from the use of fossil
coal and coke in blast furnaces constituting the largest emission source. Their findings,
moreover, highlight the stagnation of efficiency improvements in recent decades and em-
phasize the urgent need for integrated mitigation strategies. The study estimates that
approximately 45 gigatonnes (Gt) of steel were produced between 1900 and 2015, result-
ing in cumulative emissions of around 147 Gt CO, -equivalent. While process efficiency
improvements have led to a 67% reduction in carbon intensity, the expansion of steel

production—by a factor of 44—has driven a 17-fold net increase in annual emissions.
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Figure 1: Steel production technologies and their total GHG emissions from 1900 to 2015
(adopted by [1]).

0.2. Biomass Gasification and Hydrogen Production

The transition to low-emission technologies requires a shift to renewable energy sources,
reducing reliance on fossil fuels while optimizing existing energy systems. Biomass, as
a carbon-neutral energy resource, offers a sustainable alternative with lower environ-
mental impact [8]. Biomass can be converted into energy through various biochemical
and thermochemical processes, including combustion, pyrolysis, liquefaction, and gasifi-
cation. Among these, gasification plays a pivotal role in meeting future energy demands
by enabling the production of high-quality syngas, which can be further processed into
hydrogen, high-value fuels, or chemical feedstocks [9]. Compared to combustion and py-
rolysis, the gasification process allows for higher energy recovery efficiency and generates
a cleaner gas, making it particularly suitable for industrial applications [8]. Given its
potential to generate hydrogen, biomass gasification presents a key opportunity for decar-
bonizing industries such as steel manufacturing while contributing to a sustainable energy
transition. Research has explored different gasification reactor designs, feedstocks, and
operational conditions to optimize hydrogen production. The process can integrate with
existing industrial infrastructure, paving the way for large-scale implementation. Further
advancements in reactor configurations, syngas upgrading, and techno-economic assess-
ments continue to support the commercial viability of biomass gasification as a cornerstone

of the future low-carbon energy system.
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0.3. Biomass Integration for Steel Decarbonization

The integration of biomass with carbon capture and storage—commonly referred to as
BECCS— is gaining more interest as an effective strategy for achieving net-zero emissions
or even creating negative emissions. Countries with ambitious climate targets, such as
Sweden, have introduced policy incentives to promote BECCS deployment [10], creating

new opportunities for its implementation within the iron and steel industry.

In this context, biomass-based pathways could serve as a complementary route alongside
the hydrogen-based direct reduced iron (Hy-DRI) approach. The Hy-DRI pathway holds
considerable promise for fossil-free steel production through the use of green hydrogen
and renewable electricity. It has gained significant momentum and is currently the main
decarbonisation strategy considered by the EU steel industry [11]|. Despite the potential,
deploying H2-based DRI to decarbonise steelmaking has to overcome several critical chal-
lenges, including the need for substantial quantities of renewable electricity, robust grid

and hydrogen infrastructure, and the availability of cost-competitive hydrogen [3].

Studies have shown that biochar can be used as a reducing agent to replace coking coal in
iron and steel production (for example see [12], [13], [14]). In contrast, fewer studies have
focused on the use of biomass-derived gas for DRI production. This represents a promising
opportunity, especially considering that current DRI technologies such as MIDREX and
HYL-III are gas-based. Biomass gasification is a key technology for producing syngas
(biosyngas) from biomass, and it has been extensively studied in the literature, especially

regarding process configuration |[3].

Biomass gasification is a mature technology, as evidenced by the commercial deployment
of biomass gasification plants over the past decades. This suggests a high technology
readiness level (TRL) for biomass gasification, typically in the range of 7-9 [3]. Con-
sidering the maturity of both gasification and DRI technologies, the integration of the
two processes can be seen as a “low-hanging fruit”, offering a practical opportunity to
facilitate biomass use within the iron and steel industry. When combined with carbon
capture, such integration would also enable the production of a pure CO, stream suitable
for transport or utilisation, thereby creating a significant opportunity for the production

of carbon-negative steel.

Furthermore, DRI produced from biosyngas may exhibit similar metallurgical properties
to fossil-based DRI, allowing it to be used within existing DRI/EAF routes with mini-
mal need for reconfiguration. Despite its promise, the combined application of biomass

gasification, DRI processes, and CCS in steelmaking remains underexplored, primarily
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due to the complexity of integrating these technologies, limited industrial demonstration,
uncertainties in biomass supply, and the lack of strong economic and policy incentives
[3]. While some prior studies have examined the use of biosyngas and bio-based synthetic
natural gas (bio-SNG) for heating applications in steel plants, few have addressed its di-
rect role in DRI production within integrated steelmaking systems (for example see [15],
[16], [17]).

0.4. Stegra: A Step Toward Green Industry

Stegra, founded in 2020 in Sweden (initially as H2 Green Steel and rebranded in 2024 to
reflect a broader mission), is one of the most innovative emerging players in the global
decarbonization landscape. The name Stegra, derived from a Swedish word meaning “to
elevate”, reflects the company’s ambition to accelerate the transition toward sustainable
industry. While steel is the starting point, Stegra envisions extending its model to other
hard-to-abate sectors such as cement, chemicals, and heavy industry in general. Beyond
Sweden, the company is also developing projects in Portugal, Canada, and Brazil, aiming

to replicate its green industrial revolution on a global scale.

The initial focus remains steel, one of the most carbon-intensive industries, responsible
for roughly 7% of global CO, emissions, as already mentioned. Reducing the footprint of
this sector is therefore essential to achieving climate targets. Stegra’s strategy is based
on three integrated technological pillars, which together form the process chain of its new

plant in Boden, northern Sweden:

e Green hydrogen: one of the world’s largest electrolyzers (740 MW installed ca-
pacity), powered by low-cost renewable electricity to provide green hydrogen as a
reducing agent.

e Green iron: a direct reduction iron (DRI) facility where hydrogen replaces coal
and coke, producing water instead of CO5 as a by-product.

e Green steel: a fully electrified and digitalized steelmaking facility designed to

deliver near-zero emissions steel at large scale.

The Boden site represents the core of Stegra’s strategy. Production is planned to start in
2026, and by 2030 the facility is expected to reach a capacity of up to 5 million tonnes
of green steel per year, cutting emissions by up to 95% compared to conventional blast

furnace processes.

This combination of industrial scale, digitalization, and sustainability makes Stegra’s

project a pioneering model worldwide. By proving that even one of the hardest sectors
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to decarbonize can transition toward low emissions, the company is not only producing
clean steel but also setting new benchmarks for the industry of the future, contributing

concretely to the creation of a low-carbon economy.

0.5. Project Scope and Objectives

This master’s thesis, developed in collaboration with Stegra, explores biomass gasifica-
tion as a complementary pathway to electrolysis for hydrogen production in the direct
reduction of iron ore (DRI). The study takes Stegra’s Boden plant in northern Sweden as
the reference case and investigates the potential of integrating bio-hydrogen to improve

energy efficiency and reduce production costs.

The research focuses on four main objectives: (i) assess mature and cost-effective gasifica-
tion technologies for hydrogen generation and integration with electrolysis and steelmak-
ing; (ii) identify suitable biomass feedstocks based on regional availability; (iii) conduct a
techno-economic evaluation of combined bio- and electrolytic hydrogen supply; and (iv)
benchmark the performance and competitiveness of this integrated approach against an

electrolysis-only system.

0.6. Expected Contributions

This thesis supports Stegra’s goal of producing low-carbon steel by evaluating biomass
gasification as an additional source of hydrogen. The study will clarify under which con-
ditions bio-hydrogen can complement or partially replace electrolytic hydrogen, focusing
on technical feasibility, energy security, and cost impact. The results are intended to pro-
vide concrete guidance for future green hydrogen projects within Stegra and contribute

to scaling up sustainable steel production.

Chapter 1 provides an overview of hydrogen production technologies, current global de-
mand, and end-use applications, with a particular focus on the hydrogen production
approach adopted by Stegra in their Boden facility. Chapter 2 introduces the theoreti-
cal background of biomass gasification, examining its operating principles and exploring
strategies to optimize the process for hydrogen production. Chapter 3 presents the de-
signed biomass gasification pathway selected for this study, detailing its configuration and
integration within the broader hydrogen production framework. Chapter 4 contains the
techno-economic analysis, evaluating the performance, costs, and viability of the proposed
pathway based on simulation results. Finally, Chapter 5 offers an overview of existing

biomass gasification plants, providing context and benchmarks for comparison.
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The widespread use of fossil fuels has led to significant environmental challenges, including
global warming, air pollution, and the depletion of finite natural resources. One of the
most promising solutions for the future energy transition due to its cleanliness as a carbon-
free energy carrier is hydrogen. With a high energy density of 140.4 MJ /kg (approximately
three to four times that of conventional hydrocarbon fuels such as coke and gasoline),
extensive availability and zero carbon composition hydrogen offers unique advantages for

decarbonizing both stationary and mobile energy systems [18, 19].

Hydrogen can be used as a fuel in internal combustion engines and gas turbines, providing
high thermal efficiency and ultra-low pollutant emissions [18]. Additionally, hydrogen is
considered the optimal fuel for fuel cells, where it reacts with oxygen to produce only
water as a byproduct, achieving system efficiencies exceeding 90% [18]. As a result,
hydrogen is often described as a potential source of limitless, clean power, contributing
to closed-loop energy cycles where water can be recycled to regenerate hydrogen. At
present, technological advancements in hydrogen production, storage, and transportation
are progressing rapidly worldwide, facilitating the energy sector’s transition toward a

carbon-neutral future [18, 19].

Nevertheless, the majority of hydrogen produced today still relies on fossil-based meth-
ods—such as steam methane reforming (SMR) and coal gasification—which are associated
with substantial greenhouse gas emissions. Given the growing urgency of the climate crisis
and the global carbon-neutral agenda, there is a strong need to replace these conventional
pathways with environmentally friendly and sustainable hydrogen production technologies
[18, 19].

In response, researchers have turned to renewable feedstocks such as water and biomass to
produce green hydrogen through a variety of processing technologies such as electrolysis,
thermo-chemical decomposition, and biological methods. Among these, biomass-based

hydrogen production (biohydrogen) is particularly attractive due to the carbon-neutral
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nature of biomass and its broad availability in the form of agricultural residues, forestry
by-products, and organic waste [18]. Biohydrogen processes also offer relatively high
conversion efficiencies and low energy requirements, with the added advantage of resource

abundance—examples include corn stover, wheat straw, sawdust, and sugar beet juice [18|.

As highlighted in recent global reviews [19]|, hydrogen has become a key solution for
decarbonizing hard-to-abate sectors such as heavy industry, maritime transport, and avi-
ation. The recent energy crisis has only reinforced the urgency of hydrogen deployment,
triggering enhanced policy support and investment. However, despite increasing interest,
the actual share of low-emissions hydrogen in total production remains limited. Most
of today’s hydrogen is still used in refining and chemical processes and is produced via
unabated fossil-based routes. While production capacity for low-carbon hydrogen is ex-

panding, barriers such as high investment costs and infrastructure limitations persist.

This chapter provides an overview of the current landscape of hydrogen production and
utilization, with a particular focus on Stegra’s hydrogen production strategy at the Boden
plant. The aim is to understand the technical foundation of their project and to intro-
duce the objective of this study: integrating Stegra’s system with a proposed biomass

gasification pathway to enhance sustainability and diversify hydrogen supply.

1.1. Hydrogen production technology

Hydrogen can be generated from a wide range of renewable and non-renewable sources.
Most established technologies involve trade-offs in terms of cost, energy input, carbon

emissions, or infrastructure demands [5].

As shown in Figure 1.1, hydrogen is typically classified by color, representing the produc-
tion method and associated environmental impact. Green hydrogen, produced through
water electrolysis powered by renewable energy, is the cleanest form, emitting no green-
house gases (GHG), but remains the most expensive. In contrast, black hydrogen, derived

from coal, is associated with the highest GHG emissions [5].

Today, around 95% of hydrogen is produced from fossil resources: steam methane re-
forming (SMR), autothermal reforming (ATR), and coal gasification. These processes
are technologically mature (TRL 9) and relatively inexpensive, but they cause significant
COs emissions unless combined with carbon capture and storage (CCS), which increases

costs and reduces efficiency [20].

Electrolysis of water, when powered by renewable energy, is the cleanest option since it

produces hydrogen without direct emissions. Alkaline and proton exchange membrane
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(PEM) electrolysis are already commercial (TRL 9), while anion exchange membrane
(AEM) and solid oxide electrolysis (SOEC) are still emerging (TRL 7). Despite its envi-
ronmental benefits, electrolytic hydrogen remains costly due to high capital expenditure
and electricity demand, making large-scale deployment dependent on cheap renewable

power [20].

Alongside these routes, alternative technologies are being developed. Methane pyrolysis
(TRL 3-8) avoids CO emissions by producing solid carbon, while natural hydrogen from
geological sources (TRL 3) is still at an early stage. Biomass gasification represents a
particularly promising pathway: it allows the use of renewable feedstocks, can achieve
lower net emissions than fossil-based methods, and offers synergies with electrolysis by

diversifying hydrogen supply and improving energy security [20].

Overall, the trade-off between emissions, costs, and maturity highlights the current dom-
inance of fossil-based hydrogen, the growing strategic role of electrolysis, and the need to

accelerate the development of emerging low-carbon technologies [5], [20].

~ White Hydrogen Green Hydrogen Aqua Hydrogen Yellow/Green/Mixed Hydrogen Yellow Hydrogen
rd ™~
( . . Gasification / .
r In situ processes
Natural Electrolysis p fermentation Electrolysis
Source: renewables Source: hydrocarbons Source: biomass Source: mixed
\_ J

GHG EMISSIONS

Brown / Black Hydrogen Grey Hydrogen Blue Hydrogen Turquois Hydrogen Pink Hydrogen

Gasification Steam reforming Steam reforming + CCUS

Source: coal Source: natural gas Source: natural gas - Source: nuclear power

Figure 1.1: Hydrogen color spectrum according to the GHG emissions level (adopted by

[5])-

Electrolysis

1.2. Low Emission Hydrogen demand

Global hydrogen demand reached a historic high of 97 Mt in 2023, marking a 2.5% increase
from 2022. However, its use remains concentrated in traditional sectors such as petroleum
refining and the chemical industry, with most supply still derived from unabated fossil
fuels, primarily natural gas, as shown in Figure 1.2 1. China is the largest producer of

hydrogen worldwide [19].

!By-product hydrogen from the chlor-alkali industry is not included. CCUS = carbon capture utili-
sation and storage; RoW = rest of world; 2024e= estimate for 2024. The estimated value for 2024 is a
projection based on trends observed until June 2024
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To achieve a net-zero energy system, transitioning from unabated hydrogen to low-
emission hydrogen is essential [21]. Low-emission hydrogen can significantly reduce car-
bon emissions in hard-to-abate sectors, including long-distance transport, chemicals, and
heavy process industries. While demand for low-emission hydrogen grew by nearly 10%
in 2023, it still accounts for only about 1% of total hydrogen consumption (less than 1
Mt) [19].

Region
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OLatin America
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30 gas w/o Technology
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. @ Electricity
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By technology By region m Fossil fuels w/ CCUS
ONatural gas w/o CCUS

Figure 1.2: Hydrogen production by technology and by region, 2021-2024 (adopted by
[19]).

Low-emission hydrogen demand is expected to grow rapidly, particularly in hard-to-abate
sectors and energy storage. Announced projects suggest demand could reach 49 Mtpa by
2030 [19], while McKinsey [22] estimates a more moderate 37-38 Mtpa, with most usage

in existing industrial applications.

The International Energy Agency [19] estimates that over 70% of low-emission hydrogen
will be produced via electrolysis using low-emission electricity, while 26% will come from
fossil fuels with carbon capture (CCUS). As water electrolysis is expected to become
the dominant technology for future hydrogen production, it will require vast amounts of
low-emission electricity. Meeting this growing demand will rely heavily on intermittent
renewable sources, particularly wind and solar power. This shift introduces issues related
to power stability on the grid, price instability of electricity, and power availability. The
large-scale expansion of electricity generation needed for societal electrification—including
hydrogen production—also depends on local acceptance, municipal approvals (especially
for wind farms and new transmission lines), and the ability of grid operators to scale

infrastructure at the necessary pace. Additionally, long permitting processes and limited
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land availability could further constrain the speed and scope of this transition. [21].

Alternative production methods for low emission hydrogen, such as biomass gasification,

can help mitigate these challenges while offering key [21]:

e Non-intermittent, fossil-free, and scalable production.

e Reduced dependence on low-emission electricity, easing grid constraints.

e Potential process integration with electrolysis, utilizing excess oxygen and heat.

e Generation of a clean CO4 stream, enabling negative emissions with CCS.

e Production of additional value-added outputs such as biochar, heat, and electricity.

e Potential for in-situ CO, utilization in bio-electrofuel production when combined
with PtX and BtX technologies.

The following chapters outline the study structure. Chapter 2 reviews different gasification
technologies for biomass-based hydrogen production and presents relevant commercial
initiatives. From these, one technology is selected for further analysis. The selected
process is then simulated, and its technical and economic feasibility is assessed, with

results reported in Chapters 3 and 4.

1.3. Hydrogen Production Plant and Steelmaking Pro-
cess at Stegra

As mentioned in Section 0.4, Stegra aims to build one of the greenest steel plants by
combining hydrogen-based reduction with traditional methods. While the processes are
proven, Stegra stands out by using renewable hydrogen as the main reductant in DRI,

marking a major shift toward fossil-free steel.

The traditional steelmaking route predominantly relies on coke-fueled blast furnaces and
basic oxygen furnaces (BOF), which contribute significantly to carbon dioxide emis-
sions. In contrast, the Stegra process substitutes these stages with hydrogen-based and
electricity-driven technologies, as summarized in Table 1.4. They aim to produce steel

with up to 95% lower CO, footprint, as shown in Figure 1.3.
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Figure 1.3: Stegra steel production with up to 95% lower CO, footprint.

Traditional Description Stegra Process Description

Process

Coke Plant To make steel in a blast | Giga-scale Elec- | Use of electrolysers to pro-
furnace, coal must first be | trolysis duce hydrogen on site us-
turned into coke (coal-based ing electricity from renewable
fuel). sources.

Blast Furnace Blast furnaces produce iron | Direct Reduction | The reducing gas will be hy-
from iron ore. The blast fur- | Reactor drogen, to create DRI. This
nace is fuelled by coke. produces hot DRI and Hot
Briquetted Iron (HBI) as
feedstock for the Electric Arc
Furnace using hydrogen as a

reductant.
Basic Oxygen | Uses oxygen to dissolve car- | Electric Arc Fur- | Using electrical energy this
Furnace bon, giving rise to CO and | nace (Meltshop) provides improved efficiency
COa. compared to a traditional

blast furnace. Steelmaking
will begin with the melting
of a mixture of hot DRI and

scrap metal.

Casting & | The liquid steel cools and so- | Direct Casting & | Integrates casting and hot-
Rolling lidifies. The steel is reheated | Rolling rolling of steel, reducing the
to be rolled. need to reheat the steel be-

fore rolling it.

Figure 1.4: Comparison of traditional steelmaking and the Stegra process.

1.3.1. Stegra Hydrogen Production and Electrolysis Plant

The Stegra hydrogen production plant in Boden will employ Alkaline Water Electrolysis
(AWE) technology to produce green hydrogen for the decarbonized steelmaking process.



1| Hydrogen: Theoretical Background 13

The installed electrolyser capacity will be 740 MW, corresponding to a nominal production
capacity of 148,000 Nm?/h of hydrogen at full load.

The facility will consist of 37 electrolyser units of 20 MW each, distributed across two
dedicated production buildings. The AWE system follows a modular design, scalable
from individual elements to gigawatt-scale plants, as illustrated in Figure 1.5. Each unit
contains four racks of electrolyser stacks, where demineralized water is split into hydrogen
and oxygen. Auxiliary systems provide electrolyte circulation as well as hydrogen and
oxygen treatment. After production, the hydrogen is cooled, filtered, and collected in a

manifold for downstream use, while oxygen is safely vented to the atmosphere.

AWE single element 20 MW electrolyzer unit Highly scalable GW plants

T

F- \ -
N .&C"Q:u
e 4

N S

70

Figure 1.5: Stegra AWE Module set up.

AWE technology was selected for its commercial maturity, lower capital cost, and use of
non-precious materials, offering a robust and cost-effective solution compared to alterna-
tive technologies such as Proton Exchange Membrane (PEM) or Solid Oxide Electrolysis
Cell (SOEC). While AWE presents slightly lower flexibility and efficiency at high loads,

it remains the most suitable option for Stegra’s large-scale application.

So, the key inputs to the electrolysis plant include demineralized water, nitrogen, cooling
water, and instrument air. The outputs consist of hydrogen directed to the manifold,

oxygen vented to the atmosphere, and cooling water returned to the site system.

1.3.2. Hydrogen Utilization in the Direct Reduction Plant

The hydrogen produced from the electrolysis is subsequently utilized in the Direct Reduc-
tion (DR) plant, where it serves as the primary reducing agent in the production of direct
reduced iron (DRI). The DR plant, provided by Midrex Technologies Inc., is based on a

hydrogen-based direct reduction process that aligns with Stegra’s decarbonized steelmak-
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ing strategy. In this process, iron ore pellets are converted into two main products:

e Hot Direct Reduced Iron (HDRI): DRI discharged at high temperatures and
directly fed into the Electric Arc Furnace (EAF), reducing energy losses during the

melting stage.

e Hot Briquetted Iron (HBI): DRI compacted at temperatures above 650°C to

form dense briquettes, enabling safe storage, transport, or sale to external markets.

In the process, the iron ore pellets are fed into a vertical shaft furnace, while finer particles
are screened and recirculated to the feed system. The reducing gas mixture, primarily
composed of hydrogen, is preheated in the process gas heater to 950°C before being
introduced into the shaft furnace, where it reacts with the iron ore, removing oxygen and

yielding metallic iron.

By utilizing hydrogen from renewable and circular sources, the DR plant plays a central
role in achieving Stegra’s objective of low-carbon steel production, ensuring the integration

of clean hydrogen across the entire steelmaking value chain.

1.4. Integration of Electrolysis and Biomass Gasifi-
cation for Hydrogen Production

It is within this context that the present study focuses on the integration of the electroly-
sis system with a dedicated biomass gasification process, specifically designed to produce
additional hydrogen for the DRI unit and to further enhance the sustainability and flexi-
bility of hydrogen supply at Stegra. In this configuration, part of the oxygen produced in
the electrolysis process will be valorized as the oxidant in the gasification unit, enhancing
the overall integration and resource efficiency of the hydrogen production system. The
design approach, process integration, and performance evaluation of this hybrid hydrogen

production concept will be presented and discussed in the following chapters.
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2 ‘ Biomass (asification:
Theoretical Background

Biomass, as a renewable and environmentally friendly energy source, plays a crucial role
in the future global energy landscape through the production of hydrogen-rich syngas via
gasification. While biomass gasification presents a promising pathway to reduce carbon
emissions, several technological challenges and knowledge gaps remain before it can be
fully implemented on an industrial scale [8]. This chapter provides an overview of the
gasification process, with a focus on biomass gasification. It examines different reactor

designs and configurations and discusses the key factors that influence performance.

2.1. Gasification Theory

Gasification is a thermochemical process that converts carbonaceous materials (e.g., biomass)
into producer gas, biochar, tars, and ash through the action of an oxidizing agent such
as air, Oy, steam, CO,, or their mixtures. The main product, known as producer gas or
raw syngas, consists primarily of Hy and CO, but can also contain COy, HyO, Ny, CHy,
higher hydrocarbons, and impurities, depending on the feedstock, gasifying atmosphere,
technology, and operating conditions such as temperature, pressure, and heating rate
[23, 24]. The process occurs at high temperatures under substoichiometric conditions,
which prevent complete combustion and result in by-products such as char and tar [25],

while ensuring efficient energy recovery from solid fuels [21].

Syngas is particularly valuable because, unlike direct combustion products, it can be
upgraded via water—gas shift or reforming reactions to obtain high-purity hydrogen, or
used as feedstock for chemicals such as methanol, Fischer-Tropsch liquids, and ammonia.
This versatility positions gasification not only as an energy recovery route but also as a

pathway for material valorization and circular carbon use [26].

The process consists of four main stages: drying, pyrolysis, combustion, and reduction.

Figure 2.1 shows the zones and the products that typically occur during that part of the
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process. In the drying stage, moisture is removed from the biomass through endother-
mic evaporation of low-boiling compounds. This step typically occurs at temperatures
around 100°C and it significantly reduces the moisture content, improving the efficiency of
subsequent reactions. The pyrolysis stage involves the thermochemical decomposition of
biomass in an oxygen-free environment at temperatures ranging from 125°C to 500°C. It is
endothermic and produces 75 to 90% volatile materials in the form of gaseous and liquid
hydrocarbons.(|25]). The combustion stage (oxidation stage) is an exothermic process in
which a gasification agent is introduced to react with the pyrolysis products. The heat
generated at this stage is crucial for sustaining the endothermic reactions required in the
next phase of gasification. Finally, in the reduction stage (also known as the gasification
zone), the remaining char reacts with hot gases coming from the upper zones, converting

into syngas [8].

This multi-step process enables efficient energy conversion from biomass, making gasifi-

cation a highly effective approach for sustainable energy production.

Biomass
Drying = H,0
* Char
Pyrolysis —p Tar
CH,
- . co
Hea Combustion 2
H,0
. H,
Reduction co
Oxidizing agents:

Air, O,, H,0, CO,
Figure 2.1: General schematic of different regions in a gasifier (adopted by [27]).
Figure 2.2 shows different gasification approaches that can be used for biohydrogen pro-

duction. Among renewable hydrogen production technologies, biomass gasification is one

of the earliest developed and remains one of the most cost-effective options [25].
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Figure 2.2: Classification of different approaches for Hy production using biomass gasifi-
cation (adopted by [25]).

2.2. Gasification Feedstocks

Gasification is a highly flexible process that can convert a wide range of carbonaceous
materials into synthesis gas. Typical feedstocks include coal, petroleum residues, biomass,
and different waste streams [26]. While coal has historically dominated, its use is declining,
and increasing attention is being given to renewable and waste-derived feedstocks, driven
by climate policies such as the European Green Deal and the need to reduce CO, emissions
[25].

According to the Renewable Energy Directive, biomass (Figure 2.3) comprises the biodegrad-
able fraction of products, residues, and wastes of biological origin, including agricultural
and forestry residues, animal waste, by-products from industries (e.g., wood, paper, fish-
eries), and even the biodegradable share of municipal solid waste [24, 26]. Waste-derived
feedstocks include sewage sludge, crop residues, plastics, and other by-products, and their
gasification contributes to both energy recovery and circular economy strategies by reduc-

ing landfill needs and recovering valuable carbon fractions [26].
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Figure 2.3: Sources of biomass (adopted by [24]).

Feedstock characteristics strongly affect gasification performance. Higher-rank coals, with
lower volatile content and H/C ratios, generally produce cleaner syngas, while biomass
and waste, due to their higher volatile fraction, favor fast pyrolysis but can lead to higher
tar content. Parameters such as moisture, particle size, and bulk density also play a crucial
role, making pretreatment steps (e.g., drying, pelletization, removal of inerts) necessary

for efficient operation [26].

Overall, the choice of feedstock is central in defining gasification efficiency and syngas
quality. Among renewable options, biomass stands out as a cost-effective and sustainable

resource, offering both energy security and compliance with environmental targets.

2.3. Gasification Reactions

The gasification process is more complex than simple combustion and is influenced by
multiple factors, including the amount and type of oxidant, feedstock composition, gasifier
temperature, and reactor geometry. These parameters significantly affect the reaction

pathways, syngas composition, and overall efficiency of the process [28].

The biomass gasification mechanism can be expressed by the chemical reactions reported
in Table 2.1':

Values of the enthalpy of each reaction (AH®) refer to standard conditions (25°C and 1 atm).




2| Biomass Gasification: Theoretical Background 19
Gasification Step Reaction Reaction Name AH®°
(kJ /mol)

Pyrolysis Biomass — Char + Tar + Volatiles (1)

Char(s) + O2 — CO2 Carbon Oxidation (2) —394
Oxidation C(s) + 0.502 — CO Carbon Partial Oxidation (3) —110

CO + 0.505 — CO9 Carbon Monoxide Oxidation (4) —283

Hs + 0.509 — H2O Hydrogen Oxidation (5) —242

C(s) + CO2 «+ 2CO Boudouard Reaction (6) 172

C(s) + H20 < CO + Ha Reforming of Char (7) 131
Reduction CO + H20 «+ CO2 + Ho Water Gas Shift Reaction (8) —42

C(s) + 2H2 +» CHy Hydrogasification (9) —75

CHy + H2O < CO + 3Hs Steam—Methane Reforming (10) 206

H2 + S <> HaS Hydrogen sulfide formation (11) —20.6
Additional Reactions| 0.5 Ny + 1.5 Hy <> NH;3 Ammonia synthesis (12) —46.1

Clz + Ha <> 2 HCI Hydrogen chloride synthesis (13) —184.6

Table

2.4.

2.1: Reactions involved in biomass gasification |9, 28].

Gasifier types

The gasification process can be carried out using various types of gasifiers, including fixed-

bed, fluidized-bed, entrained-flow, and plasma reactors. These gasifiers differ according to

several key factors, such as the type of gasifying agent used, operating temperature and

pressure, heat supply method, material transport process, and bed material composition.

Each type of gasifier is designed to optimize efficiency and syngas production on the basis

of specific process conditions and feedstock characteristics [§].

A gasifier typically requires feedstock pretreatment, gas conditioning, and final purifica-

tion to obtain the desired gas product (hydrogen-rich gas product in this case). Since

the hydrogen concentration in gasifier reactors is generally below 50%, various gas condi-

tioning units, along with pre- and post-treatment processes, are implemented to enhance

hydrogen purity and achieve higher concentrations [21].

2.4.1.

Fixed Bed Gasifier

Fixed bed gasifiers are conventional systems characterized by high carbon conversion,

long residence times, low ash carryover, and low gas velocity, operating around 1000 °C.

They are widely applied in systems ranging from 10 kW to 100 MW [8]|. Based on airflow

direction, they are classified as follow and represented in Figure 2.4:

e Updraft gasifier: one of the earliest and simplest gasifier designs, operating with
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counter-current flow where the oxidant (air, oxygen, or steam) enters from the bot-
tom and the biomass feedstock from the top, while the product gas exits at the top.
This configuration is characterized by a simple reactor design, low investment cost,
high thermal efficiency, low pressure drop, and easy maintenance. It also shows high
tolerance to ash and moisture content, low sensitivity to feedstock size and quantity,
and high mass transfer efficiency. However, significant drawbacks include the very
high tar content in the product gas (often > 100 g/m®), the necessity for extensive
gas cleaning, relatively low conversion efficiency of syngas, and limited gasification
capacity [8, 24, 29].

Downdraft gasifier: also known as co-current gasifier, it operates with both air (or
oxygen/steam) and biomass moving downward through sequential reaction zones,
with the product gas exiting at the bottom. This design enables high feedstock con-
version rate, good syngas quality with relatively low tar content, high selectivity,
and simple processing. It is well suited for small to medium-scale power generation
due to its compactness and efficient tar reduction. However, it also presents sev-
eral limitations, including restriction to dense and uniform feedstock, high exit gas
temperature, significant ash accumulation, low overall energy efficiency, and limited

scalability to large applications [8, 24, 29].

Sidedraft /cross-flow gasifier: biomass enters from the top, air from the side, with
gases exiting laterally. High CO content syngas is produced at high temperatures
with high tar levels and low Hy and CHy. It offers quick load response, meaning
it can rapidly adjust output in response to changes in fuel or air input, making
it suitable for dynamic applications like renewable energy integration. However,
it suffers from low efficiency, limited scalability, and poor CO, reduction in the

syngas.[8, 29].

Open-Core Gasifier: operate by introducing air along with biomass fuel from the
top, utilizing a downward suction force generated by the vacuum inside the system.
This design is a variation of throatless downdraft gasifiers, where both biomass and

air move downward simultaneously, enabling efficient gasification [§].
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Figure 2.4: Views of fixed bed gasifiers (a) updraft, (b) downdraft, (¢) crossflow, (d)
open-core (adopted by [29, 30]).

2.4.2. Fluidized bed gasification

Fluidized Bed Gasifiers (FBGs) are efficient, environmentally friendly, and cost-effective
systems that convert fuels into syngas through complete mixing with gas and steam at
around 1000°C [29]. Biomass and gasification agents are introduced from the top and
bottom, respectively, with syngas exiting from the upper bed. Stability can be affected
by mineral matter softening. Key parameters impacting efficiency include fluidization

rate, biomass ratio, bed material properties, residence time, and gasification equilibrium
18]
Based on fluidization speed, FBGs are classified as follows and represented in Figure 2.5:

e Bubbling Fluidized Bed Gasifiers (BFBGs): characterized by a well-mixed
fluidized bed where biomass particles are suspended by the upward flow of air,

oxygen, or steam. This configuration ensures uniform temperature distribution,
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high carbon conversion efficiency, flexibility in feedstock type and particle size, and
suitability for high-moisture feedstocks. It also provides low tar content in the
product gas, high energy content of syngas, and prevents ash agglomeration, while
allowing the use of catalysts. However, bubbling fluidized bed systems involve higher
investment and maintenance costs, and require careful control of gas velocity to avoid

inefficiencies related to particle accumulation [8, 24].

Circulating Fluidized Bed Gasifiers (CFBGs): operate at higher gas velocities
compared to bubbling beds, carrying bed particles upward with the product gas,
which are then separated in cyclones and recirculated. The lower region remains
dense, while the upper region is more dilute and turbulent, ensuring strong gas—solid
interaction. This configuration provides uniform conditions, high heat transfer rate
from solids to gas, intensive mixing, particle recycling, and high gas—solid contact.
CFBGs are highly flexible in fuel composition and moisture content, achieving high
conversion efficiency, low emissions (including NO,), and suitability for large-scale
applications exceeding 10 MW (hydrogen production rate 2400 ton/y) without
capacity limitations. However, they face challenges such as high investment and
operational complexity, as well as possible reduction in bed fluidity due to eutectic
formation |8, 24]. .

Dual Fluidized Bed (DFB) Gasifiers: Integrate a gasification reactor (800
850 °C) and a combustion reactor (900-950 °C), where residual char is burned
generating the heat required for endothermic steam gasification reactions; this heat
is carried by the circulating bed material. This setup produces syngas with high

hydrogen content and low tar levels. [§].

The choice of gasifier type depends on operational requirements and desired syngas prop-

erties. Figure 2.5 shows the schematic configurations of the three different FBGs types.
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Figure 2.5: Schematic of FBGs (a) bubbling, (b) circulating, and (c) twin-bed/dual
(adopted by [29, 30])

2.4.3. Entrained Flow Gasifiers

Entrained Flow Gasifiers operate at high temperature (1250-1600°C) and pressure (20—
70 bar), injecting finely ground feedstock together with gasification agents (steam and
oxygen) from the top of the reactor. Under these severe conditions, the fuel undergoes
rapid heating, achieving very high carbon conversion rates and short residence times of
5-10 s. The resulting syngas is clean, tar-free, and has high energy content, while ash is
removed as molten slag. These features, combined with feedstock flexibility and uniform
reactor temperature, make entrained flow systems the dominant technology in large-scale

syngas production, particularly in Integrated Gasification Combined Cycle (IGCC) plants
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[8, 24].

However, several challenges remain: high operational costs, the need for finely pulverized
feedstock, large input of gasifying agents, and the requirement for very high heat input to
sustain the reaction conditions. In addition, sulfur and chlorine species in the feedstock

must be controlled to avoid corrosion and catalyst poisoning [8, 24].

2.4.4. Plasma gasification (PG)

Plasma gasification is an allothermal process in which extremely high temperatures (up
to 5000°C) are generated by plasma torches through arc discharges, radio frequency,
or microwaves. Unlike autothermal gasification, which relies on redox reactions with
oxidants, plasma gasification uses external heat sources, enabling complete decomposition
of organic matter, vitrification of inorganic components into inert slag, and the generation
of high-purity synthesis gas. Typical syngas composition ranges between 49-65 vol% H,
and 25-36 vol% CO, depending on feedstock characteristics [8, 24].

Plasma reactors offer several advantages, including high feedstock flexibility (organic and
inorganic), no strict material size requirements, reduced production of NO,, SO, chars,
and tars compared to conventional gasification, fast start-up and shutdown, steady-state
operation, and the possibility of slag valorization in the construction sector. However, they
also face significant challenges: short electrode lifetime, very high energy demand leading
to high operating and maintenance costs, limited commercial deployment, insufficient
understanding of plasma processes, and safety concerns due to limited societal awareness
8, 24].

2.5. Gasification agents

Gasification agents play a crucial role in syngas production by reacting with carbon and
hydrocarbons to generate gases like hydrogen (Hy) and carbon monoxide (CO). The choice
of agent significantly affects gas composition, heating value, and process efficiency. Com-
mon agents include air, steam, oxygen, and their combinations, each with specific advan-

tages and limitations [8]:

e Air is a widely used and cost-effective gasification agent. However, due to its high
nitrogen (N3) content, the syngas produced has a relatively low heating value, typ-
ically ranging from 4-7 MJ/Nm?3. Despite this limitation, air gasification facilitates
heat generation required for the process and helps moderate tar and solid waste

formation |8].
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e Oxygen gasification produces syngas with a higher heating value (12-28 MJ/Nm?)
by avoiding nitrogen dilution occurring in the air case. This improves carbon con-
version and reduces tar formation, resulting in a syngas rich in Hy, CO, and CHy.

The main drawback is the high energy cost of oxygen production [8].

e Steam gasification generates hydrogen-rich syngas with a calorific value of 10—
18 MJ/Nm?. It improves exergy efficiency, reduces tar content, and enhances coal
conversion rates. Compared to oxygen gasification, it offers more economical oper-

ation and is considered key for clean energy generation [§].

2.6. Fuel Characteristics and Gasification Tempera-
ture

Fuel properties strongly affect hydrogen yield in gasification processes and they can be

categorized as follows [21]:

e Elemental Composition (C, H, O, N, S): Fuel composition directly influences
H; yield. High oxygen content binds hydrogen in water, reducing the free Hy yield.
In contrast, for this reason, biomass mixed with plastics enhances hydrogen yield
per ton of feedstock [8, 21].

e Ash Content and Composition: Ash affects gasifier operation. In fluidized
beds, temperatures must stay below ash agglomeration points, while in entrained

flow gasifiers, ash composition affects slag formation and conversion efficiency [8, 21].

e Moisture Content: Moisture impacts the water-gas shift reaction, enhancing Hy
production. However, an excess moisture increases energy demand, as additional
energy is required to evaporate the water, and increases CO, formation, reducing
Hy yield. To optimize H2 production, controlled steam addition is preferred over
high inherent moisture in the feedstock. For moisture above 35%, hydrothermal

gasification is preferable [8, 21].

2.6.1. Gasification Temperature

The operating temperature in gasification is a crucial factor influencing both carbon
conversion efficiency and tar production. Fluidized beds operate at 650-950 °C, limited

by ash and bed material melting points [21].

From a thermodynamic perspective, exothermic reactions such as partial oxidation to

CO and H, formation are favored at lower temperatures, while endothermic reactions
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including steam reforming, the Boudouard reaction, and the water—gas shift are promoted
as temperature increases. Kinetically, however, all reactions accelerate with temperature,

with complete combustion to CO, and HyO becoming especially dominant.

As a result, higher temperatures improve carbon conversion and reduce tar, but also
increase the risks of agglomeration, sintering, and material degradation, shifting syngas
composition toward COs,, lowering its heating value and Hy content. These effects are
reflected in the strong dependence of equilibrium constants on temperature (Figure 2.6)

and in the overall influence on process performance (Figure 2.7) [21, 26].

Temperature is also tied to the equivalence ratio, where higher values reduce cold gas
efficiency due to increased oxidation. To control hotspots and maintain heat distribution,
oxygen is often diluted with nitrogen, steam, or CO,, balancing syngas composition while

avoiding product dilution |21, 26].
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constant) with temperature for some reac-
tions in Table 2.1 (adopted by [26])

2.6.2. Bed Material and Catalysts

In fluidized bed gasifiers, bed materials ensure stable operation by facilitating heat trans-
fer from exothermic to endothermic reactions, maintaining uniform temperatures around
800°C. Quartz sand is common due to its cost and inertness but can cause agglomera-
tion when reacting with alkali metals and chlorine. Alternatives include natural minerals,
alumina, and additives like kaolin to prevent agglomeration. Materials such as magnesite
and olivine offer improved performance, with magnesite providing better agglomeration

resistance and olivine aiding tar cracking.
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Catalysts further enhance gasification efficiency. Traditional catalysts include dolomite,
alkali metal oxides, and nickel-based compounds. Recent developments feature a Ni-Fe-
CaO catalyst (30% Ni, 20% Fe, 50% CaO) boosting hydrogen production, along with
carbon-based zinc and Co-Ni/hydrotalcite catalysts, the latter achieving 99% hydrogen
purity in sorption-enhanced gasification. Since catalysts are both costly and sensitive to
mechanical stress, it’s better to use them in a bubbling fluidized bed (BFB) rather than
a circulating fluidized bed (CFB), where they are more likely to break.

Catalytic gasification can be conducted at both low and high temperatures to enhance
efficiency and optimize syngas production. In low-temperature catalytic gasification (350—
600°C), catalysts improve reaction efficiency, lower the degradation temperature of cel-
lulose, and increase gas and oil yields. Metal-based catalysts are particularly effective
in promoting the gasification of water-soluble products, leading to early CO, and H,

production, followed by methane formation via methanation.

High-temperature catalytic gasification focuses on optimizing reaction pathways using
model compounds such as glucose and cellulose. Studies indicate that biomass concentra-
tion significantly affects efficiency, with concentrations above 5-10 wt% reducing hydrogen
yield. By operating at around 650°C and keeping biomass concentrations below 3%, nearly

complete conversion to hydrogen and carbon dioxide can be achieved [21].

2.7. Gas Cleaning and Upgrading for Hydrogen Pro-
duction

The syngas produced from biomass gasification contains numerous contaminants, includ-
ing particulates, tars, sulfur compounds, nitrogen species, chlorine compounds, alkali
metals, and heavy metals, which must be removed to avoid catalyst poisoning in down-
stream units such as the water—gas shift (WGS) reactor [31]. Additionally, the raw syngas
has limited hydrogen content and requires further upgrading to meet hydrogen production

targets.

To enhance the hydrogen yield, the syngas is typically conditioned via reforming or ox-
idation steps, such as autothermal reforming (ATR) or partial oxidation (POX), which
increase gas reactivity by converting tars and heavier hydrocarbons into lighter species,
facilitating higher hydrogen production in the subsequent WGS reactor. After WGS, the
syngas can reach a hydrogen content of 65-70 vol.%, which is still insufficient for most

applications requiring high-purity hydrogen [21].

Final purification is carried out using commercially available technologies, which can
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achieve any desired hydrogen purity level depending on the end-use. Pressure swing ad-
sorption (PSA) is widely employed, utilizing molecular sieves to separate gases based on
size and offering purities of 99-99.99%, suitable for fuel cell applications. Membrane sep-
aration technologies, including polymer, metallic (e.g., Pd-Ag alloys), and ceramic mem-
branes, also offer promising routes for hydrogen purification, although challenges remain
regarding durability and scalability. Emerging materials such as graphdiyne membranes
have demonstrated hydrogen contents up to 98% with 75% recovery in two-stage systems
[32]. Cryogenic separation, although less favored due to its high energy consumption,
can be used in combination with membranes to achieve ultra-high purities [21]. Other
advanced systems, such as those described in patents by Gaetano et al. [33] and Tawfik
[34], integrate multiple syngas cleaning stages—including acid/base scrubbing, wet elec-
trostatic precipitation, and amine-based CO, scrubbing—with WGS and PSA units to
produce high-purity hydrogen from biomass-derived syngas. Table ?? reports the required

purity of hydrogen according to different applications.

Hydrogen purity (%) | Application

99.999999 Rocket engine fuel, semiconductor manufacture

99.99 Polymer electrolyte fuel cell

On-site hydrogen generating equipment

90 Hydrodesulfurization
70-80 Adjustment of a molecular weight distribution
54—60 Fuel gas

Table 2.2: Required purity of hydrogen for different applications [21].

Thus, achieving efficient and cost-effective hydrogen production from biomass gasification
requires a combination of syngas cleaning, reforming or oxidation (ATR/POX), WGS,
and purification stages (e.g., PSA, membranes, cryogenics), as consistently reported in

literature pathways for biomass-to-hydrogen conversion.

2.8. Negative Carbon Emissions: Technological Op-
portunities

In global efforts to combat climate change, biomass remains an underutilized resource

despite its considerable potential. For example, Torrgas 35| estimates that only 20% of
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the corn plant is harvested as food, while the remaining 80% becomes residue. Globally,
corn alone generates over 1 billion tonnes of residues annually, with rice, sugarcane, and

wheat contributing an additional 860, 264, and 729 million tonnes, respectively [35].

Instead of valorizing this material, open-field burning remains a common practice in many
regions, releasing both CO, and harmful particulate matter. This not only contributes to
greenhouse gas emissions but also causes severe air pollution, with negative health impacts
on millions of people. Redirecting these residues toward sustainable biofuel production
could significantly reduce emissions while supporting the decarbonization of hard-to-abate
sectors [35, 36].

Biomass molecular structure contains carbon that comes from CO, absorbed from the
atmosphere during plant growth. This means that using biomass can help remove CO,
from the atmosphere. By capturing the CO, released during gasification, the process can
achieve negative emissions. Integrating CO, capture into biomass gasification is therefore
a promising way to make hydrogen production more sustainable and environmentally

friendly.

Since CO, separation is already an inherent step in gasification processes, the capture
can be efficiently integrated at lower costs compared to other sectors. This enables either
permanent storage through Carbon Capture and Storage (CCS) or utilization via Car-
bon Capture and Utilization (CCU), generating additional revenue streams. CCS involves
capturing CO, from major point sources, such as gasification, power production, or indus-
trial plants, and transporting it via pipelines, ships, or trucks for injection into geological
formations like depleted oil and gas reservoirs or saline aquifers. Alternatively, CO, can
be converted into valuable products, with current global CO, utilization reaching approx-
imately 230 million tonnes annually, primarily in urea manufacturing and enhanced oil
recovery [19]. In Sweden, the estimated cost for integrating CO4 capture at biomass-fired
combined heat and power plants ranges from 80-180 € per tonne of CO,, depending on
technology, plant size, and transportation logistics [21]. For biomass gasification, these
costs are reduced, reinforcing its viability for negative emissions applications. Moreover,
biomass-based gasification systems coupled with CCS (BECCS) offer opportunities for
deep decarbonization, including sectors like iron and steel production, where BECCS can
support carbon-negative steel manufacturing by addressing emissions from iron reduction

processes, which represent up to 85% of total CO, emissions in these industries [3].

Conceptually, CO5 capture can be implemented through several approaches: post-combustion
capture from flue gases, pre-combustion capture from syngas generated via partial oxida-

tion, and oxy-combustion, where fuel is burned in an oxygen-rich environment to facilitate
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COg separation [37]. Among these, pre-combustion capture in gasification offers key ad-
vantages due to the high CO, partial pressure in the syngas stream, reducing energy and
cost penalties compared to post-combustion and oxy-combustion methods, which require

significant energy for flue gas treatment or cryogenic oxygen production, respectively [37].

Overall, the integration of BECCS within biomass gasification represents a promising

route toward carbon-negative hydrogen production systems.

Certain biomass gasification processes also produce biochar as a co-product. Biochar
consists primarily of carbon (approximately 85-90% by weight), with the remainder com-
prising ashes from the original biomass. Additionally, biochar contains essential nutrients
such as nitrogen, phosphorus, and potassium, which contribute to soil improvement. By
returning biochar to agricultural soils, carbon depletion in soils is mitigated, and the de-
mand for synthetic fertilizers is reduced. This results in a carbon-negative value chain,

further enhancing the sustainability of biomass gasification [21].
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3 ‘ Integrated

Biomass-to-Hydrogen Process

Design

Based on the theoretical background presented in the previous chapters, this chapter
presents the design of a biomass gasification process for hydrogen production, considered
as a complementary pathway to the electrolysis plant currently under construction by
Stegra in Boden. The most suitable units are selected and modeled, and the resulting
mass and energy balances are analyzed to evaluate syngas composition, hydrogen yield,

and overall process performance.

3.1. Plant Description

Figure 3.1 illustrates the simplified block flow diagram (BFD) of the integrated biomass
gasification and hydrogen production system. The plant is designed to produce hydrogen
from biomass using a circulating fluidized bed gasifier (CFBG), and to integrate this with
hydrogen produced by alkaline electrolyzers, following the configuration of the Stegra

green hydrogen production plant in Boden.

The main process units include a biomass dryer, CFBG gasifier, high-temperature filtra-
tion unit, partial oxidation (POX) reactor, syngas cleaning section, two-stage water-gas
shift reactors (HT WGS and LT WGS), a CO, capture and drying section, and a pressure

swing adsorption (PSA) unit for hydrogen purification and compression.

The integration is realized not only by combining the produced hydrogen streams at the
storage level, but also by utilizing the oxygen by-product from the electrolyzers as the
oxidant in the gasification and partial oxidation steps, improving process efficiency and

system synergy.
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Figure 3.1: Simplified block flow diagrams for biomass-to-H2 process.

Table 3.1 summarizes the required specifications of the hydrogen stream produced by the
integrated gasification and electrolysis system, intended for direct use in the DRI process

for green iron production.

Parameter Requirement
Pressure > 8 bar

H, content > 99.8 Y%dry
0O, content < 0.2 Yodry
H50O content <05 %
Impurities content < 5 ppm

Table 3.1: Specifications of hydrogen flow for DRI production.

According to the Boden plant project, the hydrogen demand for injection into the DRI
unit is approximately 150,000 Nm?/h. It’s expected from the start that gasification alone
won’t cover the full hydrogen demand, mainly due to limited biomass and lower hydrogen

yield.
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3.1.1. Choice of Biomass

Sweden is largely covered by forests, as illustrated in Figure 3.2. Approximately 70% of
Sweden’s land area is forested, compared to only 31% in Italy [38]. As a result, woody
biomass represents the primary biomass resource in this context [39]. The composition
of the woody biomass considered in this study is based on the work of Rajaee et al. [40|

and is presented in Table 3.2.
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Figure 3.2: Forest Map of Europe (adopted by [39])
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Property Parameter Value
Lower Heating Value LHV (MJ/kgar) 9.74
Moisture Content Moisture (%owt) 45
Fixed Carbon (FC, %wt) 18.84
Proximate Analysis
] Volatiles (V, %wt) 80.00
(dry basis)
Ash (%wt) 1.16
Carbon (C, %wt) 51.19
Hydrogen (H, %wt) 6.08
Nitrogen (N, %wt) 0.20
Ultimate Analysis
) Chlorine (Cl, %wt) 0.05
(dry basis)
Sulfur (S, %wt) 0.02
Oxygen (O, %wt) 41.30
Ash (%wt) 1.16

Table 3.2: As-received biomass composition and properties [40].

3.1.2. Biomass Pre-Treatment

A belt dryer is utilized to lower the moisture content of the incoming woody biomass
from 45% to 15%. Moisture removal is driven by thermal energy, which is transferred
through a stream of drying air heated by a hot water circuit operating between 90°C and
30°C. The process requires approximately 1 MWh of thermal energy per tonne of water
evaporated. In addition to thermal input, the belt dryer also consumes around 32 kWh
of electricity per tonne of dried biomass [40]. The dried biomass exits the dryer and is

fed to the CFBG. Its composition is reported in Appendix A

3.1.3. Steam-oxygen blown circulating fluidized bed gasifier

The use of a circulating fluidized bed (CFB) gasifier combined with steam-oxygen as the
gasifying agent is particularly suitable for this hydrogen production process. The CFB
configuration, as also already reported in Section 2.4.2, offers excellent fuel flexibility,
high throughput, and uniform temperature distribution, which are essential for efficient
conversion of woody biomass with relatively low heating value. Its ability to enhance char
conversion through solid recirculation improves overall gasification efficiency. Moreover,
CFB gasification is a proven and commercially available technology, already offered by
several equipment manufacturers, which eliminates the need for custom construction. It

is especially well-suited for the chosen feedstock—woody biomass—and supports scalable,
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continuous operation. Compared to other gasifier types, CFB provides better mixing, heat
and mass transfer, and can operate effectively at lower equivalence ratios, contributing to

higher hydrogen yields after downstream processing.

The choice of steam-oxygen, rather than air, avoids nitrogen dilution of the syngas, in-
creasing its heating value and simplifying downstream processing. Moreover, steam pro-
motes the water-gas shift reaction, which is critical for maximizing hydrogen yield, while
oxygen supplies the necessary heat through partial oxidation. According to Sher et al.[36|
steam is ideal for both small and large-scale systems, producing syngas with high Hs
content and lower COy and CHy4. This combination supports a syngas composition op-
timized for hydrogen production and CO, capture, making it a technically sound and

efficient choice.

The simulation of biomass gasification and degradation is inherently complex due to
multiple interacting phenomena at various levels: (1) it is a multi-component problem,
given the intrinsic variability in biomass composition; (2) a multi-phase process, involving
reactions in both condensed and gas phases that yield bio-char, bio-oil, and syngas; (3) a
multi-scale system, requiring consideration of intra- and inter-phase transport phenomena
at both particle and reactor scales; and (4) a multi-dimensional problem, with system
evolution dependent on variables such as particle radius, bed structure, and time. This
complexity is further compounded by the necessity of a coupled treatment of transport

phenomena and detailed kinetic schemes in both solid and gas phases [41].

To model the operation of the circulating fluidized bed gasifier (CFBG), the simulation
approach was based on the study by Rajaee et al.[40|, which focuses on the Varkaus
demonstration plant with a thermal biomass input of 100 MW. Their system employs
a pressurized CFBG that converts woody biomass into syngas using a mixture of steam
and oxygen as the gasifying agents. The reactor operates at a temperature of 870 °C and
a pressure of 4 bar. Rajaee et al. provide detailed compositions for both the inlet and

outlet streams of the gasifier.

For the purpose of this simulation, certain simplifications were adopted. Trace impurities
were neglected; chlorine in the biomass was assumed to be fully converted into hydrogen
chloride (HCI), sulfur into hydrogen sulfide (H,S), and 10% of the nitrogen content was

assumed to form ammonia (NHs).

The core gas-phase reactions were characterized using the following atomic balance matrix:
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C H,O Hy CHy CO COz Og
cC|{1 O 0 1 1 1 0
H|{0 2 2 4 0 0 0
o0 1 0 0 1 2 2

Based on this matrix, the number of independent reactions required to define the system

thermodynamically is calculated as NR = Ngpecies — rankmatric = 4.

Consequently, the extent of the following four reactions was determined using the syngas

composition data reported by Rajaee et al.:

C+ 0y = CO,
C+ Hy,O = CO+H,
C+ 2H,; = CHy
C+ COy = 2CO

Using the reaction extents obtained, the results were scaled to match the case study
under consideration, which assumes a thermal input of 150 MW. The resulting syngas

composition is presented in Appendix A.

GASDS simulation

GASDS is a kinetic-based simulation package designed for the gasification of biomass and
coal, developped by Politecnico of Milan. It is particularly suited for analyzing pyroly-
sis, gasification, and combustion processes, incorporating detailed kinetic schemes across
multiple scales. The software takes into account the heterogeneous and homogeneous
reactions and the transport phenomena inside the reactor. The dynamic behavior of the
system is originally described by a set of partial differential equations (PDEs), accounting
for gradients with respect to time, longitudinal direction, and radial coordinate. However,
through appropriate approximations, the system is reduced to a set of ordinary differential
equations (ODEs), where only temporal gradients are considered [42]. These ODEs are
solved using advanced numerical techniques available in the BzzMath library [43|, which
are especially effective for stiff systems and are based on the Gear multivalue method [44]
[42].

In this study, GASDS is employed to simulate the gasifier under the same input conditions
as those reported by Rajaee et al. [40], and scaled up by a factor of 1.5—from a thermal
input of 100 MW to 150 MW. The results obtained from the simulation, reported in Table

3.3 demonstrate good agreement in syngas composition, thereby validating the reliability
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of the overall calculation approach.
Component %mol OUT %wt OUT
GASDS simulation | Calculated | GASDS simulation | Calculated
CcO 13.91 14.64 18.31 19.54
H>O 38.45 40.38 32.55 34.64
COq 19.57 17.31 40.46 36.30
H, 19.29 20.11 1.83 1.92

Table 3.3: Comparison of GASDS simulation and calculated values for gas composition
(%mol and %wt OUT).

The obtained results show that the syngas composition is mainly characterized by H,
and CO, COy and CHy. Other species such as higher hydrocarbons, tars, or nitrogen
compounds are not reported, since they are typically present in smaller amounts or re-
quire detailed kinetic modeling that goes beyond the scope of this convalidation study.
Compared to literature values, the hydrogen content is slightly lower, while COs is higher,
indicating a shift in the equilibrium at the selected operating conditions. This discrepancy
may be attributed to the specific assumptions made in the model, such as complete tar

cracking and simplified kinetics.

The distribution of products also reflects the strong influence of temperature and equiva-
lence ratio: higher temperatures enhance hydrogen yield but simultaneously increase CO,
formation due to more complete oxidation. Such trade-offs are consistent with findings
from other studies and highlight the importance of carefully tuning operating parameters

to maximize hydrogen production while limiting carbon losses.

3.1.4. Partial Oxidation unit (POX)

Partial oxidation (POX) is used after gasification to reduce tar content in syngas by
promoting radical-driven reforming reactions through controlled oxygen injection [45]. In
this study, POX is preferred over autothermal reforming (ATR) due to the availability of
oxygen from the upstream electrolysis process, eliminating the need for additional oxygen
production units and reducing overall system cost. While ATR is more commonly found
in literature, it requires costly catalysts, making POX more economically viable in this
context. Although the benefits of POX are evident, experimental data on its application

to real gasifier producer gas are scarce, with most studies relying on simulated syngas.
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Due to the complexity of species and reaction pathways involved, comprehensive radical

kinetic models are needed for accurate prediction of reactor outlet compositions [45].

As reference unit, the partial oxidation (POX) unit developed at LRGP is taken into con-
sideration. It is installed downstream of the gasyfier and included four main sections: a
pre-heating chamber, a gas-centered non-premixed swirl coaxial burner, a reaction cham-
ber, and a cooling zone (as shown in Figure 3.3). Producer gas from the gasyfier entered
the pre-heating chamber at near-atmospheric pressure, then flowed through the central
tube of the coaxial burner. Simultaneously, oxygen is injected tangentially via a swirl

mechanism.

syngas
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Figure 3.3: Scheme of the POX unit (adopted by [45])

In their work, Demol et al.[45] developed the SYNPOX model (SYNgas Partial OXi-
dation), which comprises 742 species and 5093 reactions. The model was validated us-
ing experimental data from Tanoh’s study [46], with results showing satisfactory overall
agreement. Among the various cases analyzed, the authors identified case 0.1-1100 (ER-
Tehamber) as the most reliable. For this reason, the parameters reported in Table 3.4,

corresponding to case 0.1-1100, are used as the reference in this thesis.

To gain insight into the key reactions involved in the partial oxidation process, the work
of Rofger et al.[47] was used as an additional reference. The main reactions derived from

this study are summarized in Table 3.5.
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Parameter Value
Oxygen preheating set-point (°C) 500
Oxygen inlet Toa (°C) 565
Producer gas inlet Tigyngas (°C) 691
POX external oven set-point (°C) 1200
Reaction chamber Tepamper (°C) 1100
Cooling chamber exit Ty (°C) 668
ER 0.1

Table 3.4: Operating parameters for POX (adopted by [45]).

No. | Reaction

(1) | CHy + H20 « CO + 3Hy

(2) | CO + H20 <« CO2 + Hy

(3) | 2CO + Oz +» 2COq

(4) | C+ COz +» 2CO

(5) | CoHy + 2.502 «+» 2CO9 + H20O
(6) | CoHy + 302 «<» 2CO9 + 2H50

(7) | CoHg + 3.502 «+» 2CO49 + 3H0
(8) | C3Hg + 502 «» 3CO2 + 4H50

(9) | n-C4Hyp + 3.502 <> 4CO4 + 5H50
(10) | i-C4Hyp + 3.502 <> 4CO2 + 5H20
(11) | Ny + 3Hy <» 2NH;3

(12) | NH3 + CO <« HCN + H,0

(13) | Hy + S <» HaS

(14) | HaS + CO9 < COS + Hy0

Table 3.5: Main reactions involved in the POX process (adopted by [47]).

The outlet gas composition, along with the water and acid gas yields reported by Demol et
al.[45], were used as references and adapted to the specific process conditions considered

in this study. The resulting output composition is provided in Appendix A.
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3.1.5. High Temperature (HT) filtration

Syngas from biomass gasification contains contaminants such as particulates, tars, sulfur,
nitrogen, chlorine compounds, and metals, which can severely impact sensitive down-
stream catalysts (e.g., WGS). High-temperature gas cleaning improves overall efficiency
by avoiding syngas cooling. Metallic filters have emerged as a robust alternative to ce-
ramic filters, offering similar filtration efficiency with improved durability. Depending on
the alloy used, these filters can operate at temperatures up to 1000 °C, though values

between 400 and 700 °C are more commonly reported [31].

In this study, the filtration temperature is set equal to the syngas outlet temperature
from the partial oxidation (POX) unit, thereby eliminating the need for an additional
heat exchanger and simplifying the system layout. Following Villot et al.[31], a filter
efficiency of 99.9% for particles <0.5pm is assumed in the simulation. The filtered gas is

then cooled through cold traps to condense water and tars.

3.1.6. Water-Gas Shift Units

The Water-Gas Shift (WGS) reaction, shown in Eq.3.1, is essential for increasing hy-
drogen production by converting carbon monoxide and steam into hydrogen and carbon
dioxide. As hydrogen enrichment is a primary goal of this process, the WGS unit is a
critical step. The reaction is moderately exothermic and is typically implemented in two
stages: a high-temperature stage that favors reaction kinetics, and a low-temperature
stage that benefits from improved thermodynamic equilibrium [48]. The WGS section
consists of two fixed-bed catalytic reactors. The first stage operates at 310-450 °C and
uses a Fe—Cr-based catalyst, which enables rapid CO conversion (around 80%) and can
tolerate sulfur concentrations in the range of 100-500 ppm [49]. The second stage, op-
erating at 180-250°C, utilizes a Cu—Zn0O—-Al,O3 catalyst to drive the reaction further
toward equilibrium. However, this catalyst is highly sensitive to sulfur, with a tolerance
of less than 0.1 ppm [49]. To protect it, a sulfur guard bed is placed between the two
stages to remove hydrogen sulfide (HyS) generated upstream [50]. According to the work
of Dehimi at al.[49], both reactors and all product-gas-carrying piping are equipped with
electric heating elements, enabling independent temperature control at the reactor inlets
and minimizing heat losses [50]. This configuration ensures that the low-temperature
reactor can achieve a final CO conversion of up to 97%, thereby maximizing hydrogen
yield [50].

In the present process, the syngas exiting the gasifier contains insufficient steam to al-

low effective CO conversion in the WGS reactors. To address this, additional steam is
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introduced to increase the steam-to-carbon monoxide ratio (STCO), enhancing reaction
efficiency and preventing carbon deposition on the catalyst surface [50]. The STCO ra-
tio—defined in Eq.3.3—is a critical design parameter. Steam is added in excess in order to
shift the equilibrium toward the product side (since it is a reversible reaction [25]), and,
in particular, values above 2 are recommended to thermodynamically suppress carbon

formation [50].

The overall CO conversion, (X¢o), is calculated using Eq.3.4, serving as a basis for eval-
uating reactor performance and optimizing process conditions. In this study, a CO con-
version of 97% and a fixed STCO ratio of 2 are assumed. Under these conditions, the

resulting product gas composition has been calculated and is presented in Appendix A.

kJ

CO+H,0 = Hy + CO;  AHM = 41 —— (3.1)
mol
STCR = M2 molyz,o mol,! (3.2)
Nein
STCOR = 29 i1 moly, o molsh, (3.3)
Nco,in
Xep = 1C0in T NCO0ut 1) i 9 (3.4)

Nnco,in

3.1.7. Gas cleaning units

To protect the downstream Rectisol unit and ensure efficient CO, absorption, a condenser
is placed after the WGS reactors to remove excess water vapor. This step also helps
dissolve and remove acid gases such as HCl and NHjs, reducing their concentrations below
the thresholds specified in Table 3.1.

Then, the pre-cleaned syngas enters the Rectisol unit for advanced purification. The
Rectisol process provides a comprehensive “5-in-1” gas treatment solution [51], including:
(1) trace contaminant removal, (2) deep desulfurization with total sulfur content reduced
below 80 ppb, (3) bulk CO4 removal of up to 100%, (4) COs purification to >98.5v0l% with
residual sulfur below 5ppmv, and (5) acid gas enrichment with sulfur content exceeding
25v0l%.

The Rectisol process is a low-temperature physical absorption system that uses refriger-
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ated methanol to selectively absorb acid gases such as HyS, COS, and CO,, [52]. It typically
operates around —70°C. Due to the strong dependence of CO, solubility in methanol on
both temperature and pressure, the process achieves high efficiency at low temperatures
and elevated pressures. This behavior is illustrated in Figures 3.4 and 3.5, which show
that solubility increases sharply below -40 °C and with rising CO, partial pressure [53].
Regeneration of the solvent is achieved through either a temperature swing (raising the
temperature) or a pressure swing (lowering the pressure), both of which decrease CO,

solubility and release the absorbed gas [53].

Due to the upstream installation of a ZnO guard bed, most of the H,S is removed before
the syngas enters the Rectisol unit. Consequently, the acid gas stream exiting the unit
consists primarily of CO,, with only trace amounts of sulfur species. For the sake of
simplification in the simulation and calculations, the presence of residual sulfur traces has
been neglected. The resulting CO, stream is therefore assumed to be fully purified and
can either be directly vented or directed to a carbon capture and storage (CCS) system,
with the alternative option of being sold as a marketable byproduct. These scenarios are

evaluated from an economic perspective in the subsequent chapter.
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Figure 3.4: Temperature dependence of COy solubility in methanol (adopted by [53])
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Figure 3.5: Partial-pressure dependence of CO, solubility in methanol (adopted by [53])



3| Integrated Biomass-to-Hydrogen Process Design 43

3.1.8. Pressure swing adsorption (PSA) unit

The gas is then introduced into the pressure swing adsorption (PSA) unit. In this unit,
hydrogen (raffinate) is separated from other gaseous components (tail gas), including COq,
residual CO, Ny, CHy, Ar, and higher hydrocarbons [50].

According to the study by Gubin et al.[50], continuous PSA operation is achieved us-
ing four adsorber vessels operating in a 7-step cycle. Each vessel contains a multilayer
bed of adsorbents composed of activated carbon (Norit® RB2), carbon molecular sieve
(Neca|cms®260), and 5A zeolite (Kostrolith® 5ABFK).

The PSA cycle consists of the following seven sequential steps across all vessels: (1)
adsorption, (2) pressure equalization, (3) blowdown, (4) vacuum desorption, (5) purge
regeneration, (6) pressure equalization, and (7) repressurization. The hydrogen recovery

(Recp,) is calculated using Eq. 3.5.

Rec, = 1294 100 in % (3.5)
N Hyin

In the experimental conditions reported by Gubin et al.[50], a hydrogen purity of at least
99.9vol.% and a recovery rate of 79.0% were achieved. CO levels remained below the detec-
tion limit (LOD = 0.5ppmv), while CO5 concentrations were measured at approximately
S5ppmv. Their system operated at an adsorption pressure of 6.5bar,, an equalization pres-
sure of 4.75bar,, and an adsorption duration of 480 seconds. For this study, an adsorption
pressure of 8 bar, is selected; however, the performance data reported by Gubin et al.
have been verified to remain applicable at this pressure and are therefore used as the
basis for simulation and calculation. All the specifications reported in Table 3.1 are then

verified.

The main results are presented in Section 4.4
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4: ‘ Techno-Economic Assessment
(TEA)

In this section, the metrics in terms of energy, environmental and economic performance
are defined [54]. The Hy production plant concept can be schematically represented as

shown in Figure 4.1.

CO, Other

0.

. H
Biomass 2

{}
L]

Figure 4.1: Schematic representation of the Hy plants (aodpted by [54])

The economic and energetic performance of such systems depends on several factors,
including biomass availability and logistics, as well as the capital and operating costs of
the plant [36]. Technologies for biomass gasification vary widely in their maturity, ranging
from early-stage concepts to commercially available systems, typically evaluated using the

Technology Readiness Level (TRL) framework.

Techno-Economic Assessment (TEA) is a key tool to evaluate both technical and economic
feasibility. It enables performance benchmarking and supports informed decision-making
for future deployment [36]. Common economic indicators used in TEA include capital
expenditure (CAPEX), operational expenditure (OPEX), total capital investment (TCI),
production cost (PC), levelized cost of hydrogen (LCOH) [36].

Two general approaches are used in techno-economic studies. The first relies on adapting

data from previous research, adjusted for inflation and currency updates. The second
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employs simulation tools like Aspen Plus to derive mass and energy balances, which are
then used to calculate investment and production costs. The first method mentioned is

adopted in this study.

4.1. Assessment of the Technology Readiness Level
(TRL)

TRL is a point-based system used to assess the maturity of a technology based on a
scale ranging from 1 to 9, with higher numbers indicating greater maturity. Originally
developed by NASA in the 1970s, it has become a standard framework in research and
innovation, including in the energy sector. TRLs are grouped into three stages: concept
to lab scale (TRL 1-4), lab to pilot scale (TRL 4-6), and pilot to commercial scale (TRL

6-9) [36]. Table 4.1 summarizes the meaning of each scale number.

TRL | Description

TRL 1 | Basic principles observed

TRL 2 | Technology concept formulated

TRL 3 | Experimental proof of concept

TRL 4 | Technology validated in lab

TRL 5 | Technology validated in relevant environment (industrially relevant en-

vironment in the case of key enabling technologies)

TRL 6 | Technology demonstrated in relevant environment (industrially relevant

environment in the case of key enabling technologies)

TRL 7 | System prototype demonstration in operational environment

TRL 8 | System complete and qualified

TRL 9 | Actual system proven in operational environment (competitive manu-

facturing in the case of key enabling technologies; or in space)

Table 4.1: European Union Horizon 2020 TRL Scale (European Commission, 2014).

For biomass gasification applied to hydrogen production, the TRL is considered relatively
high. Depending on the assessment method, estimates range from TRL 5 to TRL 9. For
instance, using the Weighted Average method, Lundgren et al.[21] estimate a TRL of 7,
while the Weakest Link approach suggests TRL 5. Lepage et al.[55] report TRL 7, Buffi
et al.[56] estimate TRL 9, and Sher et al.[36] assign a TRL of 8-9.
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4.2. Methodology and Economic Indicators

Following process modeling and simulation, the main techno-economic indicators were

derived using overall mass and energy balances [37].

Technical Performance Metrics

e Biomass thermal input (Qpiomass) Was computed using biomass flow rate and its
lower heating value (LHV):

QBiomass = mBiomass : LHVBiomass [MW] (41)

e Hydrogen thermal output (Quydrogen) Was calculated similarly:
QHydrogen = mHydrogen -LH VHydrogen [MW] (42)

Economic Indicators

e Capital expenditure (CAPEX) was estimated for each plant subsystem (e.g.,
biomass preparation, gasification, syngas treatment, acid gas removal, hydrogen
purification, carbon management). The capital cost for each unit was derived using

reference cost data and the following scaling law:

Cp=Cp- (%)M €) (43)

where Cp is the base cost, (g is the reference capacity, and M is the scaling
exponent [37]. Used reference data for CAPEX calculation are presented in Table
4.2 and Table 4.3.

e Operational and maintenance (O&M) costs include both fixed and variable
components. Fixed costs account for maintenance, labor, administration, and over-
head. Variable costs include process-related consumables such as biomass, catalysts,
solvents, membranes, and utilities [37]. Key assumptions are detailed in Table 4.4.

e Levelized Cost of Hydrogen (LCOH) is computed as ratio of annualized CAPEX
and O&M costs to the combined hydrogen production:

LOOH — Annualized CAPEX + O&M cost {€} (4.4)

annual Hy production k_g

The methodology used to estimate capital expenditures (CAPEX) and operational ex-
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penses (OPEX) is based on the work of Cormos [37]. In accordance with techno-economic

studies on biomass gasification, a high plant capacity factor of 90% is assumed. This

assumption reflects the need for continuous operation to ensure the economic viability of

capital-intensive technologies such as biomass-based hydrogen production [40].

The key assumptions adopted in this analysis, consistent with prior literature, are summa-
rized in Table 4.4. A detailed breakdown of the fixed capital investment (FCI) is provided
in Table 4.3; note that FCI values exclude working capital.

Plant Cost scaling parameter  Reference capacity | Scaling exponent Reference purchase Ref
component cost [M €]
Biomass-to-syngas island
Feedstock Biomass feed [MWth]| 157.00 0.31 6.94 [40]
handling
Belt dryer Water evaporated [kg/s| 0.34 0.28 2.49 [40]
Pressurized Oy | Dry biomass |kg/s| 17.8 0.75 49.38 [40]
CFBG
POX Inlet syngas [Nm?/h] 1000.00 0.65 1.00
Metal hot-gas Inlet syngas [Nm?/h] 50000.00 0.60 1.60
filter
HT WGS Inlet syngas flow rate 160763.9 0.56 0.4666 [57]
[kg/h]
LT WGS Inlet syngas flow rate 160763.9 0.56 0.323 [57]
kg /h]
Cleaning
Sulfur removal Inlet syngas flow rate 81371.7 0.56 0.037 [57]
(ZnO bed) [kg/h]
Condenser Duty [kW] 1000.00 0.60 0.05
Rectisol unit Inlet syngas [Nm?/h] 200000.0 0.65 20.00 [58]
Waste water Waste water [m?/h] 22.56 0.67 0.45 [40]
treatment
COy processing | Captured CO, flow [ton/h| 550.00 0.80 36.30 [37]
unit
Syngas-to-H, island
PSA Inlet gas molar flow rate 17069 0.60 27.96 [57]
[kmol /h|
Compression
Syngas Compressor power [MWel] 7.01 0.67 7.50 [40]
compressor
COy compressor | Compressor power [MWel] 0.64 0.67 0.75 [57]
H, compressor | Compressor power [MWel] 0.64 0.67 0.75 [40]
Heat exchanger (rule of thumb)
Syngas cooler Heat duty [kW], exchange - - - [59, 60]
area [m?]

Table 4.2: Cost scaling parameters and reference costs for plant components.
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Items Ratio factor | Ref
Direct cost
Purchased equipment (delivered) 1 [61]
Equipment installation 0.4 [61]
Instrumentation & controls 0.2 [61]
Piping 0.15 [61]
Electrical systems 0.15 [61]
Buildings 0.3 [61]
Yard improvements 0.1 [61]
Service facilities (waste treatment, receiving, 0.2 [61]
shipping, packaging, storage, offices, etc.)
Indirect capital cost
Engineering and supervision 0.25 [61]
Contingency 0.3 [61]
Contractors fees/overheads/profits 0.1 [61]
Start-up 0.1 [61]
Additional investment
Working capital 30 days’ supply ‘ [37]

Fixed capital investment (FCI) = direct costs + indirect costs
Total capital investment (TCI) = FCI + WC

Table 4.3: Capital cost breakdown of the project.

49
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Item Value Unit Ref
Variable operational cost

Biomass feedstock cost 80.6 [€/t] [62]
Electricity price Boden data [€/MWHh]

Sulfur (by-product) price 120 [€/1] [37]
Cost for ash disposal 16 [€/1] [37]
Capture COy transport and storage cost 15 [€/1] [37]
Steam 30 [€/1] [63]
COg2 emission tax 0 [€/1] [37]

Fixed operational cost
Number of direct personnel 96 persons [37]
Average annual direct personnel cost 48 |k€ /person/y| [37]
Administrative costs 35 % of labour cost [37]
Maintenance costs 4 % of annual capital cost | [37]
Working capital 30 days’ supply [37]
Operational assumptions

Plant operational factor 90 % [37]
Interest rate 8 % [37]
Plant erection time 3 [v] [37]
Productive operational time 25 ly] [37]

Table 4.4: Operational and maintenance cost breakdown.

4.3. Results and discussions of green hydrogen pro-

duction from biomass gasification

Overall mass and energy balances were utilized to quantify the most relevant plant per-
formance indexes (as defined in section 4.2). In the next sections, all the main results are

reported and discussed.

4.4. Technical Performance

Based on the assumptions made and data from literature, the system achieves a hydrogen
production rate of 0.63 kg/s (0.31 kmol/s). This output corresponds to about 17% of the
hydrogen flow required for the DRI unit, according to the Stegra specifications reported
in Table 3.1 and Section 3.1.
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From an energy perspective, assuming a lower heating value (LHV) of 140.4 MJ /kg for
hydrogen [18], the hydrogen stream provides a thermal output of 87.4 MW. Compared to
the biomass thermal input of 150 MW at the gasification stage, this results in an overall
thermal efficiency of 58.3%. The hydrogen yield, defined as the ratio of hydrogen mass

flow to the mass flow of the biomass feedstock, is 40.5 kgp, /thiomass-

When scaled to annual operation (8000 h/y), the plant processes approximately 437,000 t/y
of biomass, producing 17,500 t/y of hydrogen. Furthermore, with the implementation of
carbon capture (CCUS), about 318,400 t/y of CO5 can be stored, significantly improving

the environmental performance of the process.

A summary of these results is reported in Table 4.5. The produced hydrogen is subse-
quently compressed to the target pressure of 10 bar and is assumed to be mixed and

stored together with the hydrogen supplied from the electrolysis unit.

Parameter Value
Biomass input 437,000 t/y
Hydrogen production rate 0.63 kg/s
Annual hydrogen production 17,500 t/y
Share of Hs required for DRI 17%
Hydrogen LHV [18] 140.4 MJ /kg
Hydrogen thermal output 87.4 MW
Biomass thermal input 150 MW
Thermal efficiency 58.3%
Hydrogen yield 40.5 kg Ha /thiomass
Captured CO2 (with CCUS) 318,400 t/y

Table 4.5: Summary of technical performance results for the biomass-to-hydrogen system.

4.4.1. Reference Yields and Efficiencies from Literature

According to the International Energy Agency [19], thermochemical processes such as
gasification, pyrolysis, and reforming typically achieve high hydrogen yields, generally
ranging from 40 to 190 kg of hydrogen per tonne of feedstock. The thermal efficiency of
these processes, based on the lower heating value (LHV), is commonly reported in the

range of 40-67%. The values found in these study are within those ranges.
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Previous studies on hydrogen production via biomass gasification demonstrate a wide
variability in technical performance, with reported energy efficiencies ranging from 35%
to 75%. This variation is primarily due to differing assumptions regarding prerequisites,

definitions of energy products, technology configurations, and operational conditions.

Hydrogen yield from biomass gasification is influenced by several factors, including process
design, operating parameters, and upgrading strategies such as water-gas shift (WGS) and

steam methane reforming (SMR).

Turn et al. [64] reported that, in theory, hydrogen yields as high as 165 kg per tonne
of biomass can be achieved under optimized conditions involving steam gasification com-
bined with WGS and SMR. In practice, their experiments reached a maximum yield of
128 kg Ha/tpiomass, which corresponds to approximately 2.1 times the hydrogen content
originally present in the biomass (assuming a hydrogen content of 6% on a dry ash-free

mass basis) [21].

Sher et al. [36] evaluated an energy efficiency of 37.88% for the BTH (biomass to hydrogen)

system studied.

4.5. Economic performance

This section introduces the economic evaluation, including capital and operating costs, in
order to assess the feasibility of integrating biomass gasification with hydrogen production.
The data used for the calculations are reported in Tables 4.2, 4.3, and 4.4.

4.5.1. Overview of Key Variables and Assumptions

The techno-economic assessment of the hydrogen production pathway from biomass gasi-

fication was conducted by analyzing the impact of three key variables:

Biomass feedstock price: based on the data provided by the Swedish Energy Agency
[62] for woodchips in 2024, reported at 324 SEK/MWh, which corresponds to approxi-
mately 80.6€/ton (as reported in Table 4.4) assuming a lower heating value (LHV) of
9.74MJ/kg [40]. This elevated price reflects the market conditions currently affected
by geopolitical instability. Nevertheless, similar values have been reported in literature;
for instance, Rajaee et al. [40] adopted a biomass price of 72.40€/ton in their techno-

economic evaluation of biomass-to-methanol pathways.

CO; handling strategy: two alternative strategies were considered in this study: (i)

direct venting of CO, to the atmosphere without capture and (ii) capture, compression,
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transport, and permanent storage of COy with potential revenue from negative emissions
credits (CCUS).

In the baseline scenario without capture, CO, is emitted directly to the atmosphere.
This approach requires no additional capture infrastructure, resulting in lower capital
expenditures (CAPEX) and operating expenditures (OPEX). However, it implies a direct
emission of fossil-equivalent CO,, potentially incurring carbon taxes or forgoing potential

revenues from the sale of negative emission certificates.

In the CCUS scenario, the CO4 capture rate was computed considering the ratio between
the molar flow of captured COgy (02 capturea) and the molar flow of carbon input from

biomass (7¢ piomass) @ shown in Equation 4.5 [37]:

CO, capture rate = [1C02captured [%] (4.5)

NC biomass
According to Lundgren et al. [21], an overall COy capture rate of 85% was assumed.
The captured CO, is sold at a negative emissions certificate price of 100€/ton COy. The
on-site COy handling and compression, as well as transportation via truck to an interme-
diate storage hub, were estimated at 50€/ton CO5 (the downstream ship transport and
permanent storage of CO5 are assumed to cost between 35€ /ton CO5 and 55€ /ton COq,

based on the techno-economic assessment by Beiron et al. [65]).

Consequently, while the implementation of CCUS leads to an increase in CAPEX due to
the installation of capture units, compressors, the process can benefit from a net credit
of approximately 50€ /ton COs, which can effectively help the hydrogen production cost
by reducing the net OPEX. This dual impact—higher CAPEX with a potential reduction
in net OPEX-—makes the CCUS scenario economically attractive under certain policy

frameworks and carbon pricing conditions.

Steam supply strategy: two alternative steam supply strategies were considered in this
study: (i) purchasing steam from an external utility provider and (ii) generating steam

internally through a combination of heat recovery and additional biomass combustion.

In the first case, steam is assumed to be supplied at 20 bar saturated pressure from an
external utility network, which is a common practice in industrial sites located within
energy clusters or integrated utility hubs. Based on published data by Industry Economics
Worldwide [63] and the study of Pérez-Urest et al. [66], a price of 30 € /tsteam Was adopted,
as reported in Table 4.4.

In the second case, an integrated strategy was assessed in which steam is generated in-
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ternally. Excess heat recovered from syngas cooling stages, combustion flue gases, and
exothermic reactions is first utilized to produce medium-pressure steam via heat recov-
ery steam generators (HRSG). Since process heat alone is insufficient to meet the total
demand, the remaining steam requirement is covered by firing additional biomass in a
dedicated boiler. This increases OPEX, due to higher biomass consumption, and also
requires additional CAPEX for the installation of the steam generation section and auxil-
iary equipment. Nevertheless, this configuration reduces dependence on external utilities,

valorizes waste heat, and improves overall energy integration within the plant.

4.5.2. Base Case Analysis: Current High Biomass Price (80.6 €/ton)

In the base case, the biomass feedstock cost was fixed at 80.6€/t (see Table 4.4). The
analysis considers an annual hydrogen production of about 17,500 t/y and evaluates four
scenarios obtained by combining the steam supply strategy with the CO5 handling option,
explained in Section 4.5.1. The corresponding CAPEX, OPEX, and LCOH values are

summarized in Table 4.6, while the detailed calculations are reported in Appendix B.

Annualized
, Net OPEX | LCOH [€/kg
Scenario CAPEX M€ /y] H,]
y 2
[M€/y]
1) No CCUS + Purchased Steam 29.4 53.9 4.7
2) No CCUS + Internal Steam 30.9 48.4 4.5
3) CCUS + Purchased Steam 30.3 37.9 3.8
4) CCUS + Internal Steam 31.8 324 3.6

Table 4.6: Base case results for different combinations of CO5 handling and steam supply

strategies at a biomass price of 80.6€/ton.

In all scenarios, the differences in LCOH reflect the cost trade-offs already discussed in
Section 4.5.1. In the case steam is fully purchased from external suppliers. This solution
does not require additional CAPEX but increases OPEX due to the procurement cost
(30 /tsteam, as reported in Table 4.4). In the second case, steam is generated internally:
part of the demand is covered through process heat recovery, while the remainder is
produced by firing additional biomass. This increases CAPEX, due to the installation of

a steam generation unit, and raises OPEX, due to the higher biomass consumption.

For CO, handling, if CO, is vented, no capture-related investment is required and no

penalties are applied, since Sweden does not currently tax biogenic emissions. Conversely,
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if CO, is captured and sold, additional CAPEX is needed for the capture and compression
unit, and OPEX rises due to capture-related utilities. However, these costs are partially
offset by revenues from CO, sales, leading to a net credit of 50 /tco, [21], which contributes

to lowering the hydrogen cost.

As expected, the scenarios with CCUS display higher CAPEX but lower OPEX compared
to the no CCUS ones, due to the contribution of CO4 revenues. Similarly, when comparing
steam supply options, internal generation slightly increases CAPEX but reduces OPEX,
as it avoids the recurring cost of purchased steam. Among all cases, the configuration with
CCUS and internal steam generation shows the highest CAPEX| reflecting the combined
cost of the COy unit and the steam generator, but also the lowest OPEX, thanks to
avoided steam purchases and CO, sales revenues. This scenario results in the lowest
LCOH, equal to 3.6 €/kgy,, as reported in Table 4.6.

The Levelized Cost of Hydrogen (LCOH) was calculated according to the following general

expression:

CRF - CAPEX + OPEX — credits

my, * top

LCOH =

(4.6)

where CAPEX and OPEX represent the annualized capital and operational expenditures,
respectively, while credits account for revenues from CO, sales and other by-products.
The denominator refers to the annual hydrogen production, obtained by multiplying the

hydrogen production rate by the operating hours reported in Table 4.5.

The annualized CAPEX was derived using the capital recovery factor (CRF), which con-

verts the total investment cost into an equivalent annual value:

crp - - (1* 1) (4.7)
(14 5)" -1 '

100

where ¢ = 8% is the interest rate and n = 25 years is the productive life of the plant [37|
(Table 4.4).

For clarity, the results in Table 4.6 are expressed as annualized CAPEX (i.e., already
multiplied by the CRF) and net OPEX (OPEX after deducting CO, revenues). This
representation provides a direct comparison across scenarios, highlighting how costs vary

depending on the steam supply strategy and CO, handling option.
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4.5.3.

ations

A sensitivity analysis was conducted by varying the target LCOH between 3€/kg and
5€/kg to determine the corresponding ranges of CAPEX and OPEX under the assump-
tion of high biomass prices (80.6 €/ton, as reported in Table 4.4). This type of analysis

is crucial for evaluating the economic feasibility of the project under different market

4| Techno-Economic Assessment (TEA)

scenarios and financing structures.

Sensitivity Analysis on LCOH: CAPEX and OPEX Vari-

LCOH [€/kg Hy]

Annual CAPEX+OPEX [M€/y]

52.48

87.47

Table 4.7: Annual CAPEX-+-OPEX at different LCOH.

Table 4.7 shows the starting range to consider for the analysis.

Scenario 1: Steam fully purchased and CO2 emitted

LCOH [€/kg H,]

Net OPEX [M€/y]

Annualized CAPEX [M€/y]

3.00 53.85 -1.37
4.76 53.85 29.37
5.00 53.85 33.62

Table 4.8: Relationship between annualized CAPEX and LCOH under fixed OPEX con-

ditions (Scenario 1).

LCOH [€/kg Hy

Net OPEX [M€/y]

Annualized CAPEX [M€/y]

3.00 23.12 29.37
4.76 53.85 29.37
5.00 58.10 29.37

Table 4.9: Relationship between net OPEX and LCOH under fixed CAPEX conditions

(Scenario 1).
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Table 4.8 shows the CAPEX range required to achieve different LCOH values while main-
taining OPEX constant. Table 4.9 presents the OPEX range that enables reaching the
target LCOH while keeping CAPEX fixed.

Scenario 3: Steam fully purchased and CO2 captured and sold

LCOH [€/kg Hy| | Net OPEX [M€/y] | Annualized CAPEX [M€/y]

3.00 37.93 14.56
3.85 37.93 30.33
5.00 37.93 49.54

Table 4.10: Relationship between annualized CAPEX and LCOH under fixed OPEX

conditions (Scenario 3).

Similarly, Table 4.10 reports the CAPEX variation needed to reach the desired LCOH
while keeping OPEX fixed. Due to the COs sales revenue, OPEX is lower in this scenario,
leading to a higher feasible CAPEX range compared to Scenario 1.

This type of analysis is particularly valuable from an investor or company perspective, as
it provides insights into the flexibility of CAPEX and OPEX values required to achieve
a specific LCOH target. Since capital costs are often more uncertain than operational
costs, the CAPEX-focused sensitivity (Table 4.8 and Table 4.10) is of particular interest,

as it helps identify the acceptable investment cost range for economic viability.

Comparing the results with Table 4.10, it is evident that the acceptable CAPEX range is
higher for Scenario 3, thanks to the lower OPEX achieved by capturing and selling COs,

thereby making this configuration more economically attractive.

4.5.4. Sensitivity Analysis on Biomass Price: LCOH Reduction
Potential

Given the strategic importance of biomass price in the overall process economy, a further
sensitivity analysis was performed by varying the biomass price from 30€/ton to 50€/ton,
which reflects possible future scenarios assuming market stabilization or increased biomass

availability.
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Figure 4.2: LCOH at different biomass price for scenario 1 and 3.

Biomass price | Annualized CAPEX | Net OPEX LCOH
[€/ton] [M€/y] [M€/y] | [€/kg Ho]
30 29.1 32.0 3.4
40 29.1 36.4 3.7
50 29.1 40.7 3.9

Table 4.11: LCOH at different biomass price - Scenario 1.

Biomass price | Annualized CAPEX | Net OPEX LCOH
[€/ton] [M€/y] [M€/y] | [€/kg Hy]
30 30.3 16.0 2.6
40 30.3 20.5 2.8
50 30.3 24.8 3.1

Table 4.12: LCOH at different biomass price - Scenario 3.

Figure 4.2 and the relative Tables 4.11 and 4.12 presents the impact of the reduction
in biomass price on the achievable LCOH, for both Scenario 1 (steam purchased, CO,
emitted) and Scenario 3 (steam purchased, CO, captured and sold), highlighting the

critical importance of the competitiveness of the cost of feedstock.
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As expected, the LCOH shows a positive correlation with biomass price in both scenarios,
underlining the significant impact of feedstock costs on the overall hydrogen production

cost.

Scenario 3 consistently achieves a lower LCOH compared to Scenario 1 across the entire
biomass price range, mainly due to the additional revenue from CO, sales, which offsets
part of the OPEX.

Lower biomass prices are clearly advantageous, leading to lower LCOH values and improv-
ing the overall economic feasibility of both configurations. However, the relative economic
advantage of Scenario 3 becomes even more pronounced at higher biomass prices, empha-
sizing the role of CO, sales revenue in mitigating feedstock price risks. Thus, ensuring
access to low-cost biomass feedstock or securing COs offtake agreements becomes critical

to improve project competitiveness, especially under volatile biomass market conditions.

4.5.5. Cost Breakdown Analysis

To better assess the economic drivers of the proposed configuration, a cost breakdown
analysis was performed for Scenario 3, corresponding to the case with CCUS implementa-
tion and purchased steam supply. Figure 4.3(a) reports the capital expenditure (CAPEX)
distribution among the main process sections. The results show that more than half of
the total investment (52%) is associated with the biomass-to-syngas island, highlighting
the high capital intensity of the gasification and syngas conditioning units. Compressors
account for about 20% of the CAPEX, while cleaning sections and syngas-to-hydrogen
units contribute 11% and 9%, respectively. Heat exchangers represent a marginal share
of the investment (8%).

A more detailed breakdown of the biomass-to-syngas island (Figure 4.3(b)) confirms that
the circulating fluidized bed gasifier (CFBG) and the partial oxidation (POX) reactor
together dominate the section, contributing approximately 69% of the total. Feedstock
handling and drying account for 14%, while the metal hot-gas filter and the HT /LT
water-gas shift units contribute 5% and 12%, respectively. This distribution underlines
the crucial role of the CFBG and POX units in determining the overall investment cost

of the plant.

Regarding operating expenditures (OPEX), Figure 4.3(c) shows that the biomass feed-
stock represents the dominant contribution (65%), confirming that feed supply is the key
cost driver in biomass-based hydrogen production. Electricity accounts for 7% of the
OPEX, mainly due to compression requirements, while purchased steam contributes 15%.

Fixed costs, including labor, maintenance, and overheads, amount to 13% of the total.
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These results highlight how the economic performance of the process is strongly influenced
by the cost of biomass and the capital requirements of the gasification and oxidation units.
Consequently, future optimization should focus on improving the efficiency of the biomass-

to-syngas conversion and on exploring strategies to reduce feedstock supply costs.

CAPEX breakdown Biomass-to-Syngas Island CAPEX breakdown OPEX breakdown

200

= Biomass-to-syngas island = Cleaning Sections Feedstock handling and drying CFBG m Biomass wElectricity = Steam = Fixed Cost

= Syngas-to-Hydrogen island = COmpressors = POX unit = Metal Hot-Gas Fitter
Heat Exchangers ® HT and LT WGS units

Figure 4.3: Economic breakdowns for Scenario 3: (a) CAPEX Breakdown, (b) Biomass-
to-Syngas Island CAPEX Breakdown, (¢) OPEX Breakdown

4.5.6. CO5 Emissions Contribution

An analysis of the contribution of each process section to the overall CO, balance was
carried out for Scenario 3 (CCUS with purchased steam). The main source of direct
COs generation is the biomass-to-syngas island, where carbon is partially oxidized in the
CFBG and POX units. These reactors account for the majority of the raw CO, produced
in the system (= 374600 ton/y).

The syngas conditioning and cleaning sections (WGS, ZnO guard bed, SATS, AGR) do not
release significant amounts of COs directly, but they contribute indirectly through energy
consumption for heating, cooling, and auxiliary operations. Similarly, the Hy purification
(PSA) and compression units are essentially neutral in terms of carbon conversion, yet
they require considerable amounts of electricity. The same holds for purchased steam,

whose carbon footprint would depend on the upstream steam generation technology.

Thanks to the implementation of CCUS, most of the CO5 generated in the gasification and
POX units is captured and compressed for storage, thereby preventing its release to the
atmosphere. As a result, the residual carbon footprint of the plant is mainly associated
with indirect emissions from electricity and steam supply. However, since Stegra relies

on renewable energy sources, these indirect contributions do not translate into additional
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fossil CO4 emissions, further strengthening the decarbonization potential of the process.

4.6. Integration of SATS Technology for H,S Split-
ting

The Sulfidric Acid Thermal Splitting (SATS) technology, developed at Politecnico di
Milano in collaboration with ITT SpA, represents an innovative approach to recovering
hydrogen from toxic hydrogen sulfide (H,S) waste gases [67]. The process is based on the
endothermic decomposition of HsS into hydrogen and elemental sulfur, according to the

reaction:

HyS — Hy +0.5S,  AH, = +20.4 kJ mol™! (4.8)

followed by a purification stage in which the hydrogen-rich stream is cooled, condensed
sulfur is separated, and purified hydrogen is recovered [67]. Unlike the conventional Claus
process, which focuses exclusively on sulfur production, SATS simultaneously enables
the valorization of HoS and the generation of high-value hydrogen, which can then be

reintegrated into the main production line of the plant.

From a general technological perspective, the process can be integrated into existing
industrial facilities, such as natural gas sweetening units using amine washing or waste-
to-fuel processes like tire pyrolysis, where H,S is present in significant concentrations
[67, 68].

The endothermic splitting of HyS is thermodynamically promoted at high temperature
and low pressure [67]. At sufficiently high temperature and residence time the reaction is

highly selective to elemental products, so intermediates are negligible [67].

Significant conversion is only achieved above 900 °C, where high temperature activates the
splitting and markedly increases conversion, especially at low pressure. Yet, a mechanical
limit of about 1200 °C, dictated by the thermal resistance of common materials, prevents
further increases. Under these conditions the maximum per-pass conversion is therefore
restricted to about 38% [67]. Consequently, recycling unreacted HsS is essential to raise
overall yield. In its current TRL 6 configuration, SATS operates in the 1000 °C to 1200 °C
window with typical per-pass conversions of ~25-30%, while catalytic routes (e.g., MoSs)

are being explored to reduce the required temperature and improve kinetics [67, 68|.

Overall, integrating SATS into hydrogen production pathways based on gasification or
other carbonaceous feedstocks offers a promising strategy to increase efficiency, reduce

emissions, and valorize sulfur-containing waste streams by recovering additional hydrogen
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directly into the main production chain.

4.6.1. SATS Technology Simulation Results

A simulation analysis was carried out to evaluate the performance of the SATS technology
under three reactor temperature conditions: 900°C, 1100°C, and 1200°C. The process
was modeled at atmospheric pressure, assuming ideal separation conditions and a constant
H,S feed of 10.43kgh™! from the ZnO bed. The SATS reactor was represented as an ideal
Plug Flow Reactor (PFR), externally heated to ensure isothermal operation [67]. In this
analysis, pressure drops along the reactor were neglected, while the design parameters,
including a residence time of 0.5 s, were selected to ensure equilibrium conditions at the

outlet and to maximize conversion.

The modeling of the SATS unit was performed with DSmoke, a dedicated software devel-
oped at Politecnico di Milano for the simulation of sulfur-containing systems. The tool
is specifically designed to describe pyrolysis and thermal degradation pathways, and it
includes more than 150 reactions and about 50 species related to sulfur chemistry. When
extended to hydrocarbon oxidation, the framework encompasses over 2000 reactions and
150 species, enabling a detailed kinetic representation of the system. This level of de-
scription allowed reliable prediction of the reactor behavior under the selected conditions,

providing insights into the effect of temperature on conversion and hydrogen recovery [67].

The results, reported in Table 4.13, show that increasing the reactor temperature signif-
icantly enhances the HsS conversion (from 12.9% at 900°C to 37.5% at 1200°C). As a
consequence, the amount of HyS that needs to be recycled decreases considerably. The
hydrogen output remains constant at 0.6169 kg h~!, since no purge stream was considered
in the system. As a result, all unreacted gases are fully recycled, and the overall H,

production remains unchanged across all cases.

Energy demands—Dboth for heating and compression—decrease with increasing tempera-
ture, reflecting more efficient conversion and lower recycling needs. These results confirm
the thermodynamic favorability of the HyS splitting reaction at elevated temperatures

and support the integration of a recycle loop to maximize hydrogen recovery.
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T react | Conversion Heating Reactor Cooling Compression H> Out Recycle
[Cl [%] kW] kW] kW] kW] [ke/b] H,S
[kg/h]
900 12.9 15.42 24.91 26.95 5.344 0.6169 70.42
1100 28.3 10.27 24.95 18.97 2.452 0.6169 26.42
1200 37.5 9.044 24.96 17.14 1.858 0.6169 17.38

Table 4.13: Simulation results of the SATS technology at different reactor temperatures.

In this case, the increase in Hy production is minimal, less than 1% compared to the
previous scenario, and the revenue from sulfur sales is also relatively low. Assuming
a sulfur selling price of 120 €/ton [37], as reported in Table 4.4, the amount of sulfur
produced in the three scenarios is 1.27 kg/h, 2.8 kg/h, and 3.7 kg/h, corresponding to
additional annual revenues of approximately 1,216 €, 2,668 €, and 3,535 €, respectively.

Although the increase in Hy production achieved through this technology is relatively
modest, the SATS technology remains advantageous, particularly when compared to im-
plementing a separate Claus process for HoS treatment. This is because the same reactor
unit can be used, with only different operating parameters applied to handle HyS. In-
stead of fully combusting it, the process involves selectively cracking HsS, enabling the
recovery of both hydrogen and elemental sulfur. Therefore, while the economic benefit
naturally increases with higher HoS concentrations in the syngas, the technology can still

be favorable even at lower concentrations due to the minimal additional CAPEX required.

4.7. Comparison with Literature Studies

Several studies in the literature have estimated hydrogen production costs from biomass
gasification, varying by technology type, plant scale, and feedstock cost. Table 4.14
summarizes selected examples, highlighting production costs in both €/MWh and € /kg

H,, across different gasification technologies.
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Technology Hs output | Biomass cost Production Production Ref.

(MW) [€/MWh] cost [€/MWh] cost [€/kg]
Dual Fluidised 3 19.4 222 74 Yao et al. (2017)
Bed (DFB)
Dual Fluidised 145 17.6 120 4.0 Awgustow et al.
Bed (DFB) (2023)
Dual Fluidised 50 18.0 66 2.2 Binder et al.
Bed (DFB) (2018)
Og-blown 630 18.0 141 4.7 Salkuyeh et al.
Entrained Flow (2018)
(EF)
Os-blown Circular 59 10.0 137 4.6 Hannula et al.
Fluidised Bed (2021)
(CFB)

Table 4.14: Comparison of biomass gasification technologies for hydrogen production.

Ahlstrom [69] reported biohydrogen production costs from thermochemical processes rang-
ing 2.6-7.0 €/kg (78-210 €/MWh), while Borges et al. [70] reported a LCOH ranging
3.1-3.5 USD/kg (with biomass price of 42.2 UUSD/ton); both data align well with the
estimates presented in Table 4.14. Biomass feedstock price plays a critical role in these
costs. Lundgren et al.[21] reported that production costs can range from 2.7-4.0 € /kg (82
to 120€/MWh) assuming a biomass price of 20 €/MWh (54 €/ton), and noted that cost

reductions of 10-20% are possible due to economies of scale and efficiency improvements.

The same study also evaluated the impact of CO, sales at 50 €/ton (same assump-
tion reported in section 4.5.1), which would reduce the cost range to 2.2-3.5 €/kg Hy
(67-105 €/MWh).

The average hydrogen production cost from fossil-based steam methane reforming (SMR)
in Europe has historically been around 2 € /kg (or 60 €/MWh). However, in 2022, due to
a spike in natural gas prices, costs surged to 5.7 € /kg. By 2023, the average SMR-based
hydrogen cost had declined to 3.8 €/kg as natural gas prices stabilized [21].

International Energy Agency ([19]) estimated geospatially explicit costs of the production
of hydrogen from electrolysis from solar cells as well as from onshore wind power after
2040-2050, presented in Figure 4.4. It can be seen that the production cost range of
biomass gasification-based hydrogen estimated in this report is highly competitive to cost

ranges of various kinds of renewable electrolytic hydrogen in most parts of the world.
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Figure 4.4: Estimated cost of hydrogen based on solar cells and onshore wind power
beyond 2040-2050 (adopted by [19]).

4.8. Insights and Critical Considerations

Economic Drivers

The techno-economic analysis highlights several key insights. The choice of a CO, han-
dling strategy (CCUS) strongly impacts both CAPEX and OPEX due to the additional
capture and storage infrastructure. Nevertheless, it also opens the possibility of gener-
ating revenues through CO, utilization. Internal steam generation by recovering process
excess heat proves economically favorable, especially in scenarios with high biomass prices.
Among all parameters, the cost of biomass feedstock emerges as the most influential: re-
ducing its price directly decreases the levelized cost of hydrogen (LCOH), underlining
the importance of supply chain optimization and policy measures that ensure stable and

affordable biomass availability.

These findings are consistent with previous techno-economic studies on biohydrogen pro-
duction, which identify feedstock cost and process integration as the main drivers for

achieving competitive hydrogen prices.

Hydrogen Yield Limitations

From a technical standpoint, the hydrogen yield obtained in this study is approximately
41%. Although this value may appear relatively low compared to theoretical yields or

alternative process configurations, it is mainly constrained by two fundamental aspects:
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(i) the low hydrogen-to-carbon ratio intrinsic to biomass compared to fossil feedstocks,
and (ii) the thermodynamic limitations of the gasification and water—gas shift (WGS)
reactions. Despite the application of both high- and low-temperature WGS units, the
conversion of CO to Hy remains restricted by equilibrium conditions, leading to a syngas

mixture containing significant amounts of CO,, CO, CHy, and Ns.

Role of Steam-to-Biomass Ratio

An additional critical parameter is the steam-to-biomass ratio (S/B). Increasing this ratio
enhances the extent of the WGS reaction, thereby favoring higher Hy yields. However, it
simultaneously raises the demand for steam generation, which implies greater energy con-
sumption and operational complexity. Hence, optimizing the S/B ratio requires a careful
balance between thermodynamic benefits and economic feasibility. Economically, a higher
hydrogen yield would translate into more efficient utilization of biomass, a reduction in the
required size of downstream equipment, and improved overall process efficiency. On the
other hand, achieving such improvements would likely necessitate additional investments
(e.g., in steam generation systems or advanced catalytic materials) and could increase
operating costs. Although these trade-offs are not quantified in the present work, they

represent relevant aspects for future techno-economic assessments.

Impact of Operating Hours

It is important to note that the annual operational time of the gasifier strongly influences
the overall economics. If the annual operational time of the gasifier is reduced, the levelized
cost of hydrogen (LCOH) increases. This is primarily due to the fixed capital expenditures
(CAPEX) and operational expenditures (OPEX) being distributed over a smaller quantity
of hydrogen produced. Since these costs do not scale down proportionally with reduced
operating hours, a shorter uptime leads to a higher cost per unit of hydrogen. High
utilization rates, close to the design capacity (e.g., 8000 h/year), are therefore essential to

ensure economic viability in hydrogen production systems based on biomass gasification.

4.9. Why This Integration Matters for Stegra: Project

Outcomes
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4.9.1. Advantages of Biomass Gasification Over Electrolysis for

Hydrogen Production

While both biomass gasification and water electrolysis are viable methods for hydrogen
production, biomass gasification presents several distinct advantages that are particularly

relevant in the context of this study.

Firstly, biomass gasification enables the use of residual and low-value feedstocks such as
forestry residues, wood chips, and agricultural waste. This contributes to a circular econ-
omy by transforming waste materials into a valuable energy carrier while also supporting
sustainable forest management practices. In regions like Sweden, where such biomass is

abundant, this approach leverages local resources effectively.

A major advantage of gasification is its significantly lower reliance on electricity. Electrol-
ysis is electricity-intensive and so highly dependent on electricity availability and price. In
contrast, biomass gasification primarily depends on thermal energy, much of which can be
internally supplied by combusting part of the biomass or syngas. Electricity consumption
is limited to auxiliary systems such as pumps and compressors. This makes gasification
particularly attractive in contexts where clean electricity is limited, expensive, or better

used elsewhere in the energy system |71, 72].

Another key benefit is the potential for carbon-negative hydrogen production. Since
biomass absorbs COs from the atmosphere during its growth, combining gasification with
carbon capture and storage (CCS) can result in net removal of COy. This contrasts with
electrolysis, which is only carbon-neutral when powered by renewable electricity and does

not inherently allow for negative emissions.

The use of biomass also enhances regional energy security by reducing dependence on
imported fuels and centralized electricity grids. Locally sourced biomass can support
decentralized hydrogen production systems that are more resilient to supply disruptions

and more aligned with rural development goals.

Economically, in areas with plentiful and inexpensive biomass, gasification can offer lower
operational costs than electrolysis, especially when electricity prices are volatile or high.
This improves the economic feasibility of hydrogen production projects, particularly for

industrial or off-grid applications |71, 72].

Additionally, although not the focus of this study, the literature notes that biomass gasi-
fication may enable the co-production of other valuable outputs, such as heat, power, or
biochar. These by-products could offer added value and improve overall system efficiency

in certain applications. In comparison, electrolysis yields oxygen as a by-product, which
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typically has limited commercial relevance.

Finally, while not explored in this work, other studies have examined the possibility of
integrating gasification-based hydrogen production with downstream synthesis of chemi-
cals such as methanol or ammonia. Such integration may offer additional flexibility and
alignment with existing industrial processes, depending on regional and economic condi-

tions.

In summary, biomass gasification provides a robust, locally adaptable, and potentially
carbon-negative route for hydrogen production. It complements the long-term role of
electrolysis, particularly in biomass-rich regions and applications where thermal integra-

tion and by-product valorization are advantageous.

4.9.2. Integration of Biomass Gasification and Electrolysis for

Hydrogen Production

A central focus of this work is the integration of biomass gasification and water electrolysis
for hydrogen production. While each pathway has individual merits, their combination
into a hybrid system offers several technical, environmental, and economic advantages

that strengthen the overall feasibility and strategic value of the project.

The integration leverages the complementary nature of the two technologies. Biomass
gasification provides a thermochemical route that utilizes locally available, renewable
solid feedstocks such as forestry residues. It enables base-load hydrogen production and
offers the potential for carbon-negative outcomes when combined with carbon capture
and storage (CCS). Electrolysis, in contrast, provides a highly flexible, electrically driven
route that can absorb excess renewable electricity and respond rapidly to fluctuating
power markets. When operated together, the two technologies can produce hydrogen

more efficiently, reliably, and sustainably than either system alone. [71].

One of the key advantages is improved operational flexibility. The gasifier can provide
steady hydrogen output, while the electrolyzer can be operated dynamically based on
electricity price signals or grid availability. This duality enables the system to respond
to both biomass supply and electricity market conditions, enhancing its robustness and

economic performance [71-73].

Another significant advantage lies in the utilization of oxygen produced during electrol-
ysis. Oxygen, generated as a byproduct at the anode of the electrolyzer, is often vented
to the atmosphere in many research and industrial applications, including, at present, in

the Stegra project in Boden. However, utilizing this oxygen as a gasification agent in the
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biomass gasifier and in the partial oxidation (POX) unit can enhance the quality of the
produced syngas while significantly reducing the cost associated with the treatment of
unwanted gases. Furthermore, eliminating the need for dedicated oxygen supply equip-
ment, such as cryogenic air separation units, can substantially lower hydrogen production
costs [72].

Environmentally, the hybrid system maximizes carbon mitigation potential. Biomass gasi-
fication, when paired with CCS, can deliver negative emissions by permanently storing
biogenic CO,. Electrolysis powered by renewable electricity produces zero-carbon hy-
drogen. Together, these pathways contribute to a deep decarbonization strategy aligned
with long-term climate targets. From a strategic perspective, integrating these technolo-
gies enhances energy security by diversifying input resources and creating a resilient,

decentralized hydrogen supply [71-73].
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5 ‘ Commercial Developments in
Biomass Gasification for

Hydrogen Production

Currently, no commercial-scale biomass gasification plants dedicated to hydrogen pro-
duction are in operation globally. However, several technology providers offer biomass
gasification solutions, and the number of announced projects for hydrogen production is
growing worldwide. This reflects the increasing interest in biomass-based hydrogen as

part of decarbonization strategies [21].

Selected ongoing activities and projects are summarized in the following sections, with

examples shown in Figure 5.1.

Torrgas (N
4, Kew (UK)
ABSL (UK)

Figure 5.1: Examples of technology providers and projects on gasification based biohy-

drogen production (adopted by [21]).
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5.1. Torrgas Technology (The Netherlands)

Torrgas addresses the underutilization and harmful disposal of agricultural residues by
offering a solution that transforms these wastes into valuable products, reducing pollution
and enabling sustainable biofuel and chemical production. Through its innovative process,
Torrgas turns biomass waste into clean syngas and biochar, contributing to climate change

mitigation and circular economy strategies.

The Torrgas process, reported in Figure 5.2, starts with a mobile torrefaction unit that
converts residual biomass into torrified briquettes known as Torquettes. These Torquettes
have a significantly increased energy density, storing up to 30 times more energy than the

original feedstock, which allows for highly efficient transportation [35].

Product

Sustainable

Figure 5.2: Torrgas process (adopted by [35]).

The Torquettes then enter a two-step gasification process designed by Torrgas.

In the first stage, known as low-temperature gasification, the torrefied biomass under-
goes controlled thermal decomposition. This is followed by high-temperature gasification,
where the remaining solids are further converted into syngas and solid by-products. This
two-stage approach is specifically designed to avoid common issues associated with tra-
ditional gasification technologies, such as tar and slag formation. The resulting syngas is
exceptionally clean and suitable for the production of a wide range of green chemicals and
biofuels, including biomethanol, hydrogen, dimethyl ether (DME), and renewable plas-
tics. Additionally, the process separates high-purity carbon dioxide, which can be utilized
in industrial applications such as beverage production and greenhouse enrichment. The
solid by-product, biochar or activated carbon, can be used for soil improvement, water

purification, flue gas cleaning, or further valorized as a biocomposite material [35].
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Torrgas’ process thus offers a decentralized, flexible, and scalable solution to biomass
valorization. By converting problematic waste streams into high-value products while
minimizing environmental harm, Torrgas presents an innovative pathway that supports

the transition to a low-carbon, circular economy.

5.2. Mote Process and Carbon-Negative Hydrogen
Production (USA)

Mote, a U.S.-based company, is developing a first-of-a-kind technology that converts
woody waste biomass into carbon-negative hydrogen while permanently sequestering CO,
underground. This approach addresses climate goals, improves air quality, and helps mit-
igate wildfire risks [21].

The process, shown in Figure 5.3, begins with woody biomass that is chopped and re-
acted with pure oxygen in an oxygen-blown fluidized bed gasifier with temperatures of
approximately 1500°F. The output of the gas mixture is separated and cleaned up to
generate high-purity biohydrogen and a concentrated COs stream, which is permanently
stored in geological formations. Additionally, residual ash is recovered for use by fertilizer
industries [74].

Mote’s system captures nearly all carbon from the feedstock, ensuring no emissions while
achieving high energy efficiency. Compared to alternatives like water electrolysis and
Direct Air Capture, Mote’s process requires significantly less capital, land, water, and
electricity [74].

The company’s first large-scale facility will process more than 300,000 tons of wood residue
per year, producing around 21,000 tons of hydrogen and sequestering more than 450,000
tons of CO,. This hydrogen is intended for applications in transportation and energy
storage, providing a scalable pathway to carbon-negative fuels and enabling deep decar-

bonization of hard-to-abate sectors [74].
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Figure 5.3: Mote hydrogen production process based on biomass gasification and CCS
(adopted by [21]).

5.3. Haffner Energy Process and Biohydrogen Pro-
duction

Haffner Energy, a French technology provider, aims to accelerate decarbonization through
local biomass valorization, targeting the avoidance of 200 million tons of CO, emissions by
2034. The company’s approach emphasizes short supply chains, enabling the conversion of
local biomass residues into renewable hydrogen and energy for immediate use in industries

and mobility applications, fostering local virtuous ecosystems|75].

Central to Haffner Energy’s offering is its proprietary gasification technology, Gasiliner®,
which distinguishes itself by its flexibility to handle diverse biomass feedstocks and its
resistance to ash-related issues common in conventional gasifiers. The process involves
the gasification of biochar at high temperatures (around 1000°C) with steam injection,
promoting the reaction between carbon and steam to yield hydrogen and carbon monoxide
(C 4+ HyO —— Hy + CO). The high specific surface area of biochar allows for nearly
complete conversion of carbon, resulting in high process yields and minimizing ash to its

inert inorganic fraction|75].

The resulting syngas, branded as Hypergas®, is characterized by a hydrogen content ex-
ceeding 45% by volume, a high heating value, and low impurity levels, making it a superior
alternative to conventional syngases. This, after appropriate gas treatment and conver-
sion, it is transformed into renewable hydrgen, renewable syngas, renewable methanol

and sustainable aviation fuel (SAF). For practical deployment, Haffner Energy offers the
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HYNOCA® solution, a turnkey package encompassing engineering, construction, and op-
eration support to produce renewable hydrogen without reliance on electricity |75]. Figure

5.4 and 5.5 show the process design the company relies on.
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Figure 5.4: Haffner Energy Technology (adopted by [75]).
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Figure 5.5: Haffner Energy simplified production process (adopted by [75]).

Haffner Energy has announced plans to establish three smaller-scale biohydrogen plants
in Europe. Facilities in Gloveller (Switzerland) and Alkmaar (Netherlands) are each
expected to produce 720 kg/day of hydrogen, with operations scheduled to commence in
2026. A third plant in Montbéliard (France) aims for a larger capacity exceeding 1,000
kg/day, with planned start-up in early 2027 [21].
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5.4. Cortus Energy and the WoodRoll® Process (Swe-
den)

Founded in 2006, Cortus Energy AB, a Swedish technology company, has developed the
patented WoodRoll® gasification technology to provide renewable, ultra-clean syngas as
a replacement for fossil fuels in climate-intensive sectors such as the steel and transport
industries. The company’s goal is to support the transition to a low-carbon economy by
converting low-grade biomass and waste into high-purity hydrogen-rich syngas, signifi-

cantly reducing the carbon footprint of hard-to-abate sectors [76].

The WoodRoll® process is characterized by its versatility and ability to handle a wide
range of biomass and waste feedstocks, including forest residues, energy crops, agricultural
wastes, and industrial by-products like fiber sludge and construction waste. The process

operates in a series of steps designed to ensure high efficiency and product purity [76].

Initially, the biomass is dried at around 100°C, followed by pyrolysis at approximately
400°C, producing pyrolysis gas and char. The pyrolysis gas is combusted to supply heat
for both the pyrolysis and drying steps, with the resulting steam fed into the gasifier. In
the high-temperature gasification stage, finely ground char reacts with steam at about

1100°C, producing a clean syngas with a hydrogen content between 55% and 60% [76].

To further maximize the hydrogen yield, a dual pressure swing adsorption (PSA) system
is integrated. The first PSA extracts hydrogen directly from the syngas, while the tail gas
undergoes a water-gas shift reaction to convert remaining carbon monoxide into additional

hydrogen, which is recovered in the second PSA stage [21].

The technology has been demonstrated in the 6 MW WoodRoll® plant located at the

Hoganés steel plant in Sweden, schematically showed in Figure 5.6.
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Figure 5.6: Cortus Energy process (adopted by [76]).

5.5. BtX energy GmbH (Germany)

AHT Syngas Technology NV and BtX energy GmbH are collaborating to develop a con-
tainerized solution for the production of hydrogen from pelletized biogenic residues. The
project builds upon BtX’s established gasification technology, known for producing clean
product gas, and the Ferro-Hy-Tunnel (FHT) hydrogen separation technology, which has
been successfully tested at laboratory scale but not yet applied at technical scale (Figure
5.7) |21, 77].

The objective is to optimize hydrogen content in wood-derived syngas, ensure gas purity
suitable for downstream applications, and enable efficient separation of high-purity hy-
drogen from the product gas. Depending on the gas quality, the system is expected to
produce 1 kg of hydrogen from 12-15 kg of pelletized wood residues. Upon successful
demonstration, the project will deliver a mobile, containerized plant capable of producing
green hydrogen from wood pellets, offering a flexible and decentralized energy solution

based on a widely available renewable feedstock |21, 77].
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Figure 5.7: BtX Energy test facility (adopted by [21]).
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6 ‘ Conclusions

This thesis has evaluated the techno-economic potential of integrating biomass gasification
as a complementary hydrogen production route for fossil-free steelmaking, with specific
reference to Stegra’s DRI plant in Boden, Sweden. The results show that woody biomass
gasification in a circulating fluidized bed, coupled with partial oxidation, water-gas shift,
and PSA, can provide a technically viable and economically competitive supplement to
electrolysis. The modeled system achieves a hydrogen yield of 40.5 kg per ton of biomass
at a thermal efficiency of 58.3%, supplying around 17% of the hydrogen required by the
DRI unit. The produced hydrogen meets high-purity specifications (>99.8%), making
it suitable for direct use in iron reduction. Emerging technologies such as the SATS
process may also enhance overall efficiency by increasing hydrogen recovery and creating

additional opportunities for byproduct valorization.

From an economic perspective, the Levelized Cost of Hydrogen (LCOH) is found to
be strongly dependent on biomass price, steam generation strategy, and CO, handling.
The most favorable case—internal steam production combined with COy capture and
sale—achieves an LCOH of 3.6 €/kg Hy, while less favorable scenarios fall in the range
of 4.5-4.7 €/kg Hy. High utilization rates (close to 8000 h/year) and secure access to

affordable biomass emerge as essential conditions for competitiveness.

Although the cost of biohydrogen is slightly above that of electrolysis for Stegra, the
technology brings several system-level advantages: it reduces dependence on large-scale
electricity supply, allows the valorization of woody and potentially waste biomass, and can
even enable carbon-negative hydrogen production when combined with CCUS. In hybrid
systems, it can provide stable hydrogen output, exploit electrolytic oxygen, and increase

overall flexibility.

These outcomes align with benchmarks from the literature, reinforcing the potential role of
biohydrogen as a competitive and complementary low-emission pathway. Future analyses

could focus on practical testing and gradual optimization of the process configuration.

Overall, this work provides evidence that biomass gasification can play a strategic role

in decarbonized steelmaking, complementing electrolysis and strengthening energy sys-
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tem resilience. Unlocking its full potential will require careful process integration, stable
resource supply chains, and strong policy support. Within these conditions, biohydro-
gen can become not only a technically viable option, but also a practical enabler of the

industrial energy transition.
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A_ ‘ Appendix A: Inlet and Outlet
Stream Compositions

This appendix provides the detailed molar composition (in mol%) and molar flow (in
kmol/s) of the process streams entering and exiting each major unit operation involved

in the hydrogen production process from woody biomass gasification.

A.1. Circulating Fluidized Bed Gasifier (CFBG)

Inlet Streams to the CFBG

Component Molar Flow [kmol/s| | Molar Fraction [-]
C 0.361 0.451
H, 0.258 0.322
O2 (in biomass) 0.109 0.137
Ny 0.00061 0.00076
H50O (in biomass) 0.071 0.089

S 5.29%x107 6.61x107
Cl 0.00012 0.00015
Ash 0.00131 0.0016
Total Biomass 0.8 1.0
Additional O» 0.085 1.0
Additional H,O (steam) 0.288 1.0

Table A.1: Inlet molar composition to the CFB gasifier, including separately added oxygen

and steam.

Gasification Reactions and Reaction Extents

To model the operation of the circulating fluidized bed gasifier (CFBG), the simulation
approach was based on the study by Rajaee et al.[40|, which focuses on the Varkaus
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demonstration plant with a thermal biomass input of 100MW. The set of main reactions
considered in the simulation is derived from the atomic matrix analysis presented in
Section 3.1.3. The extent of four independent gasification reactions was evaluated from
this reference, and a scaling factor of 1.5 was subsequently applied to match the 150 MW

thermal input considered in this work.

Gasification Reaction | Extent of Reaction ()\)
C + Oy = COy 0.2459
C + H;O — CO + Hy 0.0194
C + 2Hy — CHy 0.0254
C + CO2 — 2CO 0.1475

Table A.2: Gasification reactions and corresponding extents used in the simulation.

Outlet Stream from the CFBG (Raw Syngas)

Component | Molar Flow [kmol/s] | Molar Fraction [-]
Char 0.0165

Ash 0.0013

Hs 0.171 0.20
No 0.009 0.011
CO 0.125 0.147
COq 0.148 0.173
HyO 0.344 0.404
CHy 0.038 0.045
CoHy 0.0171 0.020
H,S 8.52x107 0.0001
HCI 8.52x107 0.0001
NH; 8.52x 10 0.00001
Total Syngas 0.87 1.00

Table A.3: Outlet molar composition from the CFB gasifier (raw syngas).
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A.2. Partial Oxidation Unit (POX)

The partial oxidation reactor receives the raw syngas from the gasifier and a stream of pure
oxygen. The table below reports the molar flow rates and molar fractions of each stream
involved in the POX unit, assuming an equivalence ratio (ER) of 0.1. The other operating

parameters are taken from the study of Demol et al. [45], as discussed in Section 3.1.4.

Oxygen Injection

Component

Molar Flow [kmol/s]|

Molar Fraction [-]

O2

0.0914

1.00

Table A.4: Composition of oxygen stream injected into the POX unit.

Outlet Stream from the POX Unit (Reformed Syngas)

Component Molar Flow [kmol/s] | Molar Fraction [-]
Hs 0.179 0.185
O2 0.010 0.010
Ny 0.054 0.056
CcO 0.149 0.156
CO2 0.158 0.164
H>0O 0.370 0.384
CHy 0.037 0.038
CoHy 0.0085 0.0089
H,S 8.52x107° 8.85x107
HCI 8.52x 107 8.85x107
NH; 8.52x 107 8.85x107
Total Syngas Out 0.963 1.00

Table A.5: Outlet molar composition from the POX unit (reformed syngas).
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A.3. Water-Gas Shift Unit ( HTWGS + LTWGS Com-
bined)

The combined high-temperature and low-temperature water-gas shift reactors convert
CO and H50 to CO5 and H,. The following tables report the molar compositions of the
streams entering and exiting the WGS unit. The CO conversion was assumed to be 97%,
while the STCO equal to 2, as explained in Section 3.1.6.

Inlet Streams to the WGS Unit
Syngas Inlet

Component Molar Flow [kmol/s] | Molar Fraction [-]
H, 0.179 0.186
0O, 0.010 0.010
Ny 0.054 0.057
CcO 0.149 0.157
COq 0.158 0.165
H>O 0.370 0.390
CHy 0.037 0.039
HsS 8.52x1073 8.93x107
HCI 8.52x 10 8.93x107°6
NH; 8.52x1076 8.93x107°6
Total Syngas In 0.955 1.00

Table A.6: Molar composition of syngas entering the WGS unit.

Steam Inlet

Component | Molar Flow [kmol/s|] | Molar Fraction [-]

H20 0.299 1.00

Table A.7: Molar composition of steam entering the WGS unit.
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Outlet Stream from the WGS Unit

Component Molar Flow [kmol/s] | Molar Fraction [-]
Ho 0.31 0.25
) 0.015 0.011
No 0.054 0.043
CcO 0.0045 0.004
COq 0.303 0.242
H>O 0.529 0.422
CH4 0.038 0.029
HCI1 8.52x 10 6.79x10°6
NHj 8.52x 1076 6.79x10°6
Total Syngas Out 1.255 1.00

97

Table A.8: Outlet molar composition from the WGS unit (after 97% CO conversion).

A.4. Main Outlet Species

Table A.9 reports the outlet molar flow rates of the main compounds leaving the process.
In particular, Hs is sent to the DRI unit, HsS is treated in the SATS unit, CO, is either

captured and stored or directly emitted, and HyO is sent to treatment.

Species | Molar Flow [kmol/s| | Source

H 0.31 from PSA unit

COs 0.30 from AGR unit

HsS 8.52x107° from ZnO guard bed
H>O 0.53 from condenser

Table A.9: Final molar flows of the main species and their origin.
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B Appendix B: Calculation of

Steam (Generation via
Generator, Associated Costs,

and CO9 Capture Scenario

B.1. Case Assumption - Steam (eneration

In this scenario, the steam required for the process is assumed to be generated using a
biomass-fired generator. The purpose of the following calculations is not to provide a
detailed design of the steam system, but rather to estimate, with sufficient accuracy, the
additional biomass demand as well as the associated CAPEX and OPEX contributions.

Heat and Biomass Demand for Steam Production

The first step was to determine the thermal energy required to cover the steam demand
if no heat recovery was applied. As shown in Table B.1, the steam production would
require about 31.7 MW of thermal energy. Considering a boiler efficiency of 80% [37] and
a biomass LHV of 9.74 MJ /kg (Table 3.2), this corresponds to a biomass consumption of

about 4.1 kg/s. This value provides an upper bound of the potential biomass requirement.
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Parameter Value | Unit
Heat needed to produce steam 31.7 MW
Generator efficiency 0.8 -

Specific heat capacity of syngas (cp) 1.2 kJ/kg-K
Biomass lower heating value (LHV) | 9.74 MJ/kg

Heat input if no heat recovery 39.6 MWth

Equivalent biomass consumption 4.1 kg/s

Table B.1: Heat demand and biomass consumption for steam production without recovery.

Heat Recovery Contributions

In practice, part of the steam demand can be satisfied through process heat recovery.
Table B.2 reports the estimated contributions: approximately 12.6 MW are recovered
after partial oxidation and 6.2 MW from the high- and low-temperature water-gas shift
(WGS) stages. This reduces the net duty to be supplied by the biomass boiler to 12.9 MW.

Heat Recovery Step Recovered Heat | Unit
After partial oxidation (POX) 12.6 MW
From HT and LT water-gas shift (WGS) 6.2 MW
Remaining heat to be provided by generator 12.9 MW

Table B.2: Heat recovered at different process steps.

Biomass Input for Remaining Heat

To supply the remaining duty of 12.9 MW, a thermal input of about 16.2 MWth is re-
quired when considering the boiler efficiency. This translates into an additional biomass
consumption of approximately 1.7 kg/s, as shown in Table B.3. This value is the in-

cremental demand that must be sustained compared to the base case without steam

generation.
Parameter Value | Unit
Thermal input required 16.2 | MWth
Equivalent biomass consumption 1.7 kg /s

Table B.3: Biomass demand for remaining heat to be generated.
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CAPEX Estimation of Steam Generator

The capital cost of the biomass-fired generator was estimated using a standard scaling
correlation, reported in Equation B.1. A reference cost of 6.0 M€ for a 10 MWth unit
and a scaling exponent of 0.65 were assumed [40]. Scaling to the required capacity of
16.2 MWth results in a generator cost of approximately 8.2 M€ (Table B.4). This provides
a rough order-of-magnitude estimation of the additional CAPEX associated with this

option.
Parameter Value | Unit
Reference cost (Cp) 6.0 M€
Reference capacity (Qp) 10.0 | MWth
Scaling exponent 0.65 -
Calculated generator cost (C) 8.2 M€

Table B.4: CAPEX estimation for the generator using a scaling law.

Formula used:

Cp = Cly - (%)M € (B.1)

where Cpg is the base cost, (Jp is the reference capacity, and M is the scaling exponent

OPEX Estimation (Additional Biomass Cost)

Finally, the operational cost associated with the additional biomass required for steam
generation was calculated. Assuming continuous operation (8,000 h/y) and a biomass
price of 80.6 /€t (Table 4.4), the extra OPEX is estimated at about 3.7 M€y, as
reported in Table B.5.

Parameter Value Unit

Additional biomass cost | 3 728 047 | €/year

Table B.5: Estimated additional OPEX due to biomass consumption, assuming 8,000

operating hours per year and 80.6 € /ton biomass price.

In summary, the internal steam generation strategy requires (i) an extra biomass consump-
tion of about 1.7 kg/s, (ii) an additional CAPEX investment of approximately 8.2 M€
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for the steam generator, and (iii) an OPEX contribution of 3.7 M€ /y due to biomass
procurement. These values should be regarded as estimates, meant to provide an order-

of-magnitude indication of the economic impact of this configuration.

B.2. C(Case Assumption — CO,; Capture and Sale

If the CO, stream is assigned an economic value, it is assumed that 85% of the produced
emissions ([21]) can be captured and sold to a negative emissions market. This assumption
reflects a simplified boundary condition, where the capture rate and selling price are
representative of values commonly reported in literature for bioenergy with carbon capture
and storage (BECCS) projects. The objective here is not to design a detailed capture

system, but to provide an order-of-magnitude estimation of the potential revenues.

Capture and Cost Assumptions

Table B.6 summarizes the key assumptions used in the calculation. Based on the process
mass balances, the total COy available for capture corresponds to about 318,400 t/y
(Table 4.5). With an assumed capture efficiency of 85% (|21]), this amount is considered
the effective stream sold to the market. The cost of capture, compression, transport, and
storage was set at 50 €/tCO,, while the selling price was assumed at 100 €/tCOq, in line

with recent literature values [21].

Parameter Value | Unit

Amount of COy captured 318,400 | tco, /v
Capture, transport, and storage cost 50 €/ tco,
Selling price 100 €/ tcoy
Annual revenue 15.9 M€y

Table B.6: Assumptions and revenues for the sale of captured COs.

Calculation of Net Revenue

The net economic contribution of CO, capture is derived by subtracting the capture and

storage cost from the selling price. This gives a profit margin of 50 €/tco,:

Net profit per ton COy = Selling price — Capture cost = 100 — 50 = 50 €/tco, (B.2)
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Multiplying this margin by the annual amount of CO4 captured provides the total revenue:

Total revenue = 318,400 tco,/y X 50 €/tco, = 15.9 M€/y (B.3)

Discussion

This simplified approach shows that, under the assumed market conditions, CO, capture
and sale can contribute nearly 16 M€/y to the project’s economics. These values should
be regarded as indicative: the actual profitability would depend on market dynamics for
negative emissions, transport logistics, and long-term storage availability. Nevertheless,
the estimation highlights the significant potential of CCUS in improving the economic

competitiveness of biomass-to-hydrogen pathways.
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