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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, Luleå 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 CO2 capture. In its most favor-
able configuration, the process can deliver hydrogen at 3.6 e/kg, making it competitive
with electrolysis. At the same time, it offers clear advantages: the chance to reach nega-
tive emissions with CO2 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 H2S 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, CO2 capture, Electrolysis integration.





Abstract in lingua italiana
Il settore siderurgico è 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 l’idrogeno rinnovabile si è affermato come soluzione chiave. Questa tesi, svilup-
pata in collaborazione con Stegra, KTH Royal Institute of Technology, Luleå 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. È 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 CO2. Nella configurazione più favorevole, il processo può fornire idrogeno a
3,6 e/kg, risultando competitivo con l’elettrolisi. Al contempo, offre vantaggi significativi:
possibilità di emissioni negative con cattura della CO2, utilizzo di biomassa rinnovabile
e integrazione con l’ossigeno da elettrolisi per migliorare l’efficienza. Lo studio considera
anche tecnologie innovative come il processo SATS per la scissione dell’H2S, 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 competitività economica,
flessibilità e sinergie con tecnologie esistenti, la gassificazione della biomassa rafforza la
resilienza e la sostenibilità 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 CO2,
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 signi�cantly to global greenhouse gas (GHG) emissions. De-

spite considerable improvements in energy e�ciency 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 CO2 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 CO2) 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 CO2 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 CO2 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 �nal 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 o�ers 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 �ndings,

moreover, highlight the stagnation of e�ciency 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 CO2 -equivalent. While process e�ciency

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 Gasi�cation 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, o�ers 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 gasi�-

cation. Among these, gasi�cation 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 gasi�cation process allows for higher energy recovery e�ciency and generates

a cleaner gas, making it particularly suitable for industrial applications [8]. Given its

potential to generate hydrogen, biomass gasi�cation presents a key opportunity for decar-

bonizing industries such as steel manufacturing while contributing to a sustainable energy

transition. Research has explored di�erent gasi�cation 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 con�gurations, syngas upgrading, and techno-economic assess-

ments continue to support the commercial viability of biomass gasi�cation 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 e�ective 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 (H2-DRI) approach. The H2-DRI pathway holds

considerable promise for fossil-free steel production through the use of green hydrogen

and renewable electricity. It has gained signi�cant 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 gasi�cation is a key technology for producing syngas

(biosyngas) from biomass, and it has been extensively studied in the literature, especially

regarding process con�guration [3].

Biomass gasi�cation is a mature technology, as evidenced by the commercial deployment

of biomass gasi�cation plants over the past decades. This suggests a high technology

readiness level (TRL) for biomass gasi�cation, typically in the range of 7�9 [3]. Con-

sidering the maturity of both gasi�cation and DRI technologies, the integration of the

two processes can be seen as a �low-hanging fruit�, o�ering 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 CO2 stream suitable

for transport or utilisation, thereby creating a signi�cant 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 recon�guration. Despite its promise, the combined application of biomass

gasi�cation, DRI processes, and CCS in steelmaking remains underexplored, primarily



| Introduction 5

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 asH2 Green Steeland rebranded in 2024 to

re�ect a broader mission), is one of the most innovative emerging players in the global

decarbonization landscape. The nameStegra, derived from a Swedish word meaning �to

elevate�, re�ects 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 CO2 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:

ˆ 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.

ˆ Green iron: a direct reduction iron (DRI) facility where hydrogen replaces coal

and coke, producing water instead of CO2 as a by-product.

ˆ Green steel: a fully electri�ed 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 gasi�ca-

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 e�ciency and reduce production costs.

The research focuses on four main objectives: (i) assess mature and cost-e�ective gasi�ca-

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

gasi�cation 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 gasi�cation, examining its operating principles and exploring

strategies to optimize the process for hydrogen production. Chapter 3 presents the de-

signed biomass gasi�cation pathway selected for this study, detailing its con�guration 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 o�ers an overview of existing

biomass gasi�cation plants, providing context and benchmarks for comparison.
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1| Hydrogen: Theoretical

Background

The widespread use of fossil fuels has led to signi�cant environmental challenges, including

global warming, air pollution, and the depletion of �nite 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 o�ers 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 e�ciency 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 e�ciencies 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 gasi�cation�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 o�er relatively high

conversion e�ciencies 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 re�ning 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

gasi�cation 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-o�s in terms of cost, energy input, carbon

emissions, or infrastructure demands [5].

As shown in Figure 1.1, hydrogen is typically classi�ed 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 gasi�cation. These processes

are technologically mature (TRL 9) and relatively inexpensive, but they cause signi�cant

CO2 emissions unless combined with carbon capture and storage (CCS), which increases

costs and reduces e�ciency [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 bene�ts, 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 2 emissions by producing solid carbon, while natural hydrogen from

geological sources (TRL 3) is still at an early stage. Biomass gasi�cation represents a

particularly promising pathway: it allows the use of renewable feedstocks, can achieve

lower net emissions than fossil-based methods, and o�ers synergies with electrolysis by

diversifying hydrogen supply and improving energy security [20].

Overall, the trade-o� 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].

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

[5]).

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

re�ning and the chemical industry, with most supply still derived from unabated fossil

fuels, primarily natural gas, as shown in Figure 1.21. China is the largest producer of

hydrogen worldwide [19].
1By-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 signi�cantly 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].

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 electri�cation�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 gasi�cation,

can help mitigate these challenges while o�ering key [21]:

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

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

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

ˆ Generation of a clean CO2 stream, enabling negative emissions with CCS.

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

ˆ Potential for in-situ CO2 utilization in bio-electrofuel production when combined

with PtX and BtX technologies.

The following chapters outline the study structure. Chapter 2 reviews di�erent gasi�cation

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 signi�cantly 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 CO2 footprint, as shown in Figure 1.3.
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Figure 1.3: Stegra steel production with up to 95% lower CO2 footprint.

Traditional

Process

Description Stegra Process Description

Coke Plant To make steel in a blast

furnace, coal must �rst be

turned into coke (coal-based

fuel).

Giga-scale Elec-

trolysis

Use of electrolysers to pro-

duce hydrogen on site us-

ing electricity from renewable

sources.

Blast Furnace Blast furnaces produce iron

from iron ore. The blast fur-

nace is fuelled by coke.

Direct Reduction

Reactor

The reducing gas will be hy-

drogen, to create DRI. This

produces hot DRI and Hot

Briquetted Iron (HBI) as

feedstock for the Electric Arc

Furnace using hydrogen as a

reductant.

Basic Oxygen

Furnace

Uses oxygen to dissolve car-

bon, giving rise to CO and

CO2 .

Electric Arc Fur-

nace (Meltshop)

Using electrical energy this

provides improved e�ciency

compared to a traditional

blast furnace. Steelmaking

will begin with the melting

of a mixture of hot DRI and

scrap metal.

Casting &

Rolling

The liquid steel cools and so-

lidi�es. The steel is reheated

to be rolled.

Direct Casting &

Rolling

Integrates casting and hot-

rolling of steel, reducing the

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.
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The installed electrolyser capacity will be 740 MW, corresponding to a nominal production

capacity of 148,000 Nm3/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, �ltered, and collected in a

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

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, o�ering a robust and cost-e�ective solution compared to alterna-

tive technologies such as Proton Exchange Membrane (PEM) or Solid Oxide Electrolysis

Cell (SOEC). While AWE presents slightly lower �exibility and e�ciency 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:

ˆ 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.

ˆ 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 �ner 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 Gasi�-

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 gasi�cation process, speci�cally designed to produce

additional hydrogen for the DRI unit and to further enhance the sustainability and �exi-

bility of hydrogen supply at Stegra. In this con�guration, part of the oxygen produced in

the electrolysis process will be valorized as the oxidant in the gasi�cation unit, enhancing

the overall integration and resource e�ciency 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.



15

2| Biomass Gasi�cation:

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

gasi�cation. While biomass gasi�cation 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

gasi�cation process, with a focus on biomass gasi�cation. It examines di�erent reactor

designs and con�gurations and discusses the key factors that in�uence performance.

2.1. Gasi�cation Theory

Gasi�cation 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, O2, steam, CO2, or their mixtures. The main product, known as producer gas or

raw syngas, consists primarily of H2 and CO, but can also contain CO2, H2O, N2, CH4,

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 e�cient 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 gasi�cation 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 signi�cantly reduces the moisture content, improving the e�ciency 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 gasi�cation 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 gasi�cation. Finally, in the reduction stage (also known as the gasi�cation

zone), the remaining char reacts with hot gases coming from the upper zones, converting

into syngas [8].

This multi-step process enables e�cient energy conversion from biomass, making gasi�-

cation a highly e�ective approach for sustainable energy production.

Figure 2.1: General schematic of di�erent regions in a gasi�er (adopted by [27]).

Figure 2.2 shows di�erent gasi�cation approaches that can be used for biohydrogen pro-

duction. Among renewable hydrogen production technologies, biomass gasi�cation is one

of the earliest developed and remains one of the most cost-e�ective options [25].
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Figure 2.2: Classi�cation of di�erent approaches for H2 production using biomass gasi�-

cation (adopted by [25]).

2.2. Gasi�cation Feedstocks

Gasi�cation is a highly �exible process that can convert a wide range of carbonaceous

materials into synthesis gas. Typical feedstocks include coal, petroleum residues, biomass,

and di�erent 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 CO2 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, �sh-

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

gasi�cation contributes to both energy recovery and circular economy strategies by reduc-

ing land�ll needs and recovering valuable carbon fractions [26].



18 2| Biomass Gasi�cation: Theoretical Background

Figure 2.3: Sources of biomass (adopted by [24]).

Feedstock characteristics strongly a�ect gasi�cation 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 e�cient operation [26].

Overall, the choice of feedstock is central in de�ning gasi�cation e�ciency and syngas

quality. Among renewable options, biomass stands out as a cost-e�ective and sustainable

resource, o�ering both energy security and compliance with environmental targets.

2.3. Gasi�cation Reactions

The gasi�cation process is more complex than simple combustion and is in�uenced by

multiple factors, including the amount and type of oxidant, feedstock composition, gasi�er

temperature, and reactor geometry. These parameters signi�cantly a�ect the reaction

pathways, syngas composition, and overall e�ciency of the process [28].

The biomass gasi�cation mechanism can be expressed by the chemical reactions reported

in Table 2.11:
1Values of the enthalpy of each reaction (� H � ) refer to standard conditions (25°C and 1 atm).
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Gasi�cation Step Reaction Reaction Name � H �

(kJ/mol)

Pyrolysis Biomass ! Char + Tar + Volatiles (1)

Oxidation

Char(s) + O 2 ! CO2 Carbon Oxidation (2) � 394

C(s) + 0.5O 2 ! CO Carbon Partial Oxidation (3) � 110

CO + 0.5O 2 ! CO2 Carbon Monoxide Oxidation (4) � 283

H2 + 0.5O 2 ! H2O Hydrogen Oxidation (5) � 242

Reduction

C(s) + CO 2 $ 2CO Boudouard Reaction (6) 172

C(s) + H 2O $ CO + H 2 Reforming of Char (7) 131

CO + H 2O $ CO2 + H 2 Water Gas Shift Reaction (8) � 42

C(s) + 2H 2 $ CH4 Hydrogasi�cation (9) � 75

CH4 + H 2O $ CO + 3H 2 Steam�Methane Reforming (10) 206

Additional Reactions

H2 + S $ H2S Hydrogen sul�de formation (11) � 20:6

0.5 N2 + 1.5 H 2 $ NH 3 Ammonia synthesis (12) � 46:1

Cl2 + H 2 $ 2 HCl Hydrogen chloride synthesis (13) � 184:6

Table 2.1: Reactions involved in biomass gasi�cation [9, 28].

2.4. Gasi�er types

The gasi�cation process can be carried out using various types of gasi�ers, including �xed-

bed, �uidized-bed, entrained-�ow, and plasma reactors. These gasi�ers di�er 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 gasi�er is designed to optimize e�ciency and syngas production on the basis

of speci�c process conditions and feedstock characteristics [8].

A gasi�er typically requires feedstock pretreatment, gas conditioning, and �nal puri�ca-

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

the hydrogen concentration in gasi�er 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 Gasi�er

Fixed bed gasi�ers 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 air�ow

direction, they are classi�ed as follow and represented in Figure 2.4:

ˆ Updraft gasi�er : one of the earliest and simplest gasi�er designs, operating with



20 2| Biomass Gasi�cation: Theoretical Background

counter-current �ow 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 con�guration is characterized by a simple reactor design, low investment cost,

high thermal e�ciency, 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 e�ciency. However, signi�cant drawbacks include the very

high tar content in the product gas (often> 100g/m 3), the necessity for extensive

gas cleaning, relatively low conversion e�ciency of syngas, and limited gasi�cation

capacity [8, 24, 29].

ˆ Downdraft gasi�er : also known as co-current gasi�er, 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 e�cient tar reduction. However, it also presents sev-

eral limitations, including restriction to dense and uniform feedstock, high exit gas

temperature, signi�cant ash accumulation, low overall energy e�ciency, and limited

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

ˆ Sidedraft/cross-�ow gasi�er : 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 H2 and CH4. It o�ers 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 su�ers from low e�ciency, limited scalability, and poor CO 2 reduction in the

syngas.[8, 29].

ˆ Open-Core Gasi�er : 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 gasi�ers, where both biomass and

air move downward simultaneously, enabling e�cient gasi�cation [8].
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Figure 2.4: Views of �xed bed gasi�ers (a) updraft, (b) downdraft, (c) cross�ow, (d)

open-core (adopted by [29, 30]).

2.4.2. Fluidized bed gasi�cation

Fluidized Bed Gasi�ers (FBGs) are e�cient, environmentally friendly, and cost-e�ective

systems that convert fuels into syngas through complete mixing with gas and steam at

around 1000� C [29]. Biomass and gasi�cation agents are introduced from the top and

bottom, respectively, with syngas exiting from the upper bed. Stability can be a�ected

by mineral matter softening. Key parameters impacting e�ciency include �uidization

rate, biomass ratio, bed material properties, residence time, and gasi�cation equilibrium

[8].

Based on �uidization speed, FBGs are classi�ed as follows and represented in Figure 2.5:

ˆ Bubbling Fluidized Bed Gasi�ers (BFBGs) : characterized by a well-mixed

�uidized bed where biomass particles are suspended by the upward �ow of air,

oxygen, or steam. This con�guration ensures uniform temperature distribution,
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high carbon conversion e�ciency, �exibility 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 �uidized bed systems involve higher

investment and maintenance costs, and require careful control of gas velocity to avoid

ine�ciencies related to particle accumulation [8, 24].

ˆ Circulating Fluidized Bed Gasi�ers (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 con�guration provides uniform conditions, high heat transfer rate

from solids to gas, intensive mixing, particle recycling, and high gas�solid contact.

CFBGs are highly �exible in fuel composition and moisture content, achieving high

conversion e�ciency, low emissions (including NOx ), 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 �uidity due to eutectic

formation [8, 24]. .

ˆ Dual Fluidized Bed (DFB) Gasi�ers : Integrate a gasi�cation reactor (800�

850 � C) and a combustion reactor (900�950� C), where residual char is burned

generating the heat required for endothermic steam gasi�cation reactions; this heat

is carried by the circulating bed material. This setup produces syngas with high

hydrogen content and low tar levels. [8].

The choice of gasi�er type depends on operational requirements and desired syngas prop-

erties. Figure 2.5 shows the schematic con�gurations of the three di�erent 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 Gasi�ers

Entrained Flow Gasi�ers operate at high temperature (1250�1600� C) and pressure (20�

70 bar), injecting �nely ground feedstock together with gasi�cation 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 �exibility and uniform

reactor temperature, make entrained �ow systems the dominant technology in large-scale

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

However, several challenges remain: high operational costs, the need for �nely 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 gasi�cation (PG)

Plasma gasi�cation 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 gasi�cation, which relies on redox reactions with

oxidants, plasma gasi�cation uses external heat sources, enabling complete decomposition

of organic matter, vitri�cation of inorganic components into inert slag, and the generation

of high-purity synthesis gas. Typical syngas composition ranges between 49�65 vol% H2

and 25�36 vol% CO, depending on feedstock characteristics [8, 24].

Plasma reactors o�er several advantages, including high feedstock �exibility (organic and

inorganic), no strict material size requirements, reduced production of NOx , SOx , chars,

and tars compared to conventional gasi�cation, fast start-up and shutdown, steady-state

operation, and the possibility of slag valorization in the construction sector. However, they

also face signi�cant challenges: short electrode lifetime, very high energy demand leading

to high operating and maintenance costs, limited commercial deployment, insu�cient

understanding of plasma processes, and safety concerns due to limited societal awareness

[8, 24].

2.5. Gasi�cation agents

Gasi�cation agents play a crucial role in syngas production by reacting with carbon and

hydrocarbons to generate gases like hydrogen (H2) and carbon monoxide (CO). The choice

of agent signi�cantly a�ects gas composition, heating value, and process e�ciency. Com-

mon agents include air, steam, oxygen, and their combinations, each with speci�c advan-

tages and limitations [8]:

ˆ Air is a widely used and cost-e�ective gasi�cation agent. However, due to its high

nitrogen (N2) content, the syngas produced has a relatively low heating value, typ-

ically ranging from 4�7 MJ/Nm 3. Despite this limitation, air gasi�cation facilitates

heat generation required for the process and helps moderate tar and solid waste

formation [8].
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ˆ Oxygen gasi�cation produces syngas with a higher heating value (12�28 MJ/Nm3)

by avoiding nitrogen dilution occurring in the air case. This improves carbon con-

version and reduces tar formation, resulting in a syngas rich in H2, CO, and CH4.

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

ˆ Steam gasi�cation generates hydrogen-rich syngas with a calori�c value of 10�

18 MJ/Nm 3. It improves exergy e�ciency, reduces tar content, and enhances coal

conversion rates. Compared to oxygen gasi�cation, it o�ers more economical oper-

ation and is considered key for clean energy generation [8].

2.6. Fuel Characteristics and Gasi�cation Tempera-

ture

Fuel properties strongly a�ect hydrogen yield in gasi�cation processes and they can be

categorized as follows [21]:

ˆ Elemental Composition (C, H, O, N, S): Fuel composition directly in�uences

H2 yield. High oxygen content binds hydrogen in water, reducing the free H2 yield.

In contrast, for this reason, biomass mixed with plastics enhances hydrogen yield

per ton of feedstock [8, 21].

ˆ Ash Content and Composition: Ash a�ects gasi�er operation. In �uidized

beds, temperatures must stay below ash agglomeration points, while in entrained

�ow gasi�ers, ash composition a�ects slag formation and conversion e�ciency [8, 21].

ˆ Moisture Content: Moisture impacts the water-gas shift reaction, enhancing H2
production. However, an excess moisture increases energy demand, as additional

energy is required to evaporate the water, and increases CO2 formation, reducing

H2 yield. To optimize H2 production, controlled steam addition is preferred over

high inherent moisture in the feedstock. For moisture above 35%, hydrothermal

gasi�cation is preferable [8, 21].

2.6.1. Gasi�cation Temperature

The operating temperature in gasi�cation is a crucial factor in�uencing both carbon

conversion e�ciency 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 H2 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 CO2 and H2O 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 CO2, lowering its heating value and H2 content. These e�ects are

re�ected in the strong dependence of equilibrium constants on temperature (Figure 2.6)

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

Temperature is also tied to the equivalence ratio, where higher values reduce cold gas

e�ciency due to increased oxidation. To control hotspots and maintain heat distribution,

oxygen is often diluted with nitrogen, steam, or CO2, balancing syngas composition while

avoiding product dilution [21, 26].

Figure 2.6: Evolution of logK (equilibrium

constant) with temperature for some reac-

tions in Table 2.1 (adopted by [26])

Figure 2.7: Gasi�cation temperature in-

�uence (adopted by [26])

2.6.2. Bed Material and Catalysts

In �uidized bed gasi�ers, 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 o�er improved performance, with magnesite providing better agglomeration

resistance and olivine aiding tar cracking.
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Catalysts further enhance gasi�cation e�ciency. 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 gasi�cation. Since catalysts are both costly and sensitive to

mechanical stress, it's better to use them in a bubbling �uidized bed (BFB) rather than

a circulating �uidized bed (CFB), where they are more likely to break.

Catalytic gasi�cation can be conducted at both low and high temperatures to enhance

e�ciency and optimize syngas production. In low-temperature catalytic gasi�cation (350�

600� C), catalysts improve reaction e�ciency, lower the degradation temperature of cel-

lulose, and increase gas and oil yields. Metal-based catalysts are particularly e�ective

in promoting the gasi�cation of water-soluble products, leading to early CO2 and H2

production, followed by methane formation via methanation.

High-temperature catalytic gasi�cation focuses on optimizing reaction pathways using

model compounds such as glucose and cellulose. Studies indicate that biomass concentra-

tion signi�cantly a�ects e�ciency, 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 gasi�cation 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�70vol.%, which is still insu�cient for most

applications requiring high-purity hydrogen [21].

Final puri�cation 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 o�ering 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 o�er promising routes for hydrogen puri�cation, 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 Taw�k

[34], integrate multiple syngas cleaning stages�including acid/base scrubbing, wet elec-

trostatic precipitation, and amine-based CO2 scrubbing�with WGS and PSA units to

produce high-purity hydrogen from biomass-derived syngas. Table?? reports the required

purity of hydrogen according to di�erent 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 di�erent applications [21].

Thus, achieving e�cient and cost-e�ective hydrogen production from biomass gasi�cation

requires a combination of syngas cleaning, reforming or oxidation (ATR/POX), WGS,

and puri�cation 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 e�orts 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-�eld burning remains a common practice in many

regions, releasing both CO2 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 signi�cantly reduce emissions while supporting the decarbonization of hard-to-abate

sectors [35, 36].

Biomass molecular structure contains carbon that comes from CO2 absorbed from the

atmosphere during plant growth. This means that using biomass can help remove CO2

from the atmosphere. By capturing the CO2 released during gasi�cation, the process can

achieve negative emissions. Integrating CO2 capture into biomass gasi�cation is therefore

a promising way to make hydrogen production more sustainable and environmentally

friendly.

Since CO2 separation is already an inherent step in gasi�cation processes, the capture

can be e�ciently 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 CO2 from major point sources, such as gasi�cation, 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, CO2 can

be converted into valuable products, with current global CO2 utilization reaching approx-

imately 230 million tonnes annually, primarily in urea manufacturing and enhanced oil

recovery [19]. In Sweden, the estimated cost for integrating CO2 capture at biomass-�red

combined heat and power plants ranges from 80�180¿ per tonne of CO2, depending on

technology, plant size, and transportation logistics [21]. For biomass gasi�cation, these

costs are reduced, reinforcing its viability for negative emissions applications. Moreover,

biomass-based gasi�cation systems coupled with CCS (BECCS) o�er 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 CO2 emissions in these industries [3].

Conceptually, CO2 capture can be implemented through several approaches: post-combustion

capture from �ue 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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CO2 separation [37]. Among these, pre-combustion capture in gasi�cation o�ers key ad-

vantages due to the high CO2 partial pressure in the syngas stream, reducing energy and

cost penalties compared to post-combustion and oxy-combustion methods, which require

signi�cant energy for �ue gas treatment or cryogenic oxygen production, respectively [37].

Overall, the integration of BECCS within biomass gasi�cation represents a promising

route toward carbon-negative hydrogen production systems.

Certain biomass gasi�cation 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 gasi�cation [21].
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Biomass-to-Hydrogen Process

Design

Based on the theoretical background presented in the previous chapters, this chapter

presents the design of a biomass gasi�cation 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 simpli�ed block �ow diagram (BFD) of the integrated biomass

gasi�cation and hydrogen production system. The plant is designed to produce hydrogen

from biomass using a circulating �uidized bed gasi�er (CFBG), and to integrate this with

hydrogen produced by alkaline electrolyzers, following the con�guration of the Stegra

green hydrogen production plant in Boden.

The main process units include a biomass dryer, CFBG gasi�er, high-temperature �ltra-

tion unit, partial oxidation (POX) reactor, syngas cleaning section, two-stage water-gas

shift reactors (HT WGS and LT WGS), a CO2 capture and drying section, and a pressure

swing adsorption (PSA) unit for hydrogen puri�cation 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 gasi�cation and partial oxidation steps, improving process e�ciency and

system synergy.
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Figure 3.1: Simpli�ed block �ow diagrams for biomass-to-H2 process.

Table 3.1 summarizes the required speci�cations of the hydrogen stream produced by the

integrated gasi�cation and electrolysis system, intended for direct use in the DRI process

for green iron production.

Parameter Requirement

Pressure > 8 bar

H2 content > 99:8 %dry

O2 content < 0:2 %dry

H2O content < 0:5 %

Impurities content < 5 ppm

Table 3.1: Speci�cations of hydrogen �ow for DRI production.

According to the Boden plant project, the hydrogen demand for injection into the DRI

unit is approximately 150,000 Nm3/h. It's expected from the start that gasi�cation alone

won't cover the full hydrogen demand, mainly due to limited biomass and lower hydrogen

yield.
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