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Executive Summary

This report delves into the potential and challenges of converting bio-degradable waste into
hydrogen (WtH) through examining various thermochemical methods (e.g., gasification and
pyrolysis) and their various established technologies. Furthermore, the hydrogen production
potential of waste-to-hydrogen is examined in the Netherlands by looking in to bio-degradable
municipal waste stream data for various years (2020, 2030) in order to broadly outline
theoretical hydrogen production values and identify where potential use cases of such hydrogen
could be. The derived bio-organic waste stream volumes are also compared to an existing
waste stream database from the S2Biom project in order to check for validity and accuracy.

Spanning from the introduction to detailed analysis in Chapters 1 to 4, the objective is to provide
a comprehensive examination of the processes, expected waste volumes, and the associated
opportunities and obstacles regarding the implementation of waste-to-hydrogen methods and
techniques. The introduction sets the stage by outlining the report's objectives, highlighting the
significance of hydrogen fuel in achieving net-zero emissions, and comparing various hydrogen
production technologies. The focus is on waste-to-hydrogen (WtH) as a promising method due
to its environmental benefits and the utilization of otherwise discarded materials.

An in-depth overview in Chapter 2 is provided for examining established thermochemical
techniques such as gasification and pyrolysis used in the WtH process. It details the stages
from waste sourcing and preparation to the thermochemical treatment involving syngas
generation, cleanup, and hydrogen separation. Specific emphasis is given to gasification,
including types of reactors and the variety of steam gasification reactions, emphasizing their
role in transforming waste into syngas, followed by a detailed review of the hydrogen purification
process.

Discussed in Chapter 3 is the expected volumes of biodegradable waste available for hydrogen
production, focusing on bio-organic waste data from the Netherlands. Calculations reference
bio-organic waste data fromthe Eu r o p e a n S2Binin projattswhich provided historical
and projected waste generation volumes and were compared to independent calculations
regarding waste generation volumes. Based on the independent calculations, in 2020 a total of
F2700 kton of biowaste! was generated from household waste in the Netherlands which is

1 This is strictly referring to the organic fraction from mixed household waste (i.e., unseparated organic
household waste) and organic, kitchen and garden waste (i.e., separately collected household waste).
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composed of 1022 kton of unseparated biowaste and 1682 kton of separated waste. This total
amount is equivalent to a theoretical maximum of 155kton of hydrogen based on a high-heating
value and 183.5kton based on a low-heating value. From an energy equivalent perspective
there is a potential to generate a theoretical maximum of 22 PJ. A projection was also made for
2030 based on expected population data. The information is summarized in the table below.

Year Total biowaste kton H2 based kton H2 Energy

(kton) on HHV based on equivalent (PJ)
LHV

2020 - 1022.39 58.61 69.36 8.32

unseparated

2020 - separated | 1682.17 96.44 114.12 13.7

2020 - total 2704.56 155.05 183.48 22.02

2030 - 956.74 54.85 64.1 7.79

unseparated

2030 - separated | 1622.58 93.02 110.01 13.21

2030 - total 2579.32 147.87 174.9 21

Chapter 4 analyzes the opportunities and challenges in the WtH sector through a SWOT
analysis. It identifies strengths of WtH in its significant decarbonization potential and competitive
levelized costs of hydrogen (LCOH) compared to other methods of hydrogen production (i.e.,
renewable/non-renewable). Conducting an in-depth calculation of the LCOH was outside the
scope of this study but an in-depth study for the Department for Business, Energy & Industrial
Strategy | UK (see source [1]) gives a very good indication in the table below.

100,000 tpa 500,000 tpa
LCOH without CCS £753Fu8. 79 £352F04. 10
LCOH with CCS £779F09. 10 £381Fu4. 48

Chapter 4 also highlights weaknesses, including technological bottlenecks and legal barriers.
Opportunities like advances in waste collection routing, economies of scale, and environmental
benefits from CO2 capture are contrasted with threats such as fluctuating waste volumes and
economic viability.

The report concludes that while WtH presents a viable and environmentally beneficial method
for hydrogen production, several challenges must be addressed. These include improving
technological processes, ensuring consistent waste supply, and navigating regulatory
landscapes. The findings suggest a promising future for WtH, contingent on strategic
advancements and supportive policies.
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1. Introduction

Topics covered in this chapter:

Introduction of the aims and goals of the report
Relevance of hydrogen fuel as a contributor to net-zero goals
Types of technologies for the production of hydrogen

= =4 -4 -

Advantages of waste-to-hydrogen compared to other hydrogen production methods

The role of hydrogen as an alternative fuel source compared to fossil fuels has gained
significant momentum in order to achieve climate neutrality targets and decarbonize various
sectors of the global economy. While electrification? is an effective net zero strategy, certain
processes within energetically intense industries (e.g., steel production, ceramics, metallurgy,
glass manufacturing etc.) and long-distance air travel require heat and energy demands that
electrification is currently not capable of fulfilling. Here, hydrogen can step in to provide a
foundation for a potentially long-term solution and provide sustainable decarbonization
opportunities.

Currently hydrogen has an important role as a feedstock for many industrial applications such
as in refining operations where hydrogen is used across a spectrum of operations, all aiming at
obtaining better product qualities. The main processes include hydrotreating of various refinery
streams and hydrocracking of heavy products [2]. Other examples include the fertilizer industry
where hydrogen is majorly used in the synthesis of ammonia [3] and also the metallurgical
industry where it boasts excellent refining agent capabilities [4]. To give a better overview,
Figure 1 exhibits the global consumption sources of hydrogen.

W Ammonia Methanol mQil refining Others

Figure 1: Global Consumption of Hydrogen [5]

2 The replacement of technologies or processes, like internal combustion engines and gas boilers, with electrically
powered equivalents, such as electric vehicles or heat pumps [123].
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Conventional forms of producing hydrogen are done through the reforming of methane, recovery
from refinery off-gases and coal/coke gasification [6]. Fossil-fuel based hydrogen production
processes are 48% sourced from natural gas, 30% from oil and 18% from coal gasification [7]. In
total, 96% of hydrogen production techniques are sourced from fossil fuels with only 4% sourced
from water electrolysis (Figure 2).

Natural Gas BOil HCoal MElectrolysis

Figure 2: Sources of hydrogen production [7]

As seen in Figure 2, hydrogen is primarily sourced from natural gas which is commonly dubbed
as 06gr ey .%eam Mathgree Ré&orming (SMR) is the most widespread technology for
hydrogen production from natural gas at a large scale, although Autothermal Reforming (ATR)
is also in use [8]. SMR and ATR techniques involve reacting natural gas with steam or limited
amount of oxygen, at high temperatures over a catalyst to produce syngas (a mixture of
hydrogen and carbon monoxide). This is then processed to maximize H2 generation (via water
gas shift reaction) and separate Hz product from a CO2-rich stream [9]. The main issue involved
in these methods are the high amounts of carbon dioxide that are released into the atmosphere
during production. Sources attribute SMR with a global warming potential of 11.2 kg CO2eq [10]
and 11.43 kg CO:2 eq [11] which accounts for upstream and downstream emissions respectively.
For ATR, total GHG emissions of 11.01 kg CO: eq have been reported [12].

Current production of hydrogen for these applications emits 1100 1 1300 MtCO: equivalent
worldwide (including upstream and midstream emissions from fossil fuel supply) [13].
Replacement of carbon intensive modes of hydrogen production with low-emission hydrogen
will be an important short-term step to take since low-carbon hydrogen can be substituted with
carbon-intensive form with limited technical challenges and utilized in existing applications.

Emerging low-carbon methods of producing hydrogen consist of:

9 Utilization of renewable electricity to produce hydrogen via water electrolysis e.g.,
6green hydrogené

9 Combining carbon capture and storage (CCS) with SMRorATRe . g. , O6bl ue

9 Thermochemical conversion of biomass.

1 Biochemical methods such as fermentation and anaerobic digestion.

3 This is also known as the dartial oxidationdof heavy cuts of hydrocarbons.
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Of topical importance to this report is the thermochemical conversion of lignocellulosic biomass
in which solid organic materials undergo thermal conversion through pyrolysis/gasification in
order to produce biofuels such as methanol, ethanol, dimethyl ether, synthetic natural gas and
biohydrogen*. Figure 3 represents a schematic trail of these processes; these processes will be
further described and analyzed in section 2 of the report.

— Hydrogen

Methanol
—— Catalytic Synthesis DME
Fuels

Syngas — |

Lignocellulosic
biomass

—>» Gas —> Hydrogen
Pyrolysis —>  Bio-oil » Catalytic cracking Ligh; %(eﬁns
—>  Char — L3 Hydrodeoxygenation GSiS:sher;e

Figure 3: Schematic representation of the main processes involved in a lignocellulosic
thermochemical bio-refinery [14].

Biomass feedstock can be used to produce two broad categories of biofuels:

9 first-generation biofuels
1 second-generation biofuels

First-generation biofuels (e.g., ethanol or biodiesel) are produced from types of biomasses that
are often used for food such as grains and starch crops (e.g., corn, sugar cane, sugar beets)
and vegetable oils (e.g., soy, canola, palm) [15]. Second-generation biofuels (e.g., cellulosic
ethanol, bio-butanol etc.) are produced from non-food biomass, such as perennial grasses (e.g.,
switchgrass, miscanthus), fast growing trees (e.g., hybrid poplar, willow) and byproducts &
waste (e.g., corn stover, wheat straw, forest residue, municipal waste, used cooking oil) [15].

Countless studies have looked into the production of biofuels from first-generation biomass.
However, the challenge of using first-generation biomass for the production of any biofuel is
disputed by the dood vs. fuelddebate where energy crops encroach into the production of food
crops. Consequently, land and fresh water normally utilized for food production is displaced by
energy crops. There are also environmental concerns due to this substitution, specifically on the
over-usage of water and fertilizer for the production of energy crops.

Second generation biomass offers more opportunities for energy production since it does not
compete with food production® and is not limited by the issue of security of supply due to its

4 The term @®iohydrogendis used in this report to refer to hydrogen produced from biomass

5 It is difficult to draw a hard line between food and fuel uses for agricultural crops. For example, switchgrass, which is
considered a second-generation crop, can also be fed to cattle to produce beef [15].
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abundance but is challenging to utilize due to the complexity
introduced by pre-treatment of the biomass. Specifically,
municipal solid waste (MSW) as a feedstock is deemed as a
complex and technically challenging type of feedstock to
process due to the abundance of contaminants. Nonetheless,
utilizing waste for the production of energy falls into the
category of producing energy-from-waste (EfW) and is an
important step in the hierarchy of European strategy for waste
management mentioned in Directive 2008/98/EC.

This emphasizes the high level of importance that needs to be
placed on improving waste management techniques since
global waste production is expected to reach more than 6Mt of
solid waste daily [16] and solid-waste management accounts
for one of the greatest costs attributed to municipal budgets
[16]. Additionally, conventional waste management techniques
relying on landfilling® and incineration have adverse
environmental impacts and limited energy efficiencies [17].
Hence, sustainable waste management can play a prominent
role in curbing these challenges and in contributing to the
sustainable cities and
sustainable development goals (SDG6 )418].

Figure 4 represents an integrated waste management

Directive
2008/98/EC

Member States shall take
measures to encourage the
options that deliver the best
overall environmental outcome.
This may require specific waste
streams departing from the
hierarchy where this is justified by
life-cycle thinking on the overall
impacts of the generation and

commun

management of such wasteo[93].

Box 1: Definition of EU Directive 2008/98/EC

approach based on EU Directive 2008/98/EC (see Box 1 for
definition). Material recovery (via re-use and recycling) has the
highest value, if for certain waste streams material recovery is
not possible then energy recovery is pursued; landfilling with
proper treatment is advised only as a last step.

\..

. Energy
Recovery

Disposal

Figure 4: Waste hierarchy as determined in Directive 2008/98/EC of the European Union

Among this hierarchy, energy recovery is the focal point of this study. Producing energy from
waste contributes to primary energy savings in conventional utility systems [19]. By and large,
production of energy commodities such as electricity and heat via the thermal treatment of
waste is nothing new and has existed for decades however additional attractiveness toward
waste thermal treatment is given by the possibility of making significant energy recovery, thanks
to technological developments [20] but also due to changes in consumer habits and increases
in upstream separate collection [21].

The production of hydrogen from waste falls under the Waste-to-Energy (WtE)/Energy-from-
Waste (EfW) paradigm. MSW and waste in general, represent an ideal source because of their
large availability and low cost [22]. From a climate change perspective, the use of waste as
feedstock not only ensures large and economical availability for consistent hydrogen supply, but

6 Landfilling is known to emit very large amounts of methane: solid waste landfills account for about 14% of global
methane emissions [90].
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also avoids use of current disposal technologies, which are known to contribute enormously to
GHG emissions and water and land pollution [23].

Waste suitable for waste-to-hydrogen (WtH) consists of biomass wood waste (e.g., timber or
paper industry waste), municipal solid waste (MSW), sewage sludge, packaging and plastics,
solid recovered fuel (SRF) and refuse derived fuel (RDF) derived from MSW [17]. MSW
normally includes biodegradable waste, recyclable material, inert waste, electronic waste,
hazardous and toxic waste which is discarded by the public [24]. Among these, food waste
represents a significant fraction of MSW (globally anywhere between 24-66% [25] and 30-37%
for Europe); Table 1 represents MSW composition for the Europe, of specific interest for

O0bi ohydr og e maré thecompdsitiens of foad waste, paper/cardboard, and wood.

Table 1: MSW Composition Data by Percent (adapted from [25])

European Food Garden | Paper/cardboard | Wood | Textiles | Nappies | Rubber/Leather | Plastic | Metal | Glass | Other
Region Waste | Waste

Eastern | 31.8 | 2.4 17.1 25 |31 0.1 0.5 4.6 0.7 | 1.8 | 353
Europe

Northen | 30.3 | 5.2 13.8 1.8 |3.2 1.2 0.0 4.9 14 |43 | 34.0
Europe

Southern | 37.1 | 2.2 19.2 14 | 3.2 1.1 0.2 118 |19 |36 | 183
Europe

Western | 33.2 | 2.7 17.2 23 |59 3.0 0.0 205 |15 |14 | 123
Europe

Biological and thermochemical

technologies (e.g., incineration, pyrolysis,
gasification and hydrothermal oxidation)
have been used for the production of
energy and are therefore considered
appropriate for food waste
recycling/valorization though the potentially
high moisture content affects the practical
use and leads to energy losses [26].
Sources mention the average lower-
heating-value (LHV i also see Box 2) of
MSW around 10 GJ/Mg in the EU which is
low compared to fossil fuels, though it can
be higher (~25 GJ/Mg) with pre-treatment
of the feedstock [27]. Thermochemical
processes such as gasification and
pyrolysis will be further analyzed and
discussed in detail in Chapter 2:
Overview of Thermochemical
Technologies but an overview of food-to-
waste energy technologies/pathways is
shown in Figure 5.

Biological

Food Waste —

Thermochemical

Anaerobic
Digestion

Fermentation

g4 Incineration

Pyrolysis and
Gasification

Hydrothermal
Carbonization

Figure 5: Summary of food-to-waste energy
technologies (adapted from [26])
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Pre-treatment is an important step since hydrogen from household or commercial waste is only
partially renewable due to the presence of plastics-based carbon, and only the energy
contribution for the biogenic portion is typically counted towards renewable energy targets [22].
Hence, the waste has to be re-treated for the separation of the biogenic fraction. This is
normally done by taking the untreated waste and mechanically processing it in a material
recycling facility where it is homogenized, de-moisturized, rid of other components such as
metals, glass, and heavy plastics for further processing. The next chapter will take a more
detailed look into this separation process.

Heating Value: the heating value of a substance (usually a food or fuel) is the amount of heat

released during the combustion of a specified amount of it. It is expressed as energy/mole or

energy/mass or energy/volume [125].

During combustion, water vapor is produced as a byproduct when the hydrogen in the fuel
combines with oxygen from the air. This water vapor is initially in a gaseous state.

The water vapor may condense back into a liquid under certain conditions, typically when the
combustion gases cool down to a point where the water vapor reaches its dew point. This can

happen in applications such as power generation, where combustion gases are often cooled

to recover waste heat or to increase the efficiency of the process. However, in most practical

applications, such as home heating or industrial processes, the water vapor remains in its
gaseous form as it is released into the atmosphere without condensing back into liquid.

The distinction between higher heating value (HHV) and lower heating value (LHV) accounts
for this difference in treatment of the water vapor produced during combustiond whether it is

assumed to remain as vapor (LHV) or to condense into liquid (HHV).

Higher Heating Value (HHV):

1 HHV considers the total amount of heat released when a fuel is completely burned

1 Itincludes the heat released when the water vapor formed during combustion is
condensed back into liquid water.

1 HHV assumes that the water vapor produced during combustion is in its liquid form.

Lower Heating Value (LHV):

LHV considers the heat released when a fuel is burned but does not include the heat

released by condensing water vapor back into liquid.
1 It excludes the heat from the condensation of water vapor.
1 LHV assumes that the water vapor produced during combustion remains in the form
of vapor

Box 2: Definitions of heating value
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2. Overview of Thermochemical
Technologies

Topics covered in this chapter:

1 Looking into the WtH process chain: Waste = Technology = Products = Downstream
Processing.
1 Thermochemical Technologies within Gasification and Pyrolysis:

This chapter will provide an overview of the main transformation steps involved in the
production of hydrogen from waste. depicts a simple flow diagram of this process and can be
broken down into two main activities:

1 Sourcing of the waste and preparation of the waste
1 Thermochemical treatment of the waste, such as syngas generation, cleaning,
reforming, separation and purification processes.

Municipal Solid Feedstock Syngas Syngas

o Hz compression
. . . COz separation
Waste preparation generation upgrading

and storage

Sourcing and preparation of waste Steaming system and downstream processing

Figure 6: Schematic diagram of the main stages of a WtH process flow

Natural Gas
(startup)
Water
Catalysts Water Catalysts Water Catalysts Water

Tar reformer Gas cooler Sulphur Wate_r—Gas CO2 scrubber
removal shift

[

Fluidized e e 200-450°C 0.1-3.5MPa
bed reactor Wastonst
astewater e
Combustor Wastewater Waste
catalyst
Feedstock —» >800 °C Wastewater

Bed Material ——»
» Ash

A

Steam agent

Figure 7: Flow diagram of gasification process using circulating fluidized bed reactors [17]

Figure 7 provides a schematic overview of all the steps involved in the thermochemical
treatment of waste. These steps can be summarized into three main activities: 1) the
gasification of waste in a specific kind of reactor, 2) treatment of the produced fumes in order to
remove impurities, increase the ratio of H2:CO and reduce tar formation and 3) the separation
of hydrogen via pressure-swing absorption. We will take a closer look at each of the
components and steps in detail.
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2.1 Sourcing and preparation of waste

Waste suitable for waste-to-hydrogen (WtH) production consists of biomass wood waste (e.g.,
timber or paper industry waste), municipal solid waste (MSW), sewage sludge, packaging and
plastics, solid recovered fuel (SRF) and refuse derived fuel (RDF) derived from MSW [16].
However, waste for the purpose of energy recovery cannot be directly utilized as a feedstock
and needs to undergo pre-treatment. The untreated municipal or commercial waste is first
mechanically and biologically treated in a material recycling facility (MRF) and is aimed at
improving the combustible quality of the waste via reducing the moisture and ash content and
the technical and environmental parameters via reduction of pollutants [28] in order to produce
solid recovered fuel (SRF) and refuse derived fuel (RDF) (see Figure 8). RDF and SRF are
both waste-derived fuels, but SRF is typically of higher quality with more extensive processing
to remove impurities and attain a higher fuel calorific value, making it suitable for a wider range
of industrial applications (see Table 2 for comparison). The choice between RDF and SRF lies
in the specific needs of the end-user and the available waste streams and processing
capabilities but RDF is a completely viable feedstock for hydrogen production.

Figure 8: Loose RDF material (left) [29] RDF/SRF in a pelletized format (right) [30]

Techniques implemented in an MRF facility involve Mechanical-Biological treatment (MBT) in
order to homogenize the waste and remove parts of the moisture, recyclables (e.g., metals and
dense plastics) and reject materials [22]. This is because MSW includes inert waste such as
glass, sand and rocks, electronic waste and batteries and an assortment of hazardous waste
that is not deemed usable. The mechanical phase of MBT, generally consisting of shredding
and sieving units, sometimes followed by density separation (e.g., air classification or ballistic
separation), produce a waste flow, namely refuse derived fuel (RDF) [28]. Shredding is
achieved by using a tearing motion to achieve a rough shred of waste residues, with a
homogenous, predetermined patrticle size between 1 and 50mm depending on the gasification
reactor requirements’ [22]. The biological phase of MBT involves aerobic or anaerobic
degradation of the organic fractions that are mechanically separated [28]. This step is done to
improve the quality of RDF by reducing the organic fraction of the waste leading to waste that
has a lower moisture content and increasing the energy content or the calorific value of the fuel.
This ultimately results in a more efficient combustion process. A similar step to the biological
treatment step in order to increase the energy content of the feedstock is torrefaction: a
thermochemical process which is carried out at a temperature between 200 and 300 °C in the

" The size of the fuel particles affects the time required for their combustion [27]
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