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Abstract: Hydrogen derived from biomass feedstock (biohydrogen) can play a significant role in
Germany’s hydrogen economy. However, the bioenergy potential and environmental benefits of
biohydrogen production are still largely unknown. Additionally, there are no uniform evaluation
methods present for these emerging technologies. Therefore, this paper presents a methodological
approach for the evaluation of bioenergy potentials and the attainable environmental impacts of
these processes in terms of their carbon footprints. A procedure for determining bioenergy potentials
is presented, which provides information on the amount of usable energy after conversion when
applied. Therefore, it elaborates a four-step methodical conduct, dealing with available waste
materials, uncertainties of early-stage processes, and calculation aspects. The bioenergy to be
generated can result in carbon emission savings by substituting fossil energy carriers as well as in
negative emissions by applying biohydrogen production with carbon capture and storage (HyBECCS).
Hence, a procedure for determining the negative emissions potential is also presented. Moreover,
the developed approach can also serve as a guideline for decision makers in research, industry, and
politics and might also serve as a basis for further investigations such as implementation strategies
or quantification of the benefits of biohydrogen production from organic waste material in Germany.

Keywords: HyBECCS; biohydrogen; bioenergy potential; hydrogen; waste-to-hydrogen

1. Introduction

The findings in the Sixth Assessment Report of the Intergovernmental Panel on
Climate Change (IPCC) show that the 1.5 °C target is likely already being reached in the
timeframe from 2021-2040, with each 1000 GtCO, estimated to increase the global surface
temperature from 0.27 °C to 0.63 °C and approximately 900 to 2300 GtCO, remaining of the
carbon budget to limit warming by 2 °C. A rapid and profound reduction in anthropogenic
greenhouse gas emissions from fossil fuel combustion and, in addition, active removal of
carbon dioxide from the atmosphere through negative emission technologies (NETs) are
inevitably required in the immediate future [1].

In this regard, hydrogen is globally considered to be a key energy carrier of the future
to be used as a substitute for fossil energy sources. Germany and many other countries have
adopted a hydrogen strategy to bring it into widespread application. Hydrogen can not
only be used for fuel or energy storage but is also a key substance of ammonia production
or for refineries. In the future, it will be capable of decarbonizing decisive industries,
such as steel or cement [2] (p. 2). What distinguishes hydrogen from conventional fuels
is that the only combustion product—besides energy—is water. Further, hydrogen gas
releases an astonishing amount of 142.35 k] per g when reacting with oxygen. Natural
gas, in comparison, releases energy of between 35 and 45 kJ per g during combustion [3]
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(p. 42). Hydrogen can be produced sustainably using renewable electrical energy for
water electrolysis or from biomass through several processes, with the product being called
biohydrogen. Utilizing waste materials for biohydrogen production offers several benefits,
as it increases the economic and ecological potential, avoids competitive land use, and
represents another step towards a circular economy. According to Full et al. the ecological
benefits for climate change mitigation can be further increased by capturing the produced
biogenic CO, during the process and thereby achieving biohydrogen production as a
carbon-negative process [4]. This means a net effect of CO, being removed from—rather
than emitted to—the atmosphere during energy generation. This NET approach of carbon-
negative hydrogen production by capturing biogenic CO, during biohydrogen processes
is referred to as hydrogen bioenergy with carbon capture and storage (HyBECCS) [4].

There are many different ways to produce renewable energy. Bioenergy is one option
that is of great importance, as biomass accounted for about 54% of the total share of
renewable energy in Germany’s primary energy consumption in 2017 [5]. A common way
of producing bioenergy is the production of biomethane [6]. Biohydrogen production
with additional carbon capture and storage or long-term use (HyBECCS) presents an
alternative to biogas and -methane production and allows the generation of a carbon-
negative product with growing demand [4,7]. The development of HyBECCS processes
can additionally contribute to the global climate goals by creating negative emissions. Such
methods of carbon dioxide removal (CDR) are key measures in the pathways to achieve
climate targets [1]. Moreover, in order to decarbonize the energy sector more quickly and
sustainably, non-utilized resources such as residual and waste materials should also be
harnessed. These resources should be used primarily for NETs, such as the HyBECCS
technology, as they are scarce. However, in order to accelerate the development and rollout
of such promising technologies, it must be made clear to potential investors that they
are economically viable [8]. An analysis of how much bioenergy from waste materials
is available and suitable for biohydrogen production provides a basis for making such a
statement. Research dealing with the estimation of bioenergy potential already exists [9-16].
However, none of the work deals with bioenergy potentials for biohydrogen production.
Hence, there are no uniform evaluation methods for biohydrogen production. Therefore,
the overall objective of this paper is summarized by the central question:

‘How can the feasible bioenergy potential of several biohydrogen production processes
from organic residuals and waste materials in Germany be evaluated and how much
reduction in greenhouse gas emissions can be attained as a result?”

Initially, the classification and legal framework of biomass and organic waste materials
are analyzed in general. The suggested methodical conduct is presented by the means of an
exemplary biotechnological biohydrogen process. These specifications lay the foundation
for identifying available material flows suitable to be converted into biohydrogen. After
ascertaining and quantifying the amount of utilizable substances, the bioenergy potential
can be estimated. Subsequently, this potential can be adopted into a possible amount of
non-emitted and captured GHGs using HyBECCS approaches.

In this paper, for the first time, a recommendation for estimating bioenergy potentials
specifically tailored for biohydrogen production in the German energy and waste system
is developed. Furthermore, it should help to establish a generally accepted method to
determine bioenergy potentials in order to make their quantification more accessible
and uniform, which will additionally contribute to the development of new emerging
technologies and their market rollout.

2. Basics

This section lays the foundation for this work by providing essential information
regarding the different topics touched upon in this work.
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2.1. Organic Waste Classification in Germany

This section outlines the legal framework for renewable energy as well as biomass
utilization and disposal in Germany. Moreover, common treatment processes for biomass
are presented, briefly touching upon their (dis)advantages and products. Lastly, two
significant challenges concerning biomass are outlined, which are also highly relevant to
this work.

The general regulation concerning renewable energies is the Renewable Energy Act
(orig. Erneuerbare-Energien-Gesetz, EEG), which serves the purpose of enabling sustain-
able development of energy supply, reducing the economic costs by including long-term
external effects, saving fossil resources, and supporting the development of technologies
which generate electricity from renewable sources [§1, EEG]. A key development in the
2021 amendment of the law is that carbon neutrality of German electricity by 2050 and a
65% share of renewable energy by 2030 are made statutory [17]. The application of the EEG
regarding the biomass definition, utilization technologies, and environmental requirements
is established in the Biomass Ordinance (orig. Biomasseverordnung, BiomasseV). At the
same time, the Circular Economy Act (orig. Kreislaufwirtschaftsgesetz, KrWG) aims to
support a circular economy in order to save natural resources and to protect people and
the environment during waste generation and management [§1, KriWG]. More specifically,
the treatment, utilization, and disposal of organic waste material are widely regulated in
the Organic Waste Ordinance (orig. Bioabfallverordnung, BioAbfV). Material of animal
origin falls within the scope of the Animal By-Products Disposal Ordinance (orig. Tierische
Nebenprodukte-Beseitigungsverordnung, TierNebV), which sets additional requirements
on how such material is handled and disposed of, due to its potential hazard for the health
of humans and animals. Data collection, processing, and publication are regulated by
the Environmental Statistics Act (orig. Umweltstatistikgesetz, UStatG), which delivers a
foundation for (environmental) policy decision making and fulfills the reporting obligation
to European and other institutions [18]. German waste statistics are published annually by
the German Federal Statistical Office (orig. Statistisches Bundesamt) on its GENESIS-online
database, which is open access and provides a list of all waste types and their respective
annual amounts. The different types of waste and their respective hazardousness are
defined in the German Waste Classification Ordinance (orig. Abfallverzeichnisverordnung,
AVYV), which transposed the European Waste List into German national law. This work
draws upon the definition of biomass from the BiomasseV. It defines biomass as energy
sources consisting of phytomass and zoomass, including secondary products, by-products,
residues, and wastes of which the energy content originates from phytomass and zoomass
[(1),82, BiomasseV]. In accordance with the KriWG, waste means any substance or object
which the holder discards or intends or is required to discard [(1),83, KrWG]. By-products
are a substance or object resulting from a production process, the primary aim of which is
not the production of that substance or object. They are different from waste if they meet
the following criteria:

1. Further use of the substance or object is certain;

2. The substance or object can be used directly without any further processing other

than normal industrial practice;

The substance or object is produced as an integral part of a production process;

4. Further use is lawful, i.e., the substance or object fulfills all relevant product, environ-
mental, and health protection requirements for the specific use and will not lead to
overall adverse environmental or human health impacts [(1),§4, KrWG].

«®

The term residue is not defined specifically but used in various works and legal
documents. As a consequence, the term cannot be clearly distinguished from waste or
by-products. In this work, all biomass material, which is not produced as a primary
product, falls within the definition of residues. That includes by-products and waste [19]
(p. 21). In general, the sectors of agriculture, forestry, fisheries, food production, animal
feed production, and municipalities are mainly accountable for organic residues and wastes
in Germany [20] (p. 39). All varieties of material such as wastes from livestock farming,
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fish and animal processing, crop harvesting, fruit and vegetable agriculture and processing
to organic household waste, green waste, sewage sludge, and secondary wastes need to
be evaluated regarding their potential usability for biohydrogen production. Therefore,
this work classifies the present biomass flows as listed in Annex 6 of Brosowski et al. [21],
as their work provides estimations of potential material flows from the German Biomass
Research Centre, DBFZ.

Organic wastes can be used via several pathways, depending on the origin and compo-
sition of the material. First, organic material can be used directly, such as animal excrements
as fertilizer, bark as mulch, or food industry residues as animal feed. Harvest residues
are often left on the field as well [22] (p. 81). Second, various composting processes are
established, which treat the material in order to be consecutively applied to (agricultural)
land. Advantages are that the stabilized organic substances in compost contribute to the
formation of humus, which sustains the productivity of land and increases the water
storing capacity of the surface soil [23] (pp. 11, 12). Third, energetic use can be realized by
fermenting organic material under anaerobic conditions, incinerating material of suitable
composition, or using gasification as a means of treatment. Anaerobic fermentation is
mainly used for animal excrements, but also for household biowaste or industry residues
to a certain extent [24] (p. 38). Sewage sludge is also treated anaerobically on the site of
large water treatment plants, whereas the majority of smaller ones have no such treatment
option [25] (p. 18). The desired product of anaerobic digestion is biogas, which can be used
directly in a combined heat and power plant or treated further to obtain biomethane, which
can be fed into the gas grid, for instance. Biohydrogen production from biomass is also a
promising utilization pathway in the future. Incineration or gasification is possible for ma-
terial with low water content that is not usable for fermentation. As a consequence, mainly
wood, wood-like residues, or straw are used as input material for those processes [25] (pp.
10-13). Lastly, biodiesel production is a widely applied technology to utilize oils and fats
via transesterification [25] (p. 17).

At present, a lot of organic waste material is not used efficiently. It should be noted
that material use of biomass, which also includes use as animal feed, is generally seen as
higher value than energetic use [22] (p. 20), cf. Figure 1. What is considered inefficient
is material use of substrates, which could be used energetically prior to material use.
Examples are biowaste or animal excrements, which could be utilized energetically first
and subsequently be composted and/or applied to land. This multiple-use principle is
suggested to be a more efficient way to utilize organic wastes [22,26] and is also part of
the Circular Economy Act [§8, KrWG]. Currently, just 40% of organic household waste,
12% of manure, and 2% of dung are utilized energetically [24,27], even though it would
not impede the subsequent material use. In the following, only material flows which
do not compete with established, high-value utilization routes such as animal feed, for
instance, will be considered. In addition, the material is only analyzed for biohydrogen
production, if it is not directly competing with food production or other human use.
Overall, this work is based on the principles that food production is prioritized over energy
crop cultivation in all cases and focuses on the utilization of true waste products, avoiding
material which can be treated through a utilization path of higher value, cf. Figure 1. In
consequence, certain biomass flows, theoretically utilizable for biohydrogen production,
will be discarded, as higher-value utilization is assumed. However, biomass flows with an
established material utilization pathway in which their potential is not harnessed will also
be considered available for this process. Animal excrements are an example of that. Further,
usable municipal wastes and certain industrial residues can be considered available for
biohydrogen production.
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Figure 1. Hierarchy of use for biomass [22].

Another challenge is that, as of 2020, 39% of mixed municipal solid waste (MMSW) is
still of native organic origin [28]. This fact is problematic for several reasons. First, the EU
set the goal to recycle 60% of municipal wastes by 2030, which urges Germany to act [28]
(p- 26). Redirecting organic material from mixed fractions to biowaste could be a crucial
opportunity to do so, as 97% of separately collected material from the organic waste bin
is already being recycled [29] (p. 30). Secondly, organic waste, with its relatively high
water content and hence lower caloric value, is not a desired input material for thermal
treatment, which is the major route of disposal for mixed municipal waste [29] (p. 30). Even
though organic waste is not causing problems in incineration, the desired high-quality
utilization of biomass for biogas or, in this case, biohydrogen with multiple uses, is again
preferred and demanded by the Circular Economy Act [24] (p. 92).The separate collection
of recyclables and organic waste is already mandatory, but the necessary collection systems
are not yet implemented consistently [28] (p. 27).

2.2. Biohydrogen Production and the HyBECCS Approach

Hydrogen produced from renewable energy or biomass is called green hydrogen as
it is CO, neutral [30]. Furthermore, hydrogen derived from biomass feedstock is called
biohydrogen. Processes for producing such green biohydrogen comprise electrochemical,
thermochemical, and biotechnological production routes. Microbial electrolysis represents
the electrochemical pathway. Thermochemical biohydrogen production processes comprise
pyrolysis and gasification, whereas biotechnological process options are biophotolysis,
photo-fermentation, dark fermentation, and dark photosynthesis. The following summary
is limited to a number of relevant technologies according to the material source. Each
technology is briefly described in 2.2.1. Further, in 2.2.2., the HyBECCS approach is
presented, which is, at present, the only known way to produce hydrogen with a negative
carbon footprint [4].

2.2.1. Biohydrogen Technologies

Thermochemical biohydrogen production processes include, for example, pyrolysis
and gasification. Pyrolysis is gasification under the absence of oxygen at temperatures
between 500 and 900 °C and pressures between 0.1 and 0.5 MPa. As a result, no dioxins
or carbon oxides are formed, given that the input material is dry and no air or oxygen
is present. The products are synthesis gas and carbon residues, such as liquid oils and
solid charcoal [31] (p. 14), see reaction (1.1) in Table 1. Advantages of the process are the
wide variety of possible input materials, a simple underlying process, compact plants, a
clean carbon by-product (fuel oil or char), and reduced CO or CO, emissions compared
to gasification [32] (p. 5). That is, the hydrogen produced from biomass conversion can
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be classified as green, due to the carbon-neutral nature of all biomass. In other words, the
resulting GHGs during the processes were already removed from the atmosphere in the
first place. Biomass is seen as the most feasible candidate to substitute fossil fuels in the
near future [32] (p. 5) and thermochemical processes, especially gasification, are already
mature. However, biomass conversion faces logistics issues since it requires enormous
amounts of input material in large-scale plants. Another problem is tar fouling the plant
and the produced gas, which impedes wider market implementation. Possible solutions for
the logistics issue are efficient plant downscaling and the smart distribution of conversion
plants [32] (p. 5), paving the way for thermochemical processes as the only non-biological
means of hydrogen production from biomass [31] (p. 13).

Table 1. Overview of chemical reactions for H, production from biomass [32-34].

Number Process Reaction
(1.1) Biomass pyrolysis C,H,;, > nC+05mH,
(1.2) Glucose formation 6 H,O + 6 COy — CoH1204 + 6 O,
(1.3) Enzymatic hydrogen generation CeH1206 + 6 H;O — 6 CO, + 12 Hy
(1.4) Microbial electrolysis (acetate) CH3COO™ +4H,O —+2HCO;~ +H"+4H,
(1.5) Photo-fermentation (acetic acid) CH3COOH +2 H,O — 4 H; +2CO;,
(1.6) Acidogenesis (butyric acid) Ce¢H1,06 —CH3CH,CH,COOH + 2 CO, + 2 Hy

One of the biotechnological process options is biophotolysis. In this process, light-
sensitive microorganisms in illuminated reactors perform photosynthesis first to convert
water and CO; to glucose and oxygen (1.2) before photo-activated enzymes split the sugar
and release hydrogen gas (1.3). Microalgae are promising organisms for this process, as
they can be cultured and allow better hydrogen capture. In general, the process happens
under standard conditions in a water environment and does not require cost-intensive
input material, although the sufficient illumination of the substrate is an arising upscaling
issue [34] (p. 11101). Moreover, the hydrogenase is inhibited by O,, which presents an
additional obstacle in the process [33] (p. 8).

Another process, microbial electrolysis, is based on the ability of certain microorgan-
isms, called exoelectrogenic microbes, to produce electric current by oxidizing organic
matters. To generate hydrogen, a small external power supply drives electrons—produced
from organic matter in the anode chamber—through a wire to the cathode. The applied
current is typically 0.2 V, which is very low compared to 1.6-1.8 V for water electrolysis [33]
(p. 11). Together with protons, which permeate through the proton exchange membrane,
the electrons form hydrogen gas in the cathode chamber. An exemplary reaction for acetate
as an organic compound (1.4) is shown in Table 1. This system is called a microbial electrol-
ysis cell, which presents high hydrogen yields and efficiencies. However, the performance
depends on the microbes used and the exchange efficiency of the membrane, as well as on
the electrical conductivity and chemical stability of anode and cathode. Additional tasks
are the reduction in internal resistance and material cost, as well as the increase in biomass
concentration in the anode chamber [33] (p. 11, 12).

Photo-fermentative purple and green bacteria are able to preferably convert organic
acids, but also carbohydrates or industrial effluents, to Hy and CO,, utilizing energy from
light in anaerobic environments [33,35]. An exemplary reaction of this photo-fermentation
process is executed by purple non-sulfur bacteria, as shown for acetic acid (1.5) in Table 1.
The process is highly sensitive to the presence of oxygen or ammonia and depends on
light intensity, carbon source, and type of microorganism [35] (p. 575). The utilization
of solar energy and organic wastes promises cheap operation. However, as hydrogen
production rates and efficiencies for light conversion are low, while reactor costs are high
and illumination problems immense, the process is rather impractical [33] (p. 9).

Compared to photo-fermentation and bio-photolysis, the so-called dark fermentation
provides the huge advantage of not being dependent on light as well as featuring simple
reactor design and operation [33] (p. 10). The main idea in dark fermentation is to inhibit
the hydrogen-consuming methanogenesis, which is the last step of an anaerobic biogas
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process, and harvest the hydrogen. The environment can be mesophilic, thermophilic,
or hyperthermophilic, depending on the microbial strain to be used for production [36]
(pp. 24, 25). The acidogenic phase particularly degrades carbohydrates, fats, and proteins
to volatile fatty acids (VFAs), alcohols, amino acids, H,, and CO,. For example, pyruvate—
an intermediate in the metabolization of glucose—is converted to volatile fatty acids, e.g.,
acetic, butyric, propionic, and malic acid, and hydrogen [31] (p. 9). As an example, the
reaction of glucose to butyric acid (1.6) is shown in Table 1. Due to the similarity to the
classical biogas process, dark fermentation is seen as a feasible way to produce hydrogen
from organic wastes. However, low hydrogen yields and substrate degradation need to
be optimized. To achieve that, process operation is still a matter of development, with the
suppression of methanogens being crucial to the final hydrogen yield [32] (p. 11).

The so-called dark photosynthesis process is defined by the possibility of accomplish-
ing photosynthetic growth patterns for Rhodospirillum rubrum, a Gram-negative, non-
sulfur purple bacterium and a facultative anaerobe, with a special culture medium under
dark conditions. This growth medium, called M2SF, is capable of enabling mass cultivation
under semi-aerobic dark conditions. Such behavior is usually limited to anaerobic, photo-
heterotrophic growth [37,38]. The result of this new means of growth—mimicking light
signals to the photosynthetic genes in a dark environment—is that the versatile metabolism
of R. rubrum can be utilized in the absence of light, which makes it perfectly scalable.

2.2.2. The HyBECCS Approach

According to the sixth assessment report of the IPCC, emissions pathways that limit
global average warming to 1.5 °C or 2 °C by 2100 require the use of carbon dioxide removal
(CDR) approaches in combination with emissions reductions to pursue a pathway with
net negative CO; emissions from 2050 on. Hence, affordable as well as environmentally
and socially responsible CDR options on a large scale well before 2050 are an important
element for climate mitigation and play a central role in limiting global warming to 1.5 °C
or 2 °C [1]. Negative emission technologies (NETs), of which bioenergy carbon capture
and storage (BECCS) as well as ocean fertilization, mineral carbonation, afforestation, and
direct air capture (DAC) are part, are important by means of reducing anthropogenic
net emissions in the near future [39] (pp. 1124, 1125). An emerging subclass of BECCS
technologies is the concept of hydrogen bioenergy coupled with carbon capture and storage
(CCS) technology [4]. These process combinations, referred to as HyBECCS, are described
briefly below.

Most of the biohydrogen technologies are able to split biomass substrates into Hj
and CO,, which is beneficial for an effective carbon capturing process, as this mixture can
be separated. The hydrogen fraction can be used to substitute fossil energy carriers in
industry or transport in order to decarbonize these sectors. The carbon dioxide can be put
to long-term use or in storage, leading to a carbon sink since it was previously removed
from the atmosphere through plant biomass growth in relatively short periods of time.
Carbon dioxide storage possibilities include enhanced oil or gas recovery, storage in saline
formations, depleted oil and gas fields, and others [39] (Figure 1). An alternative to storage
is usage, where CO, is stored for a certain period of time in applications such as fuels,
construction materials, chemicals, and plastics [39]. All process combinations referred to as
HyBECCS can be split into four basic process steps: biomass pretreatment, biohydrogen
production, product gas separation, and its processing. For each of the four steps, there are
variable options to be selected and combined into an overall process.

The main technological advantages of HyBECCS over competing NETs are, on the one
hand, the energy-efficient capture of CO, with high purity and concentration compared
to DAC approaches. On the other hand, it offers high carbon dioxide removal potential
compared to BECCS technologies based on hydrocarbon energy carriers, which emit CO,
during their decentralized use. Based on these advantages, HyBECCS is considered to
be a promising and highly effective BECCS approach that is expected to play a major
role in future energy systems by making a significant contribution to meeting the world’s



Energies 2021, 14, 7741

8 of 22

rapidly growing demand for green hydrogen and negative emissions [4]. The HyBECCS
approach can also be seen as part of the biological transformation process, which aims to
achieve a sustainable economy that is no longer dependent on the depletion of fossil fuels
by linking classical production with bio- and information technologies, leading to a new
and disruptive innovation space [40,41].

2.3. Terminology and System Boundaries

In the past, the term ‘potential” was not clearly defined in various studies, decreasing
comparability and complicating interpretation. System boundaries define the resulting
potentials and need to be chosen to reduce the effort of elaboration, but they still have to
support the purpose of a piece of work, so it is strictly necessary to define them precisely.
As a result, the terminology and systematic approach for this sort of estimation of potential
have been standardized to some extent. In this work, the definitions according to Thran
et al. are used and summarized in the following [19]. The different types of potentials
are outlined and their differences, e.g., level of observation and system boundaries, are
highlighted and placed in the present context.

Biomass potentials can be differentiated according to the level of consideration [19].
Land potential, feedstock potential, fuel potential, and bioenergy potential can be distin-
guished. An overview of these levels and the resulting potential terms can be seen in
Figure 2. The land potential describes the area available for energy crop cultivation, which
is not relevant to this work, as it deals with organic waste material, and the feedstock
potential is not calculated from the underlying land potential but represents the amount of
applicable material for biohydrogen production. From that point, the fuel potential can be
obtained from the hydrogen yield per unit of substrate and the respective lower heating
value of Hj. Lastly, the bioenergy potential can be derived by considering the relevant
conversion efficiency of hydrogen to heat and/or electric energy and the energy input for
pretreatment and process operation.

| |

[ Cultivation / Harvest / Provision ]

Land Area \ Land Potential ‘

| I
| |
! Feedstock Feedstock Potential ‘ !
| |
i |
| |
} [ Feedstock Processing } ( Conversion Factors: Energy Content / LHV ) }
| I
| I
| y ‘ v !
L ) SO -J
Biofuel { Fuel Potential 1:
(Bioenergy System ﬂ}
| I
| |
| y v o v |
| I
i Solid ‘ Liquid Gaseous ‘ ( Conversion Factors: Plant Efficiencies ] i
| [ w |
} Fuel Conversion into Energy ] }
! v \ § v 3
i : , |
! Heat Electricity Fuel Bioenergy Potential !
| 1
| I
L J

Figure 2. Levels of utilization pathway and corresponding potential terms [19].
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Each potential requires specific system boundaries and framework conditions, necessi-
tating further explanations. The biomass potentials obtained in a piece of work depend on
a variety of different factors, such as the biomass material considered, the geographic level,
the temporal reference, the type of data collection, and the methodology of conduction.
In addition, different perceptions of competitive usage, sustainability aspects, or nature
conservation issues often cause confusion [19] (p. 40).

These aforementioned potentials need to be defined more precisely, as to whether
they reflect a theoretical, technical, or other potential. First, a theoretical potential describes
the overall energy amount for a specific region in a specified period of time. It resembles
the maximum amount of energy supply contained in the considered biomass, as it is
based on the physical utilization boundaries alone. The practical relevance is minor,
because the theoretical potential provides no statement of the actually usable amount of
energy [19] (p. 42).

Second, the technical potential considers certain restrictions, and hence gives a more
realistic result of utilizable biomass in a specific region and time. Considered restric-
tions are of technical (e.g., recovery rates and conversion losses), legal, environmental
(e.g., environmental protection regulations, cross-compliance regulation), and social (e.g.,
food production, material utilization) concern. The technical potential is widely used in
studies, as it is less affected by temporal fluctuations than the economic potential, for
instance [19] (p. 42).

The economic potential reflects a part of the technical potential, which can be utilized
considering further restrictions related to the economic framework. Adding even more
restrictions allows for distinguishing additional potential terms. If increased importance
is laid on ecological and environmental factors, one is speaking of sustainable biomass
potential. Going one step further in the implementation direction, realizable potential can
be obtained by further considering sociopolitical and practical restrictions [19] (p. 43).

That is, a scientific piece of work needs to explicitly lay out its use and interpretation
of the mentioned terms. Moreover, the boundary conditions such as region, timescale,
considered biomass, process operation, material handling, output, and methodical conduct
need to be mentioned. An overview of the relevant potential terms is given in Figure 3.
The following restrictions are suggested to be included when deriving a technical potential
by Thrén et al. [19] (p. 44):

e  Societal variables (as general agreement whether certain feedstock should receive a
generally preferred form of utilization).
Technical variables (cultivation, harvest, recovery, and conversion technology).
Demand for food and material utilization.
Ecological/environmental variables (legal requirements to ensure a sustainable re-
source base).

Theoretical Potential

Technical Potential (T T T T T T T T T T T T T Tt T TT 0

Figure 3. Types of potential according to system boundaries [19].
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As this work aims to present a methodological approach to derive technical potential
for biohydrogen production, these factors are included as far as possible. Some aspects,
however, have to be simplified or neglected. Relevant factors, which exceed the scope of
this work, are of demographic background, such as population trend, of socio-economic
background, such as consumption habits and environmental consciousness, or of policy-
making, regulatory, or organizational background, such as improved circular economy;,
reduced food waste, or stricter EHS standards [22] (p. 84). Other specific topics relevant
to this process have not been included, such as substrate logistics, and storage or process
residue handling. The restrictions applied to theoretical amounts of waste materials are,
together with chosen simplifications and unincluded aspects, laid out in Section 3.

3. Methodological Approach

The following presents a systematic four-step methodological approach to obtain
bioenergy potential and negative emission potential of biohydrogen production. Each
step is elaborated in the following subsections, as shown in Figure 4. In the first step, a
procedure to select relevant biomass categories for hydrogen production is elaborated,
which is divided into six sub-steps. Second, suggestions are made for assumptions and
framework conditions regarding biomass pretreatment, process energy demand, and
logistical specifics. In the third step, in order to derive a calculation equation for the
determination of the bioenergy potential for biohydrogen production, relevant indicators
such as the lower heating value (LHV) or the fuel potential (FP) are introduced. This was
done in accordance with standard practice and in compliance with certain criteria intended
to ensure comparability and transparency. Finally, the estimation of the negative emission
potential of biohydrogen processes is discussed regarding their contributions to climate
mitigation. Furthermore, a calculation to estimate the saved amount of CO; emissions as
well as for the substitutable amount of (fossil) energy carriers is presented.

Methodological approach Related results

'd ™\
[ Feedstock selection (cf. 3.1.) } Selection of feedstock categories

P
Assessment focus: from material pretreatment

until hydrogen production

.

Selection of feedstock pretreatment methods

[

Assumptions and framework

\Z and definition of respective energy demands
- J

conditions (cf. 3.2.) J -

Assignment of pretreatment methods to each

feedstock

Determination of the process energy demand

A4

Derivation of equations for bioenergy
potential and negative emission
potential calculation (cf. 3.3. & 3.4.)

Calculation of bioenergy potential

Calculation of negative emission potential

Figure 4. Overview of the presented methodological approach for bioenergy potential estimation and ecological assessment
(left) and the respective results (right).

3.1. Feedstock Selection

The first and most important step is to identify and quantify biomass flows utilizable
for biohydrogen production. These resource streams are the basis, as the hydrogen yield
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and all further results directly depend on the amount of utilizable substrate. Brosowski et al.
defined 93 different biomass categories (BCs), which are drawn upon as a foundation for
substrate selection in this work. In this section, the different BCs are evaluated regarding
their applicability to the considered biohydrogen process, taking into account the prerequi-
sites of the process and the biomass utilization hierarchy. All of the categories can be seen
in Annex 6 of Brosowski et al. [21]. The selection process, which is conducted according to
the following steps exemplified for biotechnological, fermentative biohydrogen production,
can be illustrated in a decision tree as seen in Figure 5:

Step 1 Data validity, utilization pathways, and classification issues: According to
Brosowski et al., data and information are inconsistent for 16 biomass categories (BCs)
and no technical potential is presented for eight categories. Those classes are sorted
out in this step. Moreover, many food industry wastes, such as coffee or tobacco
residues, must be disposed of according to special regulations. Other biomass flows,
such as residues from convenience food production, are highly heterogeneous and
assumed not to contain large amounts of relevant contents [42] (Chapter 2). Thus,
it is not possible to make reasonable assumptions about the composition and such
material flows should not be considered for utilization. In this case, 32/93 BCs can be
discarded in this step.

Step 2 Lignocellulosic biomass: Biomass categories containing wood or wood-like
waste, straw, stalk, or other green waste are currently not suitable for some biotech-
nological processes, as they need to be readily biodegradable by microorganisms.
Wood essentially consists of cellulose, hemicellulose, and lignin, which are poorly
biodegradable without extensive pretreatment. Hence, they are rather unsuitable for
fermentative processes [20] (p. 53); 28/93 BCs match this criterion and should be
sorted out.

Step 3 Wastes of animal origin: Such wastes should not be considered for alternative
use because of the potentially contagious material and an established industry for
efficient utilization of animal origin wastes. Gaida et al. describe the utilization of
this biomass as already optimized. For instance, animal skin is processed to leather,
and protein-rich residues are processed into tankage or fertilizer. Other potential
pathways are biodiesel production and utilization as substances in the oleochemical
industry [42] (pp. 22, 24). However, if a special suitability can be derived for specific
biohydrogen process options, a comparison with the respective reference processes
might be of interest. If not, 2/93 BCs match this criterion and should be sorted out.
Step 4 Oils and fats: In a comprehensive evaluation of utilization pathways for this
category, Fehrenbach et al. found that biodiesel production might be superior to
other means of utilization [22] (pp. 112, 179). A comparison of the biohydrogen
process under consideration with this form of use is therefore to be initiated. If the
comparison is decided in favor of biodiesel production, another 2/93 BCs are sorted
out in this step.

Step 5 Waste material untypical for fermentation: Some waste types can be considered
as biomass, but are not readily biodegradable, such as textiles or packaging material.
These must also be subjected to a special test to determine their suitability for biohy-
drogen production. If this test is negative, 2/93 BCs match this criterion and have to
be sorted out.

Step 6 Animal feed or low sugar content: According to Section 2.1., material use of
biomass should be preferred over energetic use in the case of animal feed, for instance.
Hence, plenty of different process residues from the food industry cannot be seen
as waste and are consequently not considered in this estimation of potential. Usage
competition can arise if such materials are utilized energetically. Residues from the
sugar industry would be perfectly suitable for fermentative biohydrogen processes,
due to their sugar content. However, this material is widely used as animal feed, in
the yeast industry, or in distilleries. The work of Gaida et al. indicates high-value
material use for most food industry residues at present [42] (Section 2). However,
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dairy industry residues, which mostly consist of whey [42] (p. 40), are excluded from
this step. The amount currently fed to pigs is found to be better used for human
consumption, which mainly consists of the contained whey protein [43] (p. 271).
The contained lactose, which is a substrate for homolactic fermentation, remains in
the permeate after protein extraction, hence it can be considered. Other biomass
categories, such as residues from alcohol production, must first be checked as to
whether they contain significant amounts of utilizable substances for biohydrogen
production. Finally, 17/93 BCs could be excluded in this step.

BIOMASS CATEGORIES (Count: 93)
(according to Brosowski et al., 2015)
—
. idi il 3 - 1 Winter catch crop 88  Nut shells
Step 1: Data validity, u_tlllza.tlon_ path 2 Sommer ettt omp 7 Feealstudge
ways and classification issues 3 Residues from vegetable production 38  Sludge from sewer cleaning
4 Beet leaves 39  Sludge from food industry
Issues present (32/93) 6 Rapeseed straw 40 Sludge from pulp etc.
7 Grain maize straw 41  Other sludge
8 Sunflower straw 42 Sludge from sewage treatment plants
v Step 1: 9 Grain legume straw 43 Sludge from water treatment
L 12 Chicken liquid manure 85  Confectionery production residues
15  Chicken solid manure 86  Convenience food production residues
Step 2: Lignoce[[u[osic biomass 16 Horse manure 87  Coffee and tea residues
17  Sheep and goat dung 89  Residues from compound feed production
18  Other poultry manure 90  Tobacco residues
Yes (2 8/61) 58  Stalk material from riverbanks 91  Residues from the chem.,i.a.industry
. 60  Stalk material from railway maintenance 92  Residues from bioethanol production
‘ 63 Water plants 93 Glycerine biodiesel production
ﬁ 5 Grain straw 48  Stalk material from heathland
. f animal-origin 19  Forest residues (coniferous) 49 Wood from heathland
Step 3 WaStes ora al o g Q 20  Forest residues (foliage) 50  Stalk material from orchards
N 21 Bark 51 Wood from orchards
Ye (2/3 3) [<e] 22 Sawmill by-products 52 Stalk material from vineyards
es ~— 23 Wood shavings 53 Wood from vineyards
‘ = Step 2: 24 Black liquor 54  Stalk material from moorland
v o | %P2 |25  Other industrial waste wood 55 Wood from moorland
(@) 26 Waste wood 56  Stalk material from road maintenance
29  Green Waste 57  Wood from road maintentance
Step 4: Oils and fats (=] 44 Stalk material from green spaces 59 Wood from riverbanks
E 45 Wood from green spaces 61 Wood from railway maintenance
o 46  Stalk material from cemetery areas 62 Drift and floating wood
47 Wood from cemetery areas 64  Wood from landscape management
Yes (2/31) 8
—‘— Step 3: 165 Animal processing residues 66  By-catch and fish residues J
{Step 5’ Matena" untyplcal for Step 4: 135 Cooking oil MSW 36  Oils from separators J
fermentation
Yes (2/29) Step 5: I}O Textile waste 31 Mixed packaging )
,‘, 67  Fruit residues 77  Residues from distilleries
68  Vegetable residues 78  Wine industry residues
A 69 Potato peelings 79 Molasses (sugar prod)
Step 6: Animal Feed or low sugar 70 Oil mill residues 80  Molasses pulp (sugar prod.)
Step6: |72  Flour production residues 81  Pressed pulp (sugar prod.
content 73 Starch production residues 82  Dry pulp (sugar prod.)
74 Unused bread 83 Wet pulp (sugar prod.)
Yes (17/27) 75  Brewery draff and yeast residues 84  Beet pulp (sugar prod)
- 76  Malt germs, i.a.
S
10 Cattle manure and slurry 27 Organic household waste 34 Commercial food waste
11 Pig manure and slurry 28 Organic fraction of MSW 71 Dairy industry residues
13 Cattle dung 32 Kitchen and canteen waste
14 Pig dung 33 Waste from markets

Figure 5. Decision tree to select suitable biomass categories for an exemplary biotechnological biohydrogen process.

In summary, the majority of waste types can be sorted out for this exemplary biotech-
nological biohydrogen production, as illustrated in Figure 5. Technical feedstock potentials
with maximum and minimum values are available in Brosowski et al. [21] for the respective
material flows. Since those estimations of potential are of different sources, going as far
back as 2000, certain values can be updated where possible. For instance, technical figures
of potential are in some cases directly related to official waste statistics, or new values for
2015 can be accessed in the online database of the DBFZ. In the next sections, the waste
flows are developed into a technical bioenergy potential by making assumptions according
to Sections 3.2 and 3.3.
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3.2. Definition of Assumptions and Framework Conditions

This section briefly presents proposed assumptions required by certain steps in the
process of developing energy potentials.

3.2.1. Substrate Pretreatment

To increase process efficiency and hydrogen output, it is necessary to prevent dis-
ruptions and clogging and ensure sufficient homogenization for stable process operation.
Additionally, the pretreatment of substrate is essential in biochemical conversion pro-
cesses [44] (p. 34). The considered pretreatment methods for this exemplary process are
grinding, hygienization, and thermochemical hydrolysis. Homolactic fermentation and
anaerobic storage are more of a recommended storage option, rather than a pretreatment
measure in that sense. Filtration or other more elaborate pretreatments (e.g., fructose
extraction) could be required. All of the mentioned processes are shortly described and
reasoned in the following. After that, each type of waste is assigned a probably suitable
pretreatment method or combination of methods to ensure ideal process operation. This al-
location is carried out based on subjective estimations. Certain pretreatments are especially
common in biogas processes but are assumed necessary or advantageous for biohydrogen
production, especially for biotechnological process routes. The derived energy demands
are related to tons of fresh mass (FM).

Grinding (G): Grinding is a common pretreatment of substrates in biogas processes for
several reasons. It increases the surface area, which supports sufficient and fast microbial
degradation. In addition, it reduces the risk of issues such as clogging, reduced pumping
ability, and agitator stagnation [44] (p. 35). Water or liquids, such as dairy industry residues,
can be added during grinding to transform the substrate into the right condition. For the
energy demand of grinding, a shredder (P = 37 kW with a throughput of 15 t/h) was adduced
as an example. This results in an electric energy demand of W = 2.46 kWh/t = 8.9 MJ/t.

Hygienization (H): As the selected material flows can include smaller amounts of
material from animal origin, e.g., municipal waste, hygienization could be necessary. If
no material from category 1 or 2 (except animal feces, which are subject to exceptions) is
assumed to be in the selected material, pasteurization at 70 °C for 60 min (Cat. 3: ground
to <12 mm) is a sufficient treatment, according to Regulation (EC) No 1774/2002 Annex
VI, Chapter II, C. In this work, pasteurization is considered sufficient to ensure hygienic
input substrate. Besides that, pasteurization might trigger certain hydrolysis processes in
the material and consequently increase process output. An advanced sterilization method
would be pressure sterilization (133 °C, 3 bar for at least 20 min), which could be used if
pasteurization does not achieve satisfactory bacterial reduction. The energy demand for
pasteurization can be considered as follows:

o electric: Wg = 2.5 kWh/t £ 9 MJ/t (Wg = 2.1-2:3 kWh/m? [45] (p. 105); assumed

substrate density 1000 kg/m?);
e thermal: Wy, = 12 kWh/t = 43.2 MJ/t (Wy, = 11.6-11.9 kWh/m?3 [45] (p. 105).

Thermochemical hydrolysis (TCH): Vavouraki, Angelis, and Kornaros showed that
a lot of glucose can be mobilized in kitchen wastes through thermochemical hydrolysis
(TCH) by relatively simple hydrochloric acid pretreatment. As all material needs to be
hygienized, especially for biotechnological biohydrogen production, this process can be
used for additional sugar mobilization. Tests showed that glucose content can be increased
by almost 600% by treating kitchen wastes at 100 °C with 1.12% added hydrochloric acid
for a period of 108 min [46] (p. 744). It is assumed that the thermal energy demand is
higher by 50% than for hygienization while the electrical one remains equal. It should be
noted that hydrolyzed material requires subsequent neutralization to not harm the culture.
The energy demand for TCH can be considered as follows:

o electric: Wy = 2.5 kWh/t £ 9 MJ/t (W = 2.1-2.3 kWh/m? [45] (p. 105); assumed

substrate density 1000 kg/m?);
e thermal: Wy, = 18 kWh/t = 64.8 MJ /1.
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The controlled anaerobic storage (AS) of animal excrements enables an initial hydroly-
sis process, in which VFAs are produced [47] (p. 160). In consequence, anaerobically stored
slurry and manure present a significantly higher content of VFAs, which are considered
utilizable for certain biohydrogen processes. The temperatures observed in [47] ranged
between close to 0 and almost 25 °C, therefore no thermal energy input is assumed. The
electrical energy input is neglected.

Enhanced homolactic fermentation (HLF) is another suitable pretreatment step for
wastes from the dairy industry. In this step, lactic acid is produced, which is utilizable for
some biohydrogen processes. Dairy products, especially whey, are suitable raw materials
as they already contain lactic acid-producing bacteria and important nutrients such as
lactose [48] (p. 2). As the process temperatures range between 5 and 45 °C, no energy input
must be considered for this pretreatment. Further details, such as reactor type, retention
times, or potential additives, are not further discussed in this work.

All pretreatment methods, including the respective energy demands, are listed in
Table 2. In addition, a suitable pretreatment or a combination of pretreatments is assigned
to each type of biomass, which can be seen in Table 3.

Table 2. Overview of energy demands for pretreatment methods.

Method Energy Demand
Symbol Name W in MJ/t Wy, in MJ/t
G) Grinding 8.9 0*
(H) Hygienization 9 43.2
(TCH) Thermochemical 9 64.8
hydrolysis ’
(AS) Anaerobic storage 0* 0*
Homolactic . .
(HLF) fermentation 0 0

* No energy input allocated or negligible as described in Section 3.2.1.

Table 3. Overview of selected pretreatment for each type of waste.

Pretreatment
Biomass Category
G) (H) (TCH) (AS) (HLF)

Cattle manure and slurry X X

Pig manure and slurry X X

Cattle dung X X X

Pig dung X X X

Organic household waste X X

Kitchen and canteen waste X X

Waste from markets X X

Dairy industry residues X X
Organic fraction of MSW X X

Commercial food waste X X

3.2.2. Process Energy Demand

As the process requires similar technical equipment and reactor design compared to a
biogas process (e.g., agitators, pumps), the overall process energy demand for biotechno-
logical biohydrogen processes can be estimated by average figures for biogas production
from the Agency for Renewable Resources (orig. Fachagentur Nachwachsende Rohstoffe
e. V., FNR). Energy-demanding features for biohydrogen-specific subprocesses have to be
estimated separately or can be neglected in some cases. The FNR publishes key figures
from several sources and its own calculations on its webpage, where the estimated figures
represent percentages of the plant ‘s total energy output. Pasteurization and thermochemi-
cal hydrolysis already preheat the material, therefore the actual thermal energy demand
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(heating) of the bioreactors can be neglected in this case. Preheated substrate from pasteur-
ization is assumed to maintain process temperatures between 25 and 30 °C. The process
energy demand is estimated to be 7.6% electric (f.]) [49] and, due to the aforementioned
reasons, 0% instead of 28% thermal (fy,) of the overall energy generation capacity.

3.2.3. Logistics, Substrate Storage, and Handling of Residues

A comprehensive assessment of technical energy potentials is a multi-faceted chal-
lenge, which also requires examination of the material throughout its life cycle. For
biohydrogen processes, real sustainability also includes avoiding long transport routes,
efficient use of existing infrastructure, and material sources, among other aspects. This
paper does not cover such aspects, due to their complex nature, regional variation, and
the lack of traceability for waste materials on a large-scale basis. Such elaborate factors are
found to be difficult to generalize due to the wide variety of possible hydrogen production
options, and hence are to be assessed on a case-by-case basis. In the scope of this work, the
process impact is evaluated from material pretreatment until hydrogen generation. The
residues of the process can contain additional potential, which could further enhance the
efficiency of the overall utilization. In any case, the material needs to be disposed of or
treated by other means consecutively.

3.2.4. Produce Gas Separation

Depending on the biohydrogen production process, the initial produce or synthesis
gas may be composed of various compounds. For biotechnological biohydrogen produc-
tion, occurring produce gas compounds include CO, and H, and may contain N,, water
vapor, or trace compounds such as NH3, CO, and H,S, for instance [50,51]. As fuel cell
technology demands high hydrogen purities (99.99%), effective separation is a key process
in biohydrogen production [51] (p. 1277). Common separation systems include scrubbing,
pressure swing adsorption, and cryogenic separation, all of which are energy intensive, and
membrane technologies show great potential, but many are still in development [31,51].
Membrane technologies allow for simple separation at lower energy requirements, hence
further development of these technologies is essential for biohydrogen production as a
whole. The detailed consideration of energy inputs during this part of a production process
is not part of this work. Nevertheless, this process step and its related energy inputs
demand consideration in bioenergy potential estimations and should be included in future
research and case studies.

3.3. Calculation of Energy Potential

In this step, the obtained feedstock potential and producible hydrogen can be con-
verted into fuel and bioenergy potentials, respectively. With an established amount of
moles Hj (np,), the annual mass of hydrogen gas output (p,) can be calculated. The total
energy content of an energy carrier is described either by the higher heating value (HHV)
or the lower heating value (LHV), with combustion being the underlying process. The
difference between HHV and LHV is that HHV assumes the produced water to be in a
liquid state. Combustions usually include fuel of organic origin or, in this case, hydrogen,
which reacts with oxygen. The reaction products are CO, and H,O for carbon-containing
sources and HyO for hydrogen. In practice, the heat generation causes water to evaporate,
hence the HHV can only be achieved if the flue gas energy is also fully harnessed, which is
not always possible [48] (p. 23). As a result, the LHV is used to determine the utilizable
energy content in this work. For hydrogen gas, the LHV is 120 MJ per kg [36] (p. 239). The
resulting fuel potential (FP) can be calculated according to Equation (1).

FP = my,-LHVj, 1)

The overall energy conversion efficiency of modern fuel cells can be as high as 90%,
with 45-60% electrical. Hydrogen-only operation of such cells, which currently mostly
use natural gas as fuel, can bring several benefits and even higher efficiencies [52] (pp.
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374, 377). This work considers an overall conversion efficiency of 90% total (#;,¢) and 50%
electrical efficiency. In addition, the energy demands for substrate pretreatment (Wpr) and
process operation (Wpp), which reduce the overall energy output, are considered in this
final step. The respective energy amount of pretreatment is calculated by summing up the
electric and thermal energy consumption for each method, see Equation (2). To include the
process energy demand, the bioenergy potential can be reduced by the factors of Section
3.2.2 (fq and fy,). The resulting bioenergy potential (BEP) is the final, utilizable amount
of energy after conversion [19] (p. 41), reduced by the amount of energy consumed by
pretreatment and process operation, and is calculated according to Equation (3). Additional
energy inputs from logistics, storage, residue treatment, or gas separation can be included
here for more detailed case studies.

Wpr = We + Wi +Wrca + Was + Whrr )
BEP = FP - pjsor - (1 — fel — fth) — Wpr 3)

3.4. Negative Emission Potential Estimation

In the last step, the environmental impact of the biohydrogen process is estimated.
Aspects such as the achievable substitution of other energy carriers and the resulting
emission reduction, as well as the extent of the possible negative carbon footprint by
adding CCS to the process leading to HyBECCS approaches, are to be considered in
this assessment step. It should be mentioned that HyBECCS projects can have multiple
impacts on the environment, such as acidification and eutrophication or the depletion of
the ozone layer and abiotic resources [53]. Even though all environmental impacts are
equally important, they are not included in the following estimation, as it is limited to
considerations on climate mitigation.

First, the carbon-neutral energy output of the biohydrogen process can be expressed
by an equivalent mass of other energy carriers, which could be substituted (11, ). This
step can be realized by dividing the bioenergy potential (BEP) by the LHV of other energy
carriers (LHVy), see Equation (4). At the same time, the saved amount of CO; emissions
(mco,,x) can be calculated by dividing the energy output of the biohydrogen process by
respective CO, emission factors from other energy carriers (efy), see Equation (5).

BEP

Mgyps,x = m (4)
x
BEP
mco,x = 7 ®)
X

The considered fossil energy carriers to be substituted are natural gas, coke, hard coal,
and heavy fuel oil and hydrogen from natural gas steam reforming and water electrolysis
powered by the German electricity mix. Further, green hydrogen from renewable electrical
power can be considered. The fossil energy sources were chosen for comparison, as
they are currently used in potential future application fields for hydrogen (e.g., steel
industry, (heavy-duty) traffic, heat generation). The alternative hydrogen generation
options highlight the direct benefits of biohydrogen (with and without CCS) as compared
to other energy sources. Reference values for LHV, and efy can be seen in Table 4.
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Table 4. Reference values for various energy carriers.

Energy Carrier LHV, in M]Jlkg ef, in tco,/T] References
Natural gas (NG) 4743 56 [54] (p. 138)
Coke (C) 27.6 105 [54] (p. 138)
Hard coal (HC) 28.3 93 [54] (p. 138)
Heavy fuel oil (HFO) 39.5 81 [54] (p. 138)
H, steam reforming (SR) 1 120 67
H; electrolysis electricity mix (EM) 2 120 83 [[5356]] (%bzligl))
H;, electrolysis renewables (REN) 2 120 0 -

11 = 84%; 1190 GJng/ Gln,; 21 = 70%; 1428 GJ o/ GJs,, EM 2018 has 30% lower emission factor compared to
2012 [56]. Hence, the value from [57] (Table 1) is reduced by the same percentage. 3 LHV NG = 36.0 MJ/Nm? and
assumed density png = 0.76 kg/Nm? (Nm® = norm cubic meter).

HyBECCS was introduced in Section 2.2. as an innovative way to produce carbon-
negative hydrogen and is considered as an evaluation step in this work. The methodical
conduct to obtain a theoretically storable amount of CO; through HyBECCS is defined
as follows: The mass of the product gas mixture (1) in the respective biohydrogen
process and its CO, content (xcp,) must be known or estimated. It should be noted that
the real CO; production rate often is a matter of uncertainty and depends largely on the
composition of the input substrate. Real data are therefore to be preferred for the specific
process. The resulting amount of CO, produced during the biohydrogen process can be
calculated according to Equation (6). This can be seen as the theoretical amount of storable
biogenic carbon dioxide leading to the same value of theoretically achievable negative
emission potential (NEP) in CO; ¢q through the specific HyBECCS approach.

NEP = xcq, - Mgas (6)

4. Discussion

This section discusses the conducted work. First, the considered material flows are
briefly touched upon. Next, limiting factors and assumptions are taken up and evaluated
in light of associated uncertainties, restrictions, and alternative points of view.

Initially, a range of biomasses applicable to the process can be determined using the
methodological approach presented. The decision to exclude by-products and biomass,
which can be used as material resources, is a very important first restriction. Utilizing
industrial residues, for instance, which are commonly used as animal feed, could create
shortages in the supply for animal feed production. Consequently, this shortage would
have to be filled by other resources. In terms of sustainable impact, those resources could
possibly be of higher value, such as maize or soy, resulting in a shortage for human
consumption so that in the further course these resources would have to be imported from
other countries. This is just one example of emerging competition for usage, especially of
relevance with industrial residues. In fact, the efficient use of by-products saves a lot of
resources and energy as they fulfill demand, which otherwise would have to be satisfied
elsewhere, potentially in a more energy-intensive manner. For those reasons, the material
considered in this work is chosen to not present competition in material usage. Theoretically,
industrial residues, animal-processing wastes, or oils and fats, amongst others, could still
be used in biohydrogen production processes. However, the consideration of such material
would have to be conducted in greater detail for specific regions or industries, as several
sources indicate that nationwide data for industry by-products and other smaller biomass
fractions are not available or based on vague assumptions. Hence, the respective data
embody broad spreads and limited reliability [20] (p. 17), [22] (p. 103), [42] (p. 108).

An initial and expected finding based on the methodological approach shown in
this paper is that pretreatment—especially hygienization—has an extensive impact on the
bioenergy potential. The additional step of including other means of treatment, though
not being necessary in the same sense as hygienization, can be reasoned by the expected
increased degree of mobilization and the resulting enhanced process outputs. Altogether,
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the reliability of the obtained energy values and substrate properties can be considered as
high, as they are taken from scientific papers. Associated risk factors are, on the one hand,
the requirement of pressure sterilization in case of insufficient sterilization performance of
pasteurization. On the other hand, the necessity to extract utilizable substances from the
substrate could be required. Both of these factors could significantly increase pretreatment
energy demand. Next, the process energy demand is an essential factor as well. The
uncertainties concerning the process energy demand are associated with inaccuracies.
Additional energy demand might result from further heat demand for process operation,
for instance. Overall, a conservative approach has to be chosen to evaluate the processes.

The derivation of environmental impacts can provide an initial basis for decisions on
the sustainability of the processes. Other relevant aspects, however, are substrate logistics
and storage, as well as the handling of process residues, which have not been considered in
the methodological approach presented. These topics were beyond the scope of this work
but might pose certain risks or chances. For example, lengthy substrate transportation or
improper storage could decrease the overall net potential of the biohydrogen processes,
depending on the hauling distance or the loss of utilizable substances during storage.
On the contrary, process residues might contain substances to be metabolized in further
energetic treatment or biomass with high-value components. As a result, extraction of
such high-value components, further energy generation from the substrate, or just compost
producible from it could improve the economic and ecological value of the process.

The methodological approach shows weaknesses regarding process-specific develop-
ments. Some of those factors affecting the amount of available waste materials could be
increased awareness of food waste, changing consumption habits, and the population trend.
Regulatory measures, policy goals, and environmental concerns have been considered to
some extent, but not in greater detail. It is considered acceptable to assume a status quo
situation for these factors in the short term but has to be adjusted for the evaluation of
long-term potentials. This work provides a starting point for evaluating bioenergy and
climate mitigation potentials by providing a quickly implementable guide for estimating
the bioenergy potential for hydrogen production from biomass and its potential green-
house gas savings in Germany. However, many technology-specific factors that influence
these potentials remain unconsidered. In addition to substrate suitability and conditions
like wetness and hydrogen yield, these include, for example, technology maturity, energy
efficiency, conversion rates, and plant complexity, in order to obtain a conclusive picture for
the assessment. In addition, other environmental impact categories according to DIN EN
ISO 14040/44, besides global warming potential, such as acidification and eutrophication
potential or photochemical oxidant formation, as well as ozone layer and abiotic depletion,
should be considered within holistic assessments.

5. Summary and Prospect

It is common ground that the future energy market requires efficient carbon-neutral or
negative solutions in green energy production. Biohydrogen production technologies are
expected to be capable of producing large amounts of hydrogen from organic biomass in
the near future. Further, co-produced biogenic carbon dioxide can be stored or put to long-
term use by applying hydrogen bioenergy with carbon capture and storage (HyBECCS)
approaches to generate greenhouse gas sinks. This work aims to provide a guideline for
deriving the bioenergy potential of organic waste material and the connected ecological
impacts of biohydrogen and HyBECCS processes in Germany.

A four-step methodical conduct, including material selection, assumptions, calculation
of energy potential, and environmental impact evaluation, is elaborated to achieve the
desired outcome. First, biomass categories are evaluated regarding their applicability
to an exemplary biohydrogen process. Therefore, a six-step selection process to exclude
material is conducted, resulting in specific biomass categories found to be utilizable and
fulfilling the criteria of waste material. Second, a number of assumptions regarding
the pretreatment of the substrate and the required process energy demand are made
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to include the energy input required by the process. Third, the derivation of energy
potentials is conducted following common practice and adhering to certain criteria for
comparability and transparency. Lastly, the substitutable amount of (fossil) energy carriers
and related emission savings, on the one hand, and the negative emissions by applying
HyBECCS approaches, on the other hand, are evaluated to obtain a statement about
the environmental benefits. The scientific contribution of this article was to develop a
methodological approach for a bioenergy potential and a negative emission potential
analysis illustrated using a fictitious fermentative hydrogen production process, rather
than research based on experimental studies.

In conclusion, rising demand and a functioning hydrogen market are not only ex-
pected in Germany, but throughout Europe, which is key to triggering scaling effects and
research progress for biohydrogen processes and HyBECCS approaches [2] (p. 5). There-
fore, the use of hydrogen as an energy source in the transport sector and decisive industries
(steel, cement, and chemical) is desired. These industries play a key role in the development
of a German hydrogen market. In addition, the often decentralized produced hydrogen
needs to be distributed all over the continent, demanding a modern network of storage and
pipelines, suitable for safe Hy transport. Safety concerns and the applicability of existing in-
frastructure are to be evaluated and resolved on the part of the German government. Lastly,
research on and development of hydrogen production, storage, distribution, and utilization
are still in their early stages. This means that technologies are often not advanced enough
for market rollout. More applied research and development are needed on biohydrogen
processes and HyBECCS approaches as they can contribute to climate mitigation targets to
a large extent [5]. Additionally, the new technologies need to be fully analyzable and evalu-
able during the innovation and upscaling processes in order to be successful on the market
and prove their ecological potential. Therefore, the ecological and economic potential
including all life cycle costs and emissions should be further investigated and a common
framework be created, since the competitive performance is the main short-term indicator
of success for biohydrogen processes in Germany. Additionally, the processes need to be
compared to the competitive utilization technologies for various biomass flows in order
to see whether biohydrogen production can be a better option in terms of energy output,
carbon emissions, and life cycle impact. In addition, other impact categories besides global
warming potential, such as acidification and eutrophication potential or photochemical
oxidant formation, as well as ozone layer and abiotic depletion, should be considered using
the LCA method according to DIN EN ISO 14040/44. This work, however, provides a
starting point for investigating bioenergy and climate mitigation potentials.
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