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Kurzfassung

Griner Wasserstoff, erzeugt mittels erneuerbarer Energien, wird eine Schllsselrolle in der
Dekarbonisierung einer Reihe von industriellen Zweigen einnehmen. Da erneuerbarer Strom
Mangelware ist, steigt zunehmend das Interesse an photokatalytischen Wasserstoff aus
Wasserzerlegung. In 2020 schlugen Pannwitz et al. einen neuen biomimetischen Ansatz vor, wobei
das Photosystem aus Pflanzen oder Algen gemeinsam mit einer Hydrogenase in eine
Doppellipidschicht eingebracht wird, um einen biobasierten Photokatalysator zur Wasserspaltung zu
konstruieren[1]. Jedoch sind konventionelle Phospholipide, unter hohen Temperaturen, niedrigen pH-
Werten und im oxidativen Milieu instabil — Bedingungen typisch fir photokatalyische
Wasserstofferzeugung. Diese Arbeit beschreibt einen verbesserten Ansatz fir ein halbsynthetisches
photosynthetisches System, basierend auf stabileren photoaktiven Tetraederlipid-Liposomen —
PhotoSomen. Das Ziel dieser Arbeit besteht in einer Machbarkeitsstudie mit einer Kostenschatzung
flr den Scale-up einer semisynthetischen Wasserstoff Produktion basierend auf dem PhotoSome
Photokatalysator.

Eine Ubersicht Uber die Wasserstoff Wertschopfungskette mit aktuellen und zukiinftigen
Wasserstoffbedarf, Standards und Anforderungen gemeinsam mit einem Vergleich von, im speziellen
grinen, Wasserstoffproduktionsmethoden in Bezug auf Technologie - Reifegrad und
Wirtschaftlichkeit mit einem Fokus auf solaren und photokatalytischen Wasserstoff wird prasentiert.

PhotoSomen werden beschrieben und eine Abschatzung Uber Stabilitdten, Limitation und Optionen
der Hauptkomponenten, Photosensitizer, Ladungstrager und katalytischen Zentrum abgegeben.
Durch diesen Einblick wurde ein sicherer Gastrennprozess des explosiven Knallgases basierend auf
Inertisierung durch Stickstoff erarbeitet und ein Basic Prozessdesign mit einer Analyse aller Unit
Operationen durchgefiihrt. Fiir die Skalierung wurden 2 Konzepte, eines basierende auf einer 2-
stufigen Gaspermeation mit nachgeschalteter Druckwechseladsorption (PSA-KONZEPT) und ein
zweites basierend auf einem hypothetischen elektrochemischen Wasserstoffkompressor (EHC-
KONZEPT), mit einer taglichen Wasserstoffproduktion vergleichbar zu einem 1 MW Elektrolyseur
betrachtet. Systeme ausschlieRlich basierend auf Druckwechseladsorption oder cryogene
Gastrennung wurden aufgrund der niedrigen Wasserstoffkonzentration durch die Verdiinnung im
Feed Gasstrom vorab verworfen. Da noch keine elektrochemische Trennung via EHC von einem
verdiinnten Knallgas in der Literatur beschrieben wurde, wurde eine Trennung eines H; - O, - CO;
Gasgemisches untersucht. Dabei konnten bei einem Potential von 1V, 15,5% des Wasserstoffs mit
einem Energieaufwand von 33,3 kWh/kg H,, dquivalent zu 100,07% des unteren Heizwerts von H;
abgetrennt werden. An den Current Collector Platten wurde starke Oxidation beobachtet. Basierend
auf einer 7% Solar to Hydrogen Effizienz und einer Lebensdauer der PhotoSomen von 6 Monaten,
wiirde das System ca. 80000 m? an Reaktorfliche bendtigen. Das PSA-Konzept erreicht Wasserstoff
Produktionskosten von 41,16 €/kgH, und das EHC-Konzept 30,49 €/kgH, bei einer Tagesproduktion
von 483 kg. Der Leistungsbedarf flr das PSA-Konzept betragt 5,429 MW und 3,532 MW fir das EHC —
KONZEPT. Damit wird Wasserstoff ohne Netto-Energiegewinn erzeugt. Die groRten
Herausforderungen fiir einen kosteneffizienten PhotoSome Prozess sind der hohe Energiebedarf der
Gastrennung, die hohen Lipidkosten und der Edelstahlkosten der Photoreaktor Panele. Die
Unstetigkeit der Sonnenstrahlung, Temperaturen unterhalb des Gefrierpunkts und das reale
Verhalten der Photosomen sind offene Fragen. Ein suspendiertes Einzelkatalysator-PhotoSome
Wasserstoffproduktionssystem ist damit nicht wirtschaftlich. Weitere Arbeiten sollten den Fokus auf
die Synthese von hoherwertigen Produkten wie Azetat und Ameisensdure mittels PhotoSomen
setzen.
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Abstract

Green hydrogen, produced from renewables, will play a key role in decarbonization in a wide range of
industries. As renewables remain in short supply, hydrogen from photocatalytic water splitting is
gaining more interest as an alternative. Pannwitz et al. proposed 2020 a novel approach by mimicking
nature and embedding photosystems and hydrogenase in artificial bilipid layers for hydrogen
production[1]. However, conventional phospholipids are unstable at high temperatures, low pH and
oxidative conditions — conditions that arise during water splitting. This paper proposes a new
approach for this semi-artificial photosynthetic system (SAPS) based on more stable photosynthetic
tetrahedral lipid (TEL) liposomes — PhotoSomes. The goal of this thesis is a feasibility study for a
potential scale-up of the semi-artificial photosynthetic particulate, suspended, fully biological, lipid-
based PhotoSome hydrogen production process. An overview of the H, value chain with current and
future H, demand, standards and requirements is presented. H, production methods, especially green
H, methods have been described and compared on their level of development and cost-effectiveness
with a focus on solar H, and photocatalytic production methods. A holistic review of publications on
H,-producing semi-artificial photosynthetic photocatalytic systems has been written.

The PhotoSomes are described and studies about stability, limitations and options for the main
components photosensitizer, charge carrier and catalytic center are given. Based on this insight a safe
separation approach for the potentially explosive oxyhydrogen gas mixture based on dilution by
nitrogen was developed. A basic process design, with an analysis of all unit operations was carried
out.

For the scale — up and cost analysis 2 concepts, one based on a 2-stage gas permeation and pressure
swing adsorption (PSA-CONCEPT) and a second based on a hypothetical electrochemical hydrogen
compressor (EHC-CONCEPT) for hydrogen separation, with a daily hydrogen production comparable
to a 1 MW electrolyzer have been designed for comparison. A pure PSA system and a cryogenic
separation were ruled out in advance because of the low hydrogen concentration in the diluted gas
stream.

As an electrochemical hydrogen separation via EHC of a diluted oxyhydrogen gas mixture hasn’t been
described in literature, a separation of a H, - O, - CO, gas mixture was carried out. 15.5% of H, were
separated at a potential of 1 V and an energy consumption of 33.3 kWh/kg H equivalent to 100.07%
of the lower heating value of hydrogen. Heavy oxidation occurred on the current collector plates.

Based on a 7% solar to hydrogen efficiency and a lifetime of 6 months of the PhotoSomes, the system
would require an area of around 80 000 m?. The PSA-CONCEPT achieved a cost of 41.16 €/kg H, and
the EHC-CONCEPT of 30.49 €/kgH> at a daily production of 483 kgH,. The power requirement during
operation reaches 5.429 MW for the PSA - CONCEPT and 3.532 MW EHC — CONCEPT producing
hydrogen without net energy gain. The biggest obstacles for a cost-effective PhotoSome process are
the energy consumption of the gas separation process, the cost of TEL lipids and the cost of stainless
steel for construction of the photoreactor. The inherent intermittence of solar irradiation, subzero
temperatures, and the actual behavior of PhotoSomes remain open questions.

A suspended single catalyst PhotoSome hydrogen production system is not cost-effective!

Further research should focus on the synthesis of higher-value products such as acetate and formate,
avoiding a flammable gas atmosphere in the first place.
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DS disc separator
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F1 microfiltration
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1. Introduction

Global warming and the shift to renewables, energy independence, energy storage and soaring
energy prices are the biggest challenges of our time. A rapid reduction of greenhouse gas emissions,
global and local, is unavoidable. In a worldwide attempt to limit the fundamental changes to the
ecosystem associated with climate change, the 195 signatory countries of the 2015 Paris Agreement
on climate change agreed to ramp up their efforts to reduce their CO, emissions over the next
century. To accomplish this task, the Intergovernmental Panel on Climate Change (IPCC) concluded
that net global CO, emissions would have to reach a net zero by 2100 to limit global warming to
1.5°C[2]. In 2021 Global CO; emissions rose by 4.8% to 34.9 GtCO;[3]. To achieve the 1.5°C limit set by
the Paris Agreement, 8% reductions are needed per year to limit anthropogenic warming to 1.5 °C by
2100 with a 67% likelihood[3].

Global greenhouse gas emissions by sector
This is shown for the vear 2016 - global greenhouse gas emissions were 40.4 billion tonnes CO.eq.
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OurWorldinData.org - Research and data Lo make progress against th s Iargest problem:

Fig. 1 Global greenhouse gas emissions by sector 2016 reproduced from OurWorldinData.org by Hannah Ritchie (2020)
under CC-BY: Source:[4]

Most greenhouse gas emissions today are related to energy use, production and industry, making the
transformation to renewable energy sources and the development of new green sources for
feedstock chemicals inevitable. In order to achieve this shift away from fossil fuels and into
renewable energy sources, a few obstacles must be overcome.

First, the intermittence problem. As the electric grid is a flow bases system, electricity must be
produced at the moment of demand. However, sufficient electricity, especially wind — and solar
power, might not be available at this instant. Therefore, power storage is paramount to provide
stability and resilience to the grid.

Secondly hard-to-abate-emissions, notably in industries such as aviation, shipping, iron, cement and
steel production, chemical manufacturing, with applications of high-temperature industrial heat,
long-distance and long-haul road transport but also heat for buildings, particularly in dense urban
environments or off -grid applications, have been notoriously difficult to decarbonize. These
emissions occur in processes where electricity is currently not a viable energy form at the point of
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end use and where direct electricity-based solutions come at high costs or with technical drawbacks.
Besides the technological issues, missing infrastructure and supply chains are further hurdles.
Green H;, produced from renewable energy sources, solves these challenges. If produced at
competitive prices and at a large scale, green H, would lay the foundation for the so-called “H,
economy”, an industrial system in which the dominant role of the energy carrier and fuel is
performed by H, together with electricity. Also, H; is vital as green feedstock for the decarbonized
chemical industry.

The benefits of H, have been routinely cited. Since H, combustion only emits water vapor, no
greenhouse gases, particulates, sulfur oxides or ground-level ozone are produced using H,. If H, is
used in a fuel cell, even thermal NOx emissions can be prevented. Replacing carbon-containing fuels
with H; could lead to a reduction of local air pollution, improving environmental and health
outcomes. Produced with renewable local resources, green H, will improve energy security and
access. Especially during a time of soaring energy prices, the difficulties of dependence on a few oil
and gas-producing nations for energy has become apparent as never before. Countries with high-
quality resources for H, production are widely dispersed around the globe. Current energy exporting
countries are finding themselves with renewable energy resources for a zero carbon - H; trade, to
help bridge the gap during seasonal fluctuations. [5]

By converting electricity to H,, stored H, can help alongside alternatives such as batteries and
pumped-storage — hydropower to match energy supply and demand. As an energy carrier, piped H; or
blended H, transported in existing natural gas pipelines, could supplement existing powerlines in
energy transport. For the energy transformation to become a reality, vast quantities of green H, must
be produced. However, existing technologies, photovoltaic cells, face a resource bottleneck at the
required scale [6] necessary to accommodate expected demand and for example, copper and
dysprosium are regarded as limiting resources in the scale-up of wind power in Germany[7].
Surprisingly water splitting also occurs in nature in a process called photosynthesis. Powered by
sunlight, a combination of 2 biocatalysts, so-called enzymes, can produce H, from water. These
enzymes can be manufactured with readily available resources, all around the world in a CO;, negative
process, reducing dependence on high-tech resource-rich countries such as China.

The goal of this master thesis is to evaluate the economic potential, technological limitation and
showstoppers of a lipid-based semi-artificial photosynthetic system (SAPS) for green H, production.

2. Introduction into H,

2.1.H; Properties

H, is the lightest chemical element with the atomic number 1 and symbol H. At standard conditions,
H, exists as the diatomic gaseous H, molecule. Most H, on earth exists as water and is also found in a
wide range of organic compounds. It is a non-toxic, odorless, tasteless, colorless gas. Due to its high
flame velocity, broad ignition range and low ignition energy, it is highly flammable. This is partly
mitigated by its high buoyancy and diffusivity, which causes it to dissipate quickly. Relative to carbon-
based fuels, H, has a high combustion velocity. Because of its non-luminous flame, it is difficult to
monitor and to detect fires and leaks[5]. H. has, compared to gasoline, an outstanding energy density
per unit of mass however, a very low energy density per volume.
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Properties H, Comparison
Density (gaseous) 0.089 kg/m?3 (0°C, 1 bar) 1/10 of natural gas
Density (liquid) | 70.79 kg/m?3 (-253°C, 1bar) 1/6 of natural gas
Boiling point -252.76°C (1 bar) 90° below LNG
Energy per unit of Mass (LHV) 120.1 MJ/kg 3x that of gasoline
Energy density (ambient cond., LHV) 0.01 MJ/L 1/3 of natural gas
Specific energy (liquefied, LHV) 8.5 MJ/L 1/3 of LNG
Flame velocity 3.46 m/s 8x methane
Range of flammability in air 4-77 vol% 6x wider than methane
Range of explosivity in air 13 - 65 vol% 5x wider than methane
Diffusion coefficient in air 0.61*10* m?/s 3x higher than methane
Autoignition temperature 585 °C 220 °C for gasoline
Ignition energy 0.02 MJ 1/10 of methane
Flame temperature 2045 °C 160 °C lower than gasoline

Tab. 1 physical properties of H, - Sources[5], [8]

2.2.Current H; production and consumption

Today, H; is almost entirely produced from unabated fossil fuels, either from natural gas or as a by-
product of chemical processes. Only China produces significant amounts of H; from coal.
Approximately 60% of H; is produced in “dedicated” production facilities as a primary product. By
2021 global H, production rose to 94 million tons (Mt)?}, releasing more than 900 Mt CO,, slightly
more than the annual CO, emissions of Indonesia and the United Kingdom combined [5], [9, p. 284].
62% of H; is produced from natural gas without carbon capture, utilization and storage (CCUS). 19%
are produced from coal, 18% as a by-product of naphtha reforming at refineries for other on-site
refinery processes. Oil accounts for less than 1% of H, production. The largest part of low-emission H,
is produced from fossil fuels with CCUS, accounting for 0,7% of overall H, production. Water
electrolysis currently plays an insignificant role, however it’s share increased by 20% compared to
2020 [9].

Hydrogen Production 2021

Electricity
By product 0,04%
18%

Coal 19% | Natural Gas

w/o CCUS 62%

0il 0,70%
Fossil fuels w/o CCUS...

Fig. 2H2 production mix 2020/21, Data Source: [9, p. 71]

! This includes 74 Mt Hz of pure hydrogen production and around 20 Mt H2 mixed with carbon-
containing gases in methanol production and steel manufacturing. It excludes around 30 Mt H»
present in residual gases from industrial processes used for heat and electricity generation[5], [9, p. 284]:
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Steam methane reforming (SMR), the main H; production method, is preferred due to its mature
technology and heavy use in the industry[10]. Most H; is produced close to its end-use point, with
resources extracted in the same country[5].

2.3. H; consumption

In 2020 global H, demand rose to about 90 Mt H,, 40 Mt were consumed in refineries either as an
energy source, cracking agent for hydration of liquid oils, to remove sulfur and N, compounds or as
feedstock. The chemical industries’ H, demand amounts to slightly more than 45 Mt H; as feedstock,
with methanol production accounting for about one quarter and ammonia production for about
three-quarters of consumption. Steel production with the direct reduced iron process consumes the
remaining 5 Mt H, [11]. Less than 0.01 Mt per year of pure H, is used in fuel cell vehicles. Among
other processes making use of H,, the synthesis of aniline from nitrobenzene, the synthesis of
hexamethylenediamine and the removal of trace amounts of oxygen in corrosion protection[12].

2.4. Categorization of Ha

To provide a clear labeling system, H, often is categorized, depending on the energy source of its
production method, into black, gray, brown, blue, and green H,.
“Gray” stands for H, from fossil fuels, sometimes with further subdivision into “black”, “gray” or
“brown” for coal, natural gas and lignite-based H, production. “Blue” is used for fossil fuel-based H,
production with CCUS to reduce CO;, emissions. “Green” H; stands for production from renewable
energy sources.

2.5.The Cost of H»

by 2050

GRAY

1 |

LCOH, USD/ kg H
= N w b~ O, [e) B N

Fig. 3 The cost of H,, Data Source:[13]

The cost of H; strongly depends on primary energy cost. Centralized production processes tend to be
cheaper. Since H, will have to compete with natural gas and electricity powering and heating
buildings, it is estimated that green H, will likely be in a price range of 1.5 - 3 USD/kg by 2050 [5]. The
average global H, production cost for steam methane reforming (SMR) — H, amounts to 0.07 €/kWh,
for coal gasification H, to 0.10 €/kWh. PV-based H; in Europe amounts to 2 €/kWh. In December 2019
the H, commercial price amounted to 0.42 €/kWh about 3 times more expensive than diesel [14]. The
production cost for green Hj is significantly higher compared to conventional methods. However it is
only a matter of time for novel, highly efficient, green H, production methods to get cheaper with
the introduction of advanced materials and innovative technologies [10].
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2.6.Storage, Compression and Transport of H;

Given that H; has a higher energy density per unit of mass compared to methane and gasoline, one
might think H, is the perfect energy carrier but storage, compression and transport of H; face similar
challenges such as low volumetric density, high boiloff and H, embrittlement. To move the same
amount of energy with piped H, compared to natural gas, a larger gas volume must be transported.
Resulting in, on one hand larger and/or fast flowing pipelines and larger storage tanks compared to
the existing infrastructure. Therefore, significant effort went into increasing the volumetric energy
density of H,. H, can be liquefied, compressed, absorbed, converted to a H; carrier like methanol or
ammonia, or absorbed by a liquid organic H; carrier fuel such a toluene, stored in metal hydrides, or
stored in large underground salt caverns or depleted natural gas reservoirs.

H> STORAGE
Storage form Energy Density Density Source
k) kg? MJ m3 kg m3
H gas (ambient 0.1 MPa) 120000 10 0.09 (8]
H, gas at 20 MPa 120000 1900 15.9 (8]
H, gas at 70 MPa 120000 5600 - [15]
H,, liquid 120000 8700 71.9 (8]
2000-

H, in metal hydrides 9000 | >000-15000 i (8]
H in metal hydrides, typical 2100 11450 5480 [8]
Methane (natural gas) at 0.1 MPa | 56000 37.4 0.68 (8]
Methanol 21000 17000 0.79 [8]
Ammonia 22500 11500 0.73 [16]
POWERPASTE Fraunhofer IFAM | 5760 68.4 - [17]

Tab. 2 Comparison of H, storage forms

The most cost-effective way to store H, is in its gaseous form, for most application. Pressurized H; is
usually stored between 150-300 bar with high pressure storage reaching up to 700 bar. These
pressure vessels should be lightweight, easy to work with and inexpensive but also must withstand
H, embrittlement. Carbon fiber reinforced plastics are an obvious choice, however due to their low
thermal conductivity, they must be kept below a certain temperature during the exothermic filling of
the tank to not exceed safety standards.

Metal hydrides can store and release H, based on a temperature-dependent absorption mechanism.
Typically, they hold 1-2% of their weight in H,. Challenges are the supply of heat or the need of a heat
generation / transfer system, the time lag between initial heating and release of H, and limited
reusability in case of impurities. This system offers a higher energy density compared to liquid and
compressed H; at the cost of the high overall system weight. N2 - and boron-based hydrides are quite
promising alternatives due to their high H, content but still require further research into catalysts
providing higher H, release rates. Gaseous H, storage in carbon nanotubes has also been studied,
offering even higher storage capabilities compared to metal hydrates but this technology is still in
early development. Capillary storage is based on physical gas absorption and is limited by the energy
demand for H;, release and long-term durability. Liquid H, storage is an energy-intensive process. As
H, liquefies below -250 °C about one third of the H’s energy content is necessary for the liquefication
process. Cryogenic systems have high requirements on the material and airtight insulation to
minimize boiloff. Further constraints are venting systems for the boil-off to keep the system at
constant pressure. Specialized liquid H, handling equipment and processes such as airtight fitting and

5
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lines are required since at these temperatures, air would freeze and block the flow. However, liquid
H, energy offers a low overall system weight at high volumetric energy density. Cryo-compressed H;
storage is an innovative approach that combines compression with liquefication, simply a two phases
system with vapor in the headspace and liquid H,. This system is more complex, bulkier, heavier and
contains lower-density fuel but reduces overall fuel energy loss during liquefaction compared to
liquid H, storage and is limited only to a few niche applications where liquid and gaseous H, is
needed. [15]

Compression of H

H, compressors are classified into two groups, nonmechanical and mechanical. Mechanical
compressors work on the principle of volumetric displacement and offer mature technology, easy
accessibility, low-cost and easy maintenance. Examples of this are reciprocating piston compressors,
diaphragm compressors and lonic liquid compressors. Disadvantages are the high number of moving
parts requiring lubrication and maintenance, as well as high power consumption. Nonmechanical
systems are cryo-compressors, adsorption compressors metal hydride H, storage compressors and
electrochemical H, compressors. [18]

Transportation of H,

Transportation of H, will rely on compression, liquification or incorporation into larger molecules
because of its lower volumetric energy density. Today most H, is distributed as compressed and
liquified H, by truck. Pipelines — “piped H,” — offer the lowest transmission cost. H, pipelines already
exist, mainly within or between chemical industrial plants. Existing natural gas pipelines could be
converted to pure H, requiring significant investment into new equipment as valves and
compressors. Blended H; offers an intermediate solution based on existing natural gas infrastructure.
Here H; is blended into natural gas. Regulation in Austria allows blends up to 10 vol% H,. For shipped
H,, studies have shown that over 1500 km it is more cost-effective to ship H; liquified or as liquid
organic H; carrier or ammonia than as compressed H,. [5]

2.7.Standards for H; fuel and equipment

Currently, there are only a few standards for H,. The quality requirements depend strongly on the
application of H,. The standards ISO/DIS 14687, DIN EN 17124, SAE J2719 and GB/T 3634.2-2011
describe quality requirements for H, as a fuel for stationary and mobile fuel cells by the minimum
concentration of H, and max. concentration of other gases or trace elements. These are applied as a
reference but not always. H, requirements might also be defined by the degree of purity. For
instance, a degree of purity of 5.0 is the equivalent of 99.999% H, and 3.0 to 99.9% H, [19]. In Austria,
the standard OVGW G B210 sets the requirements for piped natural gas. Currently up to 10% H, can
be added to the natural gas as a carbon free replacement gas. At this point the ASME B 31.12 — H,
piping and pipelines should also be mentioned. The analysis of H, fuel for PEM purposes is
standardized by DIN I1SO 21087.
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H, PEM applications,
Standard: DINEN 17124,150 | '3° 1: 6;; 3Ty Pl
14687 (Type I/11 D) ’
application: mobile PEM stationary PEM
H, 99.97 % >99.9 %
Non H,-Gases 300 umol/mol <0.1%
no condensation
Water 5 umol/mol at ambient
conditions
non methane 2 umol/mol < 2 umol/mol
hydrocarbons
methane 100 pmol/mol < 100 pumol/mol
oxygen 5 pumol/mol < 50 umol/mol
helium 300 pumol/mol
N, 300 pmol/mol <01%
argon 300 pumol/mol
co, 2 pmol/mol 2 pmol/mol
co 0.2 umol/mol 0.2 umol/mol
overall sulfur 0.004 umol/mol 0.004 pmol/mol
HCHO 0.2 pumol/mol 0.2 umol/mol
HCOOH 0.2 umol/mol 0.2 umol/mol
ammonia 0.1 umol/mol 0.1 umol/mol
halides 0.05 pmol/mol 0.05 pmol/mol
fog, dust, fluids 1 mg/kg -
airborne
particles i <1mg/ke
size of particles - <75pum

Tab. 3 most applied H; standards, Source:[20]

Based on these main criteria for this study are 99.97% H, purity, max CO, concentration of 2
pmol/mol and max. water content of 5 umol/mol.

3. H; production methods

H, production methods are classified either by the natural resources used to extract H; for instance
hydrocarbons and water or by the primary energy source as fossil fuels or by its primary energy
source such as fossil, electrical, biochemical, biological and solar.
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Fig. 4 H, production methods

3.1. Gray H; production methods

This chapter offers an overview of current fossil-based H, production methods. These methods
operate at high temperatures, often exceeding 700°C, are energy intensive, require purification steps
and are associated with N, sulfur, heavy metals contaminated ash and high CO, emissions [12].

Gray H; production methods are coal gasification, reforming with steam methane reforming, steam
reforming, partial oxidation, autothermal reforming, thermal cracking — water thermolysis and
thermochemical water splitting.

Coal gasification is a two-step process. In a first step, coal is partially oxidized at high temperatures
and pressures by using steam and O-producing syngas, a gas mixture consisting predominantly of H,
CO, steam and CO,. Secondly, the H, concentration is further increased by converting the CO with
additional steam and a catalyst to CO, and H, by water gas shift reaction. Followed by a gas
purification step, generally through a pressure swing adsorption (PSA), to eliminate the remaining
sulfuric acid, elemental sulfur and other impurities in order to produce pure H,. There are several
different process variants. Due to the feedstock, coal gasification leads to high CO, emissions.
Currently the cost of H, via gasification is slightly higher than that of steam reforming. Even though
fuel cost is lower compared to SMR, capital cost is significant. Coal gasification for H, production is
mainly practiced in China. [10]

Steam reforming is an endothermic process producing a syngas mixture of CO and H; by a reaction of
hydrocarbons with steam in the presence of a nickel-based catalyst at temperatures of 750-1000°C.
In a second step the H, content is increased in an exothermic water gas shift reaction, converting the
CO with H,0 to CO; and H,. To ensure a complete reaction of the CO, the water gas shift reaction is
split into a high temperature, between 500 — 300°C and a low temperature at 200°C step with
different catalysts. To remove the CO, at the end, several different methods, including adsorption,
absorption and membrane separation, are in use. Feedstocks for steam reforming could be methane,
ethanol, and Fischer-Tropsch distillates.

As steam methane reforming (SMR) it is regarded as the most deployed H, production method
accounting for 48% of worldwide H, production. The endothermic SMR process operates at

8
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temperatures between 700 — 1000°C and in a pressure range between 3 and 25 bar with a Co-Ni
catalyst. H, is produced under the following reactions:

206k]
CHy(9) + H;0 + heat — CO + 3H, AHp: ———= (Eq3.0)

CO + H,0 — CO, + H, + heat (Eq 3.1)

The CO concentration is reduced via a high-temperature shift converter below 1000ppm and further
reduced to less than 10 ppm in a PSA. H, with a purity of 99.9995% is produced. Compared to partial
oxidation and autothermal reforming, SMR is a highly efficient process with lower emissions and
lower cost of large production units. However, it is a complex system and sensitive to changes in
natural gas qualities. [10]

In partial oxidation (POX), the fuel is partially combusted with O; to produce carbon monoxide and
H,. Since this is an exothermic reaction, an external heat source is not required. The product gas can
further be converted by a water gas shift reaction to higher H, content. This process does not require
a catalyst and is more tolerant to sulfur compared to steam and ATR.

The autothermal reforming (ATR) process is a combination of POX and steam reforming. In a thermo
reactor, hydrocarbons react with O, and steam in a catalyzed reaction to produce syngas, a mixture of
CO and H,. This process operates without an external heat source and is powered by heat exchange
between the exothermic partial oxidation and the endothermic steam reforming reaction. These 2
reactions can be carried out in a single combined reactor or 2 separate gas-heated reactors. The ATR
process operates at 1900°C in the combustions zone and at about 900 - 1100°C in the conversion
zone. The produced syngas then can further be converted in a water gas shift reaction to increasing
the H, content. Compared to POX, ATR operates at lower pressures. Since ATR and POX need
additional oxygen separation processes, they are more complex and are therefore more expensive
than steam reforming. ATR and POX systems are compared to SMR, smaller, simpler and cheaper at a
smaller scale, however they operate at lower efficiency and H; purification and higher emissions are
remaining challenges. [10]

Thermal cracking of hydrocarbons produces H, by breaking down hydrocarbons under high
temperatures, in an oxygen free atmosphere to obtain in a catalyzed reaction carbon and H,. The
thermal cracking of methane is described as follows:

75'6Ild>,(Eq 3.2)

CH, — C + 2H, (AH =

The biggest advantage of thermal cracking is H, production without CO, emission. The H; is easily
separated from the by-product carbon. To power this endothermic reaction about 10% of methane
feed is needed as input energy. [21]

The second process based on thermal dissociation is the one-step thermal water splitting process
called water thermolysis. To achieve a high degree of dissociation, high temperatures and pressures
are needed. In case of 3000K and 1 bar approximately, the reaction has a degree of dissociation of
65%. For the required separation of the H,, oxygen, water vapor mixture the product gas must be
cooled down since there are no stable membranes available above 2500K. To eliminate oxygen - H;
recombination the product gas has to be cooled down quickly to about 1500 - 2000K. Palladium
membranes for H, separation can also prevent recombination. [10]

Thermochemical water splitting is a process applying high-temperature heat to drive a series of
chemical reaction to produce H,. Since all chemicals are reused in the process within each cycle, the

9
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process only requires water to produce O, and H,. The key advantages are that the process does not
require any catalysts to speed up or initiate the reaction, moderate operating temperatures between
600 and 1200K, low power input requirement and product gas separation without the need for
special membranes. There are several thermochemical water splitting cycles described in literature.
However, the S-I cycle is regarded as the most technically feasible one. It consists of the following
reactions.

heat (300—500°C)
HZSO4(aq) —_ Hzo(g) + 503(9)' (Eq 33)

heat (800—900°C) 1
503(9) — E 02(g) + SOZ(g)' (Eq 34)

$0zg) + Ia(g) + 2H20() = 2HlI(g) + H2S04(aq) + AH, (Eq 3.5)

heat (425-450°C)
2Hl gy ——> Hy(g) + I5(g), (Eq 3.6)
The S-I has no side reactions or undesired byproducts. But the heat requirements for the
endothermic reactions of the water splitting cycle are quite high. Heat from biomass, solar, nuclear or
heat recovered from industrial processes could drive this process in a sustainably. [10] This green H,
method is described in more detail in chapter 3.5.2.

3.2.Green H; production methods

The interest in research and implementation of green H, production has been growing lately. Green
H, production methods are roughly grouped into electrical, biomass - based and solar methods
supplemented by several hybrid methods.

10
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Power H2 Production L. L.
Source Method Principle Performance Limiting Factors Cost Source
use of noble
TRL 10 materials, high
. . Commercialized membrane cost,
Electric PEM Electrolysis 64-82% HHV low durability, [22]
4.5-7.5 kWh/Nm? acidic
environment
TRL 10 elect?'ZIrr?es I\;zw H Strongly
Electric Alkaline Commercialized urii?l ;Iow 2 depen.ded (22]
Electrolysis 67-84% HHV purtty, on price/
Decomposition of water 4.5-7 kWh/Nm? startup, |°‘f" source of
to Hz and Oz due to the currentdensity, | electricity:
electric current passing Low ionic
through the electrolyzer TRL 10 conductivity, low | 8reen H2
Electric AEM Electrolysis Commercialized membrane prices: [22]
~4.8 kWh/Nm?3 stability, low 1.08-
lifetime 16.01%
unstable
TRL8 electrodes, safety
. . Precommercialized and sealing
El E-El | 22
ectric SOE-Electrolysis ~90%HHV problems, bulky (22]
2.5-3.5kWh/Nm?3 design, use of
brittle materials
not cost
o
Biomethane Plasma Arc ural g2 4 TRL9 veh
) . methane) into Hz and - low TRL for non - 2-3€ [23]
(plastic pyrolysis Precommercialized )
carbon black (soot) due recycle plastic
waste) o
to the activity a plasma. waste plasma
pyrolysis
TRL2
4 *1 -6 _ ) *1 -6
Forming of radicals after 5 rr?ol/g forsljgo/g
Electric Sono-chemical implosion of cavitation H 2 2 Low TRL no data [24]
bubble bubble or 20-30
umol/kWh for
H>0/Ar bubble
TRL 8
precommercialized
-0,
[wtﬁ,.g H2/100g more research in
biomass] X
cost-effective
L L 7-4g Steam .
. endothermic dissociation A catalyst, catalytic
Biomass Steam . K gasification, L
e of biomass at high o selectivity and
. . Gasification, 5-3g Supercritical .
Biological - temperature to produce . stability needed, | 12.75-9.5 | [25],
Supercritical water water gasification .
waste I syngas - often coupled . Costly biomass €/kg. [26]
gasification, A . 3-2g Fast Pyrolysis
! with water gas shift supply,
Fast pyrolysis . .
reaction . Corrosion,
palm empty fruit .
e Tar production,
bunch gasification: Gas purification
up to 127g Ho/kg P
biomass with 75
vol% H»
TRL S5 strain
Biological decomposition theoretical: optimization,
.g X P 4 mol Hz/ mol substrate 18.7$
. . of biological waste, H. as .
Biological . . glucose pretreatment, hybrid
Dark fermentation | main product and value- . . I [27]
waste with optimized cell | local availability of | system:
added byproduct (often -
volatile fatty acids) cultures: sufficient amounts | 2.8-2.5$
¥ 5.6 mol Hz/mol of substrate,
glucose Gas treatment
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During photo
fermer?tatlon, Fhe TRLS
production of bio Hz theoretical: 8 mol
. , occurs in the absence of ’ low H; rates, Hz 3.7 $/kg
Biological . Haz/mol glucose . .
waste Photo oxygen but in the separation, hybrid [27],
fermentation presence of light by the . pretreatment of system: [28]
+ Solar practical:
help of substrate, 2.8-2.58
) 1.1-2,8 mol Hy/mol
photoheterotrophic lucose
bacteria. Release of Ha g
and CO;
PV Cell connected to TRL & Optimized PV to (Pi/??é )
Solar PV-EC R Precommercialized P X ¢ [29]
electrolyzer unit Fuel cell area ratio 144 €
up to 30% STH
(Co304)
Electrochemical (half-)cell
with at least one TRL5 843§
photoelectrode with dual unbias '@
Solar Photo electro suitable bandgaps to photoelectrodes low yields, STH 10%: [30],
chemical PEC allow for water splitting. STH <1% corrosion ” [31]
Production of H,/0; in PV integrated PEC 2.9-18.86
separate compartments STH>20% ’ '
possible
Semiconductor based
h | i 1.50 -
Solar Photocatalytic pc | (SusPendediphotocatalyst TRLS gas separation, | 51.50 31]
with cocatalysts capable low yields 2.30
of water splitting
TRL 3 as separation
Similar to PC - STH1.8% white | 83°Separation,
hotocatalyst with light; photostability,
Solar SAPSs PC P . ! bio-/artificial no data [32]
constructed partly with up to STH 9%
. . . Interface, charge
biological components monochromatic
; transfer
light
Similar to PEC - Photostailt,
Solar SAPSs PEC Photocatalyst: semi- TRL 3 bio-/artificial no data [33]
. aralyst: 5.4+0.3 % STH interface, charge
biological construct
transfer
TRL5
Water is directly direct bio photolysis oxygen.|nh|t.>|t|on,
. . 2% STH despite high
Solar Bio photolysis converted to H: by solar L R R X 3.10$ [34]
light via Nbase and Hrase indirect bio- theoretical yields -
3 2 2 photolysis 0.5-2% low real yields
STH
thermochemical
processes using chemical
Solar/ redox reactions, 2-, 3-, 4 TRL 8
high Solar- thermo step thermochemical up to 25% STH chemical stability 8.4$ - [35],
temperature chemical water splitting cycles can | thermal efficiencies of equipment 2.6S [36]
heat generate H2 more over 50%
efficiently due to
reducing temperatures.

Tab. 4 Comparison of Green H, Production Methods
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3.3. Electrical H, Productions Methods

The carbon footprint and classification of electrical H, production methods depends on electrical
power source. When powered by renewable electricity, they are considered as green. Electrical H,
production methods are water electrolysis, high temperature heat electrolysis, plasma composition
and sono-chemical H, production.

Water electrolysis is the most important industrial water splitting process for pure H, generation.
Water is split into H, and oxygen through the application of electrical current. An electrolyzer unit
comprises of an anode and cathode immersed in an electrolyte. When electrical current is applied, H;
is produced at the cathode — and oxygen on the anode side as:

2H,0 — 2H, + 0,, (Eq 3.7)

Increased temperatures decrease the electrical energy demand. [10] There are 4 different types of
electrolyzers in operation, proton exchange membrane (PEM) electrolyzers, alkaline water
electrolyzers (AWE), alkaline anion exchange membranes (AEM) and solid oxide electrolyzers (SOE).
These systems are either commercialized or at pre-commercial stage with efficiencies between 64%-
90% of higher heating value (HHV). PEM and SOE systems reach stack lifetimes below 40000 hr
achieving H; purities up to 99.999%. An in-depth review of the current status of electrolyzers has
been written by Nasser et al. [22] High temperature, or solid oxide electrolysis (HTE) splits steam into
0O and H; at temperatures between 700 and 1000 °C. HTE requires less electrical energy compared to
room temperature electrolysis because of higher efficiencies at increased temperatures. HTE requires
a significant heat input to evaporate the water and heat the steam to operating temperatures. Can be
provided either by external heat sources or direct steam injection. With high-temperature heat
sources such as solar geothermal and solar, HTE can produces H, with CO, emissions close to 0. To
overcome these challenging operating conditions, system components must provide physical and
chemical stability at high ionic concentrations, high operating temperatures as well as low electrical
conductivities even in contact with extremely reducing and oxidizing mediums. Especially electrodes
need to be porous with enhanced electrical and thermal conductivities and be chemically stable in
extremely reducing and oxidizing environments. [10]

Plasma arc decomposition, also known as high-temperature pyrolysis, is a process that splits natural
gas (mostly methane) or biomethane into H, and carbon black (soot), due to plasma. Compared to
thermal cracking, plasms arc decomposition is capable of breaking down heavy oil fractions and
organic matter. The plasma gas is supplied by electrodes and methane is introduced from the top
inlet of the reactor. The carbon stays back at the bottom of the reactor while pure H; is generated. It
is estimated that the cost of plasma arc decomposition is no less than 5% lower compared to large-
scale SMR combined with carbon capture. If this process is powered by renewable energy, no CO; is
emitted. [21] Plasma pyrolysis is already deployed at precommercial scale TRL 8-9 with expected cost
2-3 €/kg H,[23] If supplied by biomethane and renewable electricity.

3.4. Biomass based H; production.

Biomass-based H, production methods are either thermochemical, biochemical or biochemical—solar
methods.

Biomass-based resources for H, production are grouped into 4 groups:

i Forest wastes (tree and bush cutting, residues from wood cutting and processing)
ii. Purposely grown energy plants
iii.  Agricultural waste: animal and plant waste
iv. Urban and Industrial waste (sewage sludge, industrial wastes...)
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The mass fraction of H element in biomass is ~6%, which is equivalent to 0.672 m? gaseous H2
produced by 1 kg biomass, accounting for more than 40% of the total energy of biomass. [26]

3.4.1. Thermochemical conversion of biomass

The production of green H; via thermal valorization of biomass via syngas reforming with steam
gasification, supercritical water gasification and or bio-oil reforming with fast pyrolysis coupled with
water gas shift reaction.

In general terms, the biomass conversion is described by:

heat
aC,H,,0,, + BH,0 —> aH, + bCO + dCH, + eC + fTar, (Eq 3.8)

As an unwanted byproduct, tar impacts the reaction negatively. With solid biomass, the following
biomass gasification takes place.:

hight ture heat
tgh temperature nea (X+x) H, +xC0,(Eq 3.9)

CeHy, + xH,0 .

Current research into biomass gasification strongly focuses on the development of new, cost-effective
catalysts increasing H; selectivity and content in the product gas. Alkaline earth metallic catalysts,
metal and metallic oxides catalysts, natural mineral catalysts and hybrid catalysts are investigated
[26]. The average H, production in (wt%, g H, / 100 g biomass) ranges between 7-4 g for steam
gasification, 5-3 g for supercritical water gasification and 3-2 g for fast pyrolysis. Therefore gasification
is regarded more promising in industrial production because of its high H, yield and efficiency [26].
Recent experiments with palm empty fruit bunch achieved up to 127 g H,/kg biomass with 75 vol% H,
[25]. More research is still needed into the development of cost-effective catalysts to increase H,
production, reduce the gasification temperature and promote tar cracking. Even though the
selectivity of catalysts has already improved, stability and recyclability remain an issue for scale-up
[26]. The main challenges on the way to commercialization of biomass gasification include
unreliability of the gasification equipment, the inability to produce the gasification products
according to the specification of the clients and the lack of secondary pollution handling of
gasification. Also the exorbitant high biomass transportation cost and gas purification for fuel cell
grade H, remain an issue [37]. Fixed, moveable, and fluidized bed reactors are used for biomass
gasification. Depending on the heat input requirement, the process can be thermal or autothermal
[10].

3.4.2. Dark fermentation

Dark fermentation (DF) is a biological H, production method by heterotrophic microorganisms in the
absence of O, and light. A wide array of low-value organic waste streams can act as possible
feedstocks. Hereby organic substrates, carbohydrates, are turned into organic compounds with
simultaneous production of molecular H,. Compared to photo-fermentation, dark fermentation is
more promising because of higher H, production rates and treatment capacity for organic wastes.
With glucose as a model substrate in dark fermentation, several biochemical pathways can lead to H»
production, determining theoretical H, yields and byproducts, acetate and butyrate being the most
common ones, setting the theoretical stoichiometric Ilimit for H, production. [38]
In dark fermentation CO; is emitted.

Acetic acid pathway: CgH1,06 + 2H,0 — 2CH3COOH + 2C0, + 4H,, (Eq 3.10)

Butyric acid pathway: C¢H,,04 - CH;CH,CH,COOH + 2C0, + 2H,, (Eq 3.11)
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With butyric acid as a final product, a theoretical stoichiometric H; yield of 2 mol per mole of glucose
(i.e., 272ml Hy/g hexose at 25°C), with acetic acid 4 mole of H, per mol of glucose (i.e., 544ml H,/g
hexose at 25°C) also known as Thauer limit can be reached. The most efficient known bio-H, producer
is Clostridium sp. with H; yields of 1.5 — 3 mol Hy/mol hexose [39]. Overcoming the Thauer limit was
achieved with an artificially designed microbial consortium of E. aerogenes and C. acetobutylicum in
a ratio of 1:10000, yielding 5.6 mol H,/mol glucose [40].

To improve the efficiency of dark fermentation , biorefineries concepts incorporate DF as a first-stage
process to produce a precursor for a value-added product. DF can also be coupled into a 2 stage
hybrid process with photofermentation to increase H, yield and overcome fatty acid inhibition. In
order to increase sustainability, DF has been coupled with biomethane production, improving the
energy recovery from the DF residues. The advantages of DF are continuous, light-independent H,
production, low required energy input and simplicity in scale-up. The biggest challenge in DF towards
scale-up and process optimization are the biocatalyst nature and its metabolism, syntropy and
interactions among microbes, nature of the feedstock, feedstock pretreatment, H, inhibition,
substrate nature and composition, redox and temperature conditions, reactor configuration and gas
treatment. Therefore new strategies in pretreatment, genetic engineering and optimizations of
microbial cultures, integrated DF processes and substrate optimizations are being explored. [38]

A 1000 L DF pilot scale system has been already developed, producing 76.3 m? of H, with a COD
removal and energy conversion efficiency of 18.1 kg/m3® and 37.9% [41]. To the best of our
knowledge, no studies have reported the DF process at industrial- or full scale. Detailed reviews on DF
have been published by Ghimire et al. [42]. The process design for dark fermentation depends mostly
on substrates, limiting the operational conditions of bioreactors such as culture temperature
(mesophilic or thermophilic), reactor configuration (reactor types, wet, semi-dry or dry conditions)
and feeding mode (mono substrate or co-substrates). Besides a range of solar biological H,
production methods, dark fermentation can be seen as the only purely biological H, production
method, as it is solely powered by biomass. Dark fermentation is still in pilot-scale phase at TRL 5.

3.5.Solar H; production methods

Fossil production methods need to be replaced because of their carbon footprint however, electricity
from renewable sources is in short supply and biological resources are limited and often used for
other processes, the production solar green H; is of great interest and offers great potential. Solar H,
production methods can be summarized in photocatalytic, photo electrochemical, photovoltaic —
electrochemical, solar thermochemical and photobiological.
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Fig. 5 Solar H; Production Methods: ; A, Photo electro chemical (PEC); B, Photovoltaic - electrochemical (PV - EC); C,
Photocatalytic (PC); D, solar thermochemical (STC); E, Photothermal catalytic from hydrocarbons (STC); F, Photobiological
graphic modified but based on picture from Solar-Driven H; Production: Recent Advances, Challenges, and Future
Perspectives by Hui Song, Shungin Luo, Hengming Huang, Bowen Deng, and Jinhua Ye, ACS Energy Letters 2022 7 (3), 1043-
106, DOI: 10.1021/acsenergylett.1c02591 with permission under CC-BY 3.0 Source: [43, p. 1045]

Method Efficiency
A photoelectrochemical (PEC) ~19.3%
B photovoltaic- electrochemical (PV-EC) ~32%
C photocatalytic (PC) 5%
D solar thermo chemical (STC) <25%
E photobiological (PB) H> 1-3%

Tab. 5 Overview solar H2 production methods and efficiencies
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3.5.1. Photo Biological H, production

Biological H, production is defined as H, production with bacteria and microalgae from water,
biomass or organic wastes by photobiological or biological pathways. In nature, H, is a byproduct at
the anaerobic conversion of organic matter to volatile acids, which are metabolized by methane
bacteria and do not accumulate in the environment. Essential for the production of bio H, are H»-
producing enzymes such as N,ase and Hase.

3.5.1.1. Biophotolysis and Photo fermentation
Biophotolysis and photo fermentation are processes of H, production from water by sunlight energy
using biological systems. Biophotolysis processes can be classified into 3 categories, direct, indirect
and photo fermentation. These processes are catalyzed by H,ase and Nzase. Nzase is responsible for
the main amount of H,. Under anaerobic conditions N,ase uses electrons and ATP (adenosine
triphosphate) to produce H, and ADP (Adenosine diphosphate).:[27]
2H*2e™ + 4ATP — H, + 4ADP + P;, (Eq 3.12)

3.5.1.2. Direct biophotolysis
Direct biophotolysis is a biological process producing H, by water splitting powered by sunlight with
microorganisms capable of photosynthesis such as cyanobacteria or eukaryotic microalgae under
anaerobic conditions catalyzed by H,ase as follows:

2H,0 + Solar Energy — 2H, + 0,, (Eq 3.13)

This process is limited by the oxygen sensitivity of the H,ase known as oxygen inhibition. Bio
photolysis biggest advantage is H, production at moderate temperature and pressures. Direct bio-
photolysis is reaching solar to H; efficiencies of 2%. [34] It hasn’t been commercialized yet.

3.5.1.3. Indirect biophotolysis
Indirect biophotolysis solves the O, sensitivity limitation by separation of the O, and H, producing
reactions. The CO; acts in this 2-step reaction as an electron carrier. The algae first fixate the CO, as a
carbohydrate, then produces H; in a dark fermentation process as follows:

Step 1 COzfixaﬁon: 12H20 + 6C02 — C6H1206 + 602, (Eq 314)
Step 2 fermentation: C¢H,,0, + 12H,0 — 12H, + 6C0,, (Eq 3.15)

The advantage of indirect bio photolysis to direct photolysis is the separation of O, and H; generation
avoiding O inhibition of H; evolution. It reaches STH efficiencies of 0.5-2.5%. [34]

3.5.1.4. Photo fermentation

Photo fermentation is an anoxic or anaerobic process utilizing sunlight as the energy input for
converting organic substrates into H, and CO, by photosynthetic bacteria or purple non-sulfur
bacteria. Photo fermentation is compelling for removing environmental pollutants and industrial
organic wastes, along with the generation of renewable H,. The theoretical H, yield is 8 mol of Hz/mol
of glucose, practical yields of 1.1 — 2.8 mol Hy/mol of substrate have been reached. Challenges for
photo fermentation are, oxygen removal to avoid inhibition, low efficiency of light conversion (1-5%),
dependency on sunlight cycle. [28]

To overcome yield limitation, photo fermentation can be coupled as a second stage with dark
fermentation, utilizing volatile fatty acids produced by dark fermentation. Pilot systems have been
tested with pH control to control gradual acidification by production of organic acids with molasse by
using the purple non-sulfur bacterium Rhodobacter capsulatus. Producing for 48h high purity H, with
a yield of 0.69 mol Hy/(m3*h) [44]. The implementation of the process is difficult because of the
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required surface for light collection. The construction of high surface-to-volume ratio photo
bioreactors for direct solar radiation absorption is challenging.

3.5.2. Solar thermal H; production methods - (Hybrid-) Thermochemical Cycles

As thermolysis of water requires extremely high temperatures, thermochemical H, production
processes have been developed. By using chemical redox reactions utilizing metal oxides in 2 to 4
step thermochemical processes, more efficient H, production at lower temperatures is possible. In
general, the higher the number of cycles/steps, the lower the required max. temperature of the
system. To further decrease the required temperature, cost and effort for byproduct treatment and
corrosion by toxic chemicals as well as increase efficiency, hybrid cycles with an electrochemical have
been developed. Hereby water molecules are split via a repetitive pathway consisting of a series of
intermediate reactions with the aid of several reactive species. The system operates in a closed loop
consuming only water. Advantages are that the required temperature is between 1800°C and 500°C,
and the system operates without electricity and no oxygen-H, membranes for separation are needed.
(35]

Compared to thermochemical water splitting cycles, hybrid thermochemical cycles operate at lower
temperatures, allowing the usage of lower-quality heat sources such as recovered heat. Hybrid
thermochemical cycles are powered by external electrical and thermal power sources. Among the
studied hybrid thermochemical cycles, the 5 step Cu-Cl cycle distinguishes itself by low operating
temperature of 550°C, it consists of 3 endothermic, one electrochemical and one drying process.
Municipal waste incineration, concentrated solar processes, industrial processes could supply the
required low temperature heat sustainably. [10] STH efficiencies for solar/thermal systems have been
reported to 25.8% [36]. A 100kW pilot plant system has been realized at the Plataforma Solar de
Almeri” [45].

3.6. Photocatalysis and Photochemical Method

Photocatalysis is a process that converts photonic energy directly into chemical energy, in this case,
H,, without the intermediate step of “grid-like” electrical energy. Photocatalytic systems are
separated into Photovoltaic electrolysis (PV-EC), Photoelectrochemical PEC and Photocatalytic PC
Methods.

3.6.1. Photovoltaic Electrolysis PV - EC

Photovoltaic-supported electrolysis is the most mature technology for solar H,. Commercialized PV
cells are connected by 2 wires to an external commercial PEM electrolyzer, producing H, and O3 in
separate compartments by water splitting. This so-called “external” PV-EC system has been
commercialized already. However, there are also several integrated designs directly incorporating and
(electrically via interfacial connections) connecting the electrolyzer to the PV cell. These integrated
designs have been developed to pilot scale.[46] The PV cell has to provide a photovoltage above 1.6 V
to overcome overpotential losses. Compared to the simpler design and lower cost of PC systems, PV-
EC offers higher STH efficiencies than PC additionally, the H, and O, can be produced in separate
compartment using proton/anion exchange membranes lowering the explosion hazard, avoiding gas
separation and lowering losses by backreactions with the trade-off of higher overpotentials. Some
PV-EC concepts allow positioning of the photo absorber outside of the electrolyzer, improving
chemical stability against corrosion in the electrolyte. A InGaP/GaAs/ GalnNAsSb triple-junction solar
cell connected with a PEM electrolyzer, achieved a record average ~30% STH efficiency over a 48-h
test [47]. Challenges for scale-up of PV-EC systems are economic feasibility, optimized PV-to-
electrolyzer area ratio, fabrication process, chemical stability of coatings and fuel separation [29],
[46]. Studies have shown that PV-EC should be able to achieve ~0.90 S/kgH, with noble metal
catalysts (Pt/IrO,) and $ 1.44/kg H, (Ni/Cos04) for earth-abundant catalysts [29]. An in-depth review
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about “Scalable Photovoltaic-Electrochemical Cells for H, Production from Water - Recent Advances”
has been written by Lee et al. [46].

3.6.2. Performance Metrics

Since evolution rate of O, and H,, often defined in mol-h and mol-h*-g?, strongly depends on
measurement pressure, intensity of light source, structure of instrument, other metrics are used to
accurately compare photocatalysts and processes.

Solar to H; efficiency (STH) nstn [%] is calculated with | solar radiation power input, W, electrical
power out - and Wi, input as follows:

Wout + Win _ jphoto (Vredox - Vbias)

) Eq 3.16
7 ] (Eq )

NstH =

At around 298K Vedoxis about 1.23 V in neutral conditions. Without applied bias (Vbias=0 V) and at a
solar radiation of AM 1.5G (I=1000 W) STH is directly calculated from the photocurrent jonoto [MA/cm?]
with: [10]

Nsry = 1.23 'jphoto: (Eq 3.17)
The evolution rate of O, and H, defined in mol-h* and mol-ht.g?.

Besides STH, some publications use quantum vyield (QY) and quantum efficiency (QE). with further
differentiation into apparent, internal, and external.

According to IUPAC — definition, QY and QE can be used interchangeably in case of a primary
photochemical process, an elementary chemical process undergone by an electronically excited
molecular entity and yielding a primary photoproduct.

Quantum yield, ® is defined as:

Number of defined events occurring per photon absorbed by the system. The quantum yield is:
number of events
¢ )=

Eq 3.18
number of photons absorbed’ (Eq )

For a photochemical reaction:

amount of reactant consumed or product formed

d) = (Eq 3.19)

number of photons absorbed
The term quantum yield applies only for monochromatic excitation.[48]

The apparent quantum vyield (AQY) or external quantum yield (EQY) is calculated by dividing the
measured rate of product formation by the rate of photon absorption, multiplied by the number of
electrons transferred photocatalytically. [1]

number of reacted electrons

A Y 0 = E Y 0 = . 1 0 E 2
Qvi%l Qv [%] number of incident photons 00%, (Eq 3.20)

Since the rate of absorbed photon, especially by suspensions of particulate photocatalysts is difficult
to measure, for the AQY it is assumed that all incident photos are absorbed by the photocatalyst.
AQY varies with light intensity and wavelength and is, is according to definition, measured at
monochromatic wavelengths.[49]
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The internal quantum yield (IQY) or true quantum yield (QY) is defined as the ratio of the number of
charge carriers collected by the solar cell to the number of photons absorbed by the cell and is
related to EQY [50].

number of reacted electrons EQY

+100% = ———— - 100%), (Eq 3.21
number of absorbed photons % 1-R-T % (Eq )

1QY[%] = QY [%] =

Faradaic efficiency (FE) In the H, evolution reaction , faradaic efficiency is defined as the ratio of the
experimentally detected amount of objective gas to the amount of theoretically generated gas [51].

To quantify the catalytic activity the units turnover number and turnover frequency are used. The
turnover number (TON.t) is @ product generation rate, defined as the number of moles of product
per mole of catalyst per unit time and turnover frequency (TOF.) is a unit of the product generation
rate, given as the number of moles of products, produced per mole of catalyst in the system and per
unit time [1]. Long term stability and durability of the photocatalyst are also important metrics to
evaluate H; production performance [43].

3.6.3. Basics of photocatalytic water splitting and photocatalytic schemes

The photocatalytic water splitting process only utilizes light and a particulate photocatalyst to split
water, in an endothermic process, under mild conditions into gaseous H, and O,. This is expressed in
2 half reactions:

OER: 2H,0 + 4h* — 0, + 4H* E°(pH 7) = (0.82V)
HER: 2H* +2e~ — H, E°(pH7)=(—041V)

H,0 +hv —> H, + %02 AGogyy = +273k] mol (H,0)™ (Eq 3.22)

In theory, the conversion of photonic in chemical energy in an overall water splitting reaction is a 3-
step process:

First of all, electron — hole pairs are created when the incident light energy on the photocatalyst is
equal or greater than the bandgap (E;), the potential between the valence band (VB) and conduction
band (CB) of the photocatalyst. The electron is lifted to the conduction band into an excited state,
creating a hole in the valence band of the photocatalyst. To allow for overall water splitting the
conduction band minimum (CBM) must be more negative than the reduction potential of H* to H,
(En+/m2., -0.41V vs. NHE at pH=7) and the valence band maximum (VBM) more positive than the
oxidation potential of H,0 to O, (Enz0/02, 0.82V vs. NHE at pH=7).

Then in a second step, after irradiation, photogenerated holes and electrons migrate to the surface.
The generated electron — hole pairs recombining to a large part, releasing heat or light. This is
followed, thirdly by a catalytic redox reaction on the surface active sights, oxidizing water on the VB
and reducing H* on the CB as seen in Fig. 6 (a) and (b). [49]
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Fig. 6 Overall water splitting scheme and the mechanisms of the 3 main categories of photocatalysts.

A single component photocatalyst should have a small enough band gap to be activated by low
energy light and possess sufficient CB and VB potential, a strong redox potential, to allow for
unassisted overall water splitting. Achieving these mutually exclusive requirements poses a significant
challenge in the development of single component photocatalysts. Also, single-component
photocatalyst suffer from rapid recombination of photogenerated electron—hole pairs. [52]

To overcome these shortcomings, heterojunction, and Z-scheme photocatalysts have been
developed as shown in Fig. 7(c) and (d). Here two 2 separate photocatalyst, with different edge band
potentials are combined by either interfacial electron transport — heterojunctions or some kind of
electron mediator, into a Z-scheme photocatalyst, allowing for better charge separation if the
electron transfer occurs quicker than the recombination. In addition, a broader utilization of the solar
spectrum is reached by the application of 2 different photocatalysts.

Z-scheme photocatalysts are further categorized by their electron mediator system. PS-A/PS-D system
uses ionic redox pairs that work reversibly. A photosensitizer—conductor setup - PS—C-PS substitutes
the redox pair with either a metal conductor, carbon nanotubes or carbon quantum dots. The next
step was the development of a mediator free PS-PS Z-scheme photocatalyst. Here the solid-solid
contact interface develops an internal electrical field for vectorial, interfacial, electron flow. The main
difference to heterojunctions lies the in the vectorial electron flow that occurs by the simultaneous
generation of holes upon excitation by light forcing the photogenerated electron from PS2 to
combine with the holes from PS1. This allows for stronger redox abilities and a lower change in Gibbs
free energy of Z-scheme systems compared to single component and heterojunction photocatalysts.
(52]

The Z - scheme is inspired by the most important photocatalytic process in nature — photosynthesis.

3.6.4. Photosynthesis

Water splitting also occurs in nature, for instance, as an intermediate step in photosynthesis. This
process captures solar energy and stores it by producing organic carbon compounds and O; from
light. Hereby electrons from water reduce CO; to a (CH20) — block for carbohydrate buildup and H,0
is oxidized to O, The carbohydrate buildup from CO, is split into a light-dependent reaction of
photophosphorylation to produce adenosine triphosphate (ATP) and reduced nicotinamide adenine
dinucleotide phosphate (NADPH) and the dark reaction to reduce CO, to carbohydrates.

2H,0 + 8 photons + 2 NADP* + 3 ADP + 3 P; — 2H™* + 0, + 2 NADPH + 3 ATP, (Eq 3.23)
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Fig. 7 Photosynthesis - Schematic view of a thylakoid membrane of a cyanobacteria, own work + 3D - model cyanobacteria
by Kelvin song - CC BY-SA 3.0[53]

Prokaryotic cyanobacteria and eukaryotic green algae have different photosynthetic active centers.
Cyanobacteria have thylakoid membranes located in the cytoplasm and eukaryotic algae cells in the
organelles called chloroplasts. The thylakoid membrane is a bilipid membrane that separates the
inner “lumen” from the outer “stroma” side and carries the light-harvesting antennae or light-
harvesting complex (LHC), the photoreaction centers photosystem 1 (PS1) and photosystem 2 (PS2),
cytochrome bg/f and ATP synthase. [54]

The light harvesting antennae deliver photons to PS1 and PS2 over multiprotein complexes such as
chlorophylls, carotenoids, or phycobilisomes. A photon excites chlorophyll P680 in PS2 and creates a
e hole oxidizing H,0 to molecular O,. The e is shuttled by multiple redox carriers inside the lipid
membrane from the excited P680*over cytochrome bef to chlorophyll P700 in PS1, creating a proton
H* gradient for ATP synthesis. In PS1, light excites a e to P700*, which again by multiple redox
mediators and after an intermediate step at a ferredoxin protein complex, powers NADP reductase to
convert NADP* to NADPH. [54], [55]

E°(V) vs. NHE at pH 7
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Fig. 8 Schematic Z-Scheme electron transfer in oxygenic phototrophs

This gives a theoretical quantum yield of 12.5%, since 2 NADPH are needed for the reduction of one
CO; and the reduction of NADP*, two e required, which again need two photons for transport from
H,O to NADP* [54].
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The dark reaction, also known as the Calvin-Benson-Bassham cycle and described as follows:

RuBisCO
CO, + 2NADPH + 3 ATP + 2H* —— (CH,0) + 2NADP* + 3 ADP + 3P, + H,0, (Eq 3.24)

As this thesis is mainly focused on photocatalytic water splitting for H, production, the Calvin-
Benson-Bassham cycle won’t be further discussed here.

Natural photosynthesis can reach a QE of 100%, in terms of electrons formed by incident photons.
However, photosynthetic organisms have evolved with energy consuming self-repair mechanisms to
deal with photodamage after prolonged or high intensity light exposure. This lowers the saturated
photosynthetic efficiency to about 20% of total solar intensity and to a solar to biomass conversation
efficiency of 1-2% for photosynthetic microorganism. [55]

3.6.5. Artificial photosynthesis — photocatalytic water splitting

Direct unassisted, bias-free, photocatalytic water splitting has been regarded as the holy grail in green
H, production, as photocatalytic single bed particle suspension water splitting has the potential to
become one of the most cost-effective methods to produce solar H,. However, it still requires
technical progress. [31]

Today, there is a wide range of artificial, suspended photocatalysts capable of overall water splitting.
Typical photosensitizers are semiconductors such as SrTiOs[56], [57] BiVOa4[56] CsN.[58], [59],
Y,Ti»0sS,[60] reaching QE up to 96%[61] used. In combination with co-catalysts Ru/Cr,04[62] Pt [58],
cobalt compounds such as Co(OH)3;[58] and carbon dots STH efficiencies of up to 2% have been
achieved [63]. A g-CsNas/carbon dot suspended catalyst was tested for 4800 h with a 98% retention of
its initial H, evolution rate [63]. A single component CoO-nanoparticle catalyst achieved 5% STH but
suffered a quick deactivation within one hour. Deactivated particles started to aggregate. Preliminary
study of the particle surface suggests corrosion or oxidation [64].

Most of these catalysts are in their proof of concept — Technology Readiness Level (TRL) 3 — phase.
However, Goto et al. constructed in 2018 a 1 m? panel with an Al-doped SrTiOs/ RhCrOy catalyst and
reports a runtime of 1000 h with an 64% initial H, evolution rate. As challenges in the development of
particulate photocatalytic systems Goto et al. listed several points [65]. To ensure effective light
harvesting, the particles should not be localized to one area and therefore, a level or perfectly stirred
system is necessary, a sturdy construction to carry the load of even a thin layer of water — in case of
1cm thick layer of water, this already amounts to 10 kg per m? and the separation and capture of the
suspended powder. They achieved a STH of 0.4% [65]. In 2020 a Japanese team constructed a 100m?
pilot scale (TRL 5) with an immobilized SrTiO3:Al| Rh/Cr,03- CoOOH catalyst. The system operated at
ambient pressures and temperatures up to 34 °C. The produced pure oxyH, gas was separated by a
hollow fiber membrane under vacuum suction, producing 94 vol% H,. To ensure safe operation all
system components were subjected to a detonation test to avoid damages in case of sudden ignition
of the oxyH, gas. The system ran for 1600 h with 80% retention of initial photocatalytic capability.
Peak STH of 0.51% was reached on a warm sunny day in September at noon. A net-energy gain was
not achieved![62] A newer concept also incorporates H, with water sanitation utilizing a TiO—CuO
catalyst with glycerol as a sacrificial agent with E.coli as a microbiological contaminant achieving a
max. STH of 0.9% in a pilot scale experiment. The anoxic conditions in tandem with solar irradiation
showed significant (>5 log) reduction in E.coli concentration in less than 10 minutes of treatment[66].
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3.6.6. Photoelectrochemical H, production PEC

A photoelectrochemical PEC cell consists of semiconductors acting as photo electrode separated by a
proton exchange membrane in a cell filled with an aqueous electrolyte. N- type semiconductors,
providing surplus electrons act as photo anodes and p-type semiconductors, providing excess
electron holes as photo cathodes. In general, there are 3 groups of PEC cell designs, single
photoelectrode, photoanode and -cathode and PV supported PEC devices. The cell voltage of both
half-cells can be added to provide sufficient potential for the water splitting reaction. Application of 2
different photoelectrodes with different band gaps allows for a broader capture of the light spectrum.
Separated by a proton exchange membrane (H; and O, are produced in separated compartments no
further purification steps are needed. Theoretical STH efficiencies of 29.7% could be reached [70].
However unbiased dual photoanode/photocathode systems only achieve STH <1 % and PV integrated
systems achieved up to 19.3% STH [71]. PEC Systems are still in the pilot stage of development,
reaching STH of 1.7% [72]. Challenges remain the development of cost efficient semiconductor
materials with low bandgap potential and stability needed for water splitting. An in depth review and
comparison of PEC systems was written by Ahmed et al. [73].

3.7.Semi - artificial photosynthesis

Semi-artificial photosynthesis is a hybrid biological-material approach for solar to chemical energy
conversion. This not only covers artificial water splitting, but also CO,, N, reduction and further
reactions. Semi-artificial photosynthetic systems (SAPSs) are an attempt to combine the strength of
artificial and natural photosynthetic components with biobased, biomimetic or synthetic catalysts to
optimize light capture, reduce substrate activation barriers, improve catalytic activity and efficiency,
increase the diversity of products and lifetime/stability of the components. Biological components
offer advantages with high QE, low overpotential and high product selectivity, while synthetic
components tend to be more stable and have a wider range of light absorption. This leads to a wide
range of possible combinations of light capture systems, the photosensitizers, like organic light-active
molecules, semiconductors, and catalytic systems such as enzymes, semiconductors, and cells to
drive a solar to chemical energy conversion using basic building blocks such as CO,, H,0 and N, to
produce not only H, but also carbon and Nj-based H; carriers like formate, ammonia and methanol
[55], [74].

All SAPSs consist of 3 basic components.:

a. A Photosensitizer — for energy capture
b. Biotic — abiotic Interface — for electron transfer
c. Catalytic center - for energy conversion
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Fig. 9 Basic components of SAPSs

The task of the photosensitizer in SAPSs is the light capture and production of electrons or redox
carriers with a sufficient electrochemical potential to drive the reaction at the catalytic center. The
requirements are similar to those of artificial photosynthesis. A small bandgap allows excitation by
low wavelengths or low energy of the impacting light and a sufficiently high valance band maxima
that are higher than the oxidation potential of the half-reaction as well as a conduction band
minimum lower than the reduction potential of the other half-reaction. To prevent the
recombination of the generated electron-hole pair, the photoactive center should provide a long-
activated state and be connected with a sufficiently fast charge carrier for quick electron
transmission.

3.7.1. Photosensitizers:

Photosensitizers such as bio photosensitizers, organic dyes and semiconductors have been used. Bio
photosensitizers are biological complexes allowing photosynthesis in nature such as PS1, PS2,
thylakoid membranes[75], [76] and bacteriorhodopsin (bR) [77]. Organic dyes produce, compared to
semiconductors, charge carriers with a different mechanism. They don’t rely on the typical bandgap
mechanism of semiconductors but use electron—donor/acceptor pairs that shuttle to electrons
through a metal - to — ligand (Ru-polypyridyl (ppy) complexes) or a m — conjugated C=C backbone
(porphyrin) by photoexcitation. There are synthetic dyes such as Ru-ppy complexes or DPP[78] and
xanthenes like Eosin Y and natural dyes like porphyrins and flavins. Semiconductors are synthetic
materials capable of producing photoelectrons after photoexcitation. Typical examples in SAPSs for
H, production are carbon nanodots, CdS, CdTe, In,Ss, TiO2 and g-CsNa.

26



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfuigbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

TECHNISCHE

UNIVERSITAT |BD GR@UP

WlEN Integrated Bioprocess Development

E(Vvs.SHE) pH7.0
-2 -

P700"
-1.30
=117 -1.20
———— —_— -0
-1+ 1  pesor i -0.92 - aX & _— 70582 coco
iy ; - L0 . -0 -0.42
- 22 — -040 == H'M,
F o

o J B . 3% comcoo-

QB

1 0.42 043
0.81

1 I P700 O/M.0

= — 10 [S T3

137 750
2.4
1.98 2.00
2.54

3

PSI PSI RuP DPP EY TO, gCN, CD CdS BVO, p-Si

|— Photosystems ——— Molecular dyyes ——4——— Semiconductors —

Fig. 10 Energy band edges of light absorbers used in semi-artificial photosynthesis. Reproduced from Semi-biological
approaches to solar-to-chemical conversion X. Fang, S. Kalathil and E. Reisner, Chem. Soc. Rev., 2020, 49, 4926 DOI:
10.1039/C9CS00496C with permission from the Royal Society of Chemistry under CC-BY 3.0 .Source:[74, p. 4]

3.7.2. The Catalytic Centers

The catalytic centers allow a first classification of SAPSs into cell-free and cell-based SAPSs. Cell-free
SAPSs either use naturally occurring enzymes, enzyme hybrids, which are modified enzymes to
increase stability or overcome limitations, material hybrids and biomimetic complex hybrids. Cell
bases systems use whole living cells as catalytic centers taking advantage of the internal metabolic
pathways and enzyme networks to produce more complex products. The cells are either powered by
a suspended photocatalyst/dye or are directly coated by a photocatalyst. The catalytic center for
SAPSs should be highly efficient, stable under the reaction environment, simple to isolate, highly
selective and work with basic educts like H,0, CO;and N». The choice of the catalytic center allows for
select/desired products. Enzymes are highly efficient catalysts with low activation potential. Enzymes
used for SAPSs are H,ase (H,ase) for water splitting, carbon monoxide deH,ase (CODH), formate
deH,ase (FDH), N;ase (N;ase) for N, reduction, flavoenzyme fumarate reductase (FccA) for the
reduction of C=C bonds. Photochemical C-C bond formation can be realized with a CdS-2-
oxoglutarate: ferredoxin oxidoreductase (OGOR) system. [55], [74]

SAPS
System cell free SAPSs Cell based SAPSs
PHOTO - Bio - photo- Semi- Photo- Biophoto- Photo- .
L Dye . . Nanoparticles
SENSITZIER sensitizer conductors sensitizers sensitizers | electrodes
+ + + + + + +
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H'>H,
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Fig. 11 Classification of SAPSs Sources:[55], [74]

Photoelectrical cells (PECs) separating the anode and cathode reactions [33] and suspended particle
reactors, similar to PC -systems [77] are the 2 two architectures of cell-free SAPSs.
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3.7.3. The Biotic A-Biotic Interface

The biotic—abiotic interface covers 2 topics. First, the connection between the photosensitizer and/or
catalytic center with the charge transfer system, for example, efficiently connecting an enzyme to an
electrode and secondly, the charge transfer mechanism between the photosensitizer and catalytic
center.

There are 3 different charge transfer mechanisms, direct electron transfer (DET) by a covalent
chemical bond such as a molecular wire[79], redox-mediated systems using methyl viologen[80],
ferrocyanide-ferricyanide redox couple [81], redox polymers[82], reduced graphene oxide[83]and
interfacial electron transport such as Forster resonance energy transfer[84].

Efficiently connecting the photosynthetic molecules or enzymes to the charge transfer system is
crucial for the performance of the SAPS. For the construction of SAPSs with a PEC-protein film
architecture, the immobilization of the photosynthetic proteins or catalytic enzymes with correct
orientation on electrodes was a key challenge. For the example of PS2 immobilization, there have
been three generations of electrodes described. First-generation electrodes were constructed of
either self-assembling monolayer or redox polymer matrices. The first electrodes were Au —
electrodes covered in monolayers with His-tagged PS2 [85]—[87]. Since intra-protein electron transfer
depends on the correct orientation of the protein directly [74] Os-containing poly(vinyl)imidazole-
based methyl viologen [88] redox polymer matrices were developed that act as electron acceptors
and immobilization matrices. They are capable of shuttling electrons from a reactive site within an
immobilized redox protein towards an electrode surface regardless of the orientation of the protein
[89].

Second-generation electrodes — mesoporous film electrodes - are made of metal oxides such as
visible light transparent, indium tin oxide (ITO). The surface of mesoporous - ITO can be modified to
covalently bind PS2 in the correct orientation at high surface loadings of up to 19 pmol PS2 cm™ [90],
[91]. The third generation of electrodes - increased the surface by creating a 3D scaffold. These
inverse opal (I0) electrodes have meso- and microporosity and are made of semiconducting
hydrophilic nanoparticles (TIO; or ITO) capable of adsorbing proteins. This allows for higher PS2 /
protein loadings, improved mass transport and light transmission.

For photocatalytic (PC) suspended SAPSs particles, the following designs have been described.
Colloidal suspended semiconductor particles with attached enzymes and possible additional
photosensitizers such as TiO, nanoparticles with a RuP photosensitizer and attached [NiFeSe]-
H,ase[92], [93], or CdTe nanoparticles with [FeFe]-H,ase. Or suspended liposomes or vesicles fused
with a material hybrid as catalytic center such as Halobacterium salinarum purple membrane-derived
vesicles (PMVs) containing bR, fused with palladium-deposited porous hollow TiO, nanoparticles (Pd-
HTNPs) for CO,-reduction [77]. Also dissolved photosynthetic dyes, with an soluble redox mediator
and suspended particular H, evolution catalyst are possible [78].

For cell-bases SAPSs, a classification into photoelectrode cell hybrids, where a photoelectrode for
light harvest is coupled with a cell as a catalytic center and light capturing nanoparticle-cell hybrids.
Both approaches are further separated in to “integrated” SAPSs, the cells are in direct contact with
the photosensitizer or separated in “suspended” SAPSs connecting the photosensitizer via redox
mediator with the cells.

The following overview will focus primarily on H,-producing SAPSs. A detailed in depth-look into non-
H, experiments can be found in the Reviews “Panoramic insights into semi-artificial photosynthesis:
origin, development , and future perspective” of Kenmeng Xiao et al.[55] and “Semi-biological
approaches to solar to chemical conversion” by Xin Fang et al.[74]. The performance of SAPSs roughly
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categorized into SAPS capable of unassisted overall water splitting (OWS), without applied bias and
sacrificial electron donors and assisted water splitting (AWS).

3.7.4. Bio photosensitizer — Material hybrid SAPSs

PS1 is a powerful bio photosensitizer thanks to its high QY of close to 1. It provides sufficient driving
force to reduce protons to H; in neutral conditions with an electrochemical potential of -580 mV (vs
NHE) at terminal electron accept Fb (a [4Fe-4S] cluster) and its long-lived (about 60ms) charge-
separated state [76].

First SAPSs designs consisted of a suspended plastocyanin crosslinked PS1 — dithiol molecular wire -
Pt-nanoparticle bioconjugate. This system achieved in Na-ascorbate assisted water splitting (AWS) a
rate of 312 umol H, mg Chl™* h™X This study showed that different PS1 sources have varying
chlorophyll to P700 ratios leading to higher optical cross-sections and to higher rates of H,
production, provided no limitations by other rate-limiting steps at non saturating light intensities. By
chemical crosslinking the plastocyanin to PS1, the diffusional rate limitation could be eliminated by
avoiding diffusion-based electron transport, increasing H, production by a factor of 2. As for ionic
dependence of light-induced H, evolution, they report relative independence on NaCl and MgCl, —
concentration. However, at higher MgCl,, the bioconjugate flocculated. The bioconjugates generated
H, with higher rates at lower pH value. As for the effect of the molecular wire length and bond on H;
production the fastest rate was found using the aromatic wire 1,4 benzene dithiol. The rate dropped
when a second aromatic ring was added. This bioconjugate with aliphatic molecular wires showed a
lower rate than a conjugated bond of similar length. The H, production decreased with the length of
aliphatic dithiols. However, short molecular wires may not allow for efficient covalent linkage
between PS | and the Pt nanoparticle and decrease the effectiveness of preventing denaturation of
the proteins on the metal surface. Full light saturation hasn’t been reached [30].

A simpler design of a PS1 - Pt SAPS design - PS1 trimers from Thermosynechococcus elongatus
platinized themselves by photoexcitation in a photobioreactor in a MES buffered - Nay[PtCl]s salt
solution. The H, production rate increased as the platinization process proceeded. Assisted H,
production was also achieved with the reisolated platinized PS1. The influence of temperature, light
intensity, platinum salt concentration and temperature, as well as the light color during the
platinization on the H, were investigated. Using response surface methodology, the max H; yield was
calculated at 8.02 umol H, mg ChI™* h™ [94].

A similar set-up was used when a PS1-Pt nanoparticle complex was immobilized with a
poly(vinyl)imidazole Os(bispyridine),Cl redox polymer embedded in a hydrogel to create a bio
photocathode. A photocurrent of 4.8 + 0.4 pAcm™2 with an applied bias of 150 mV H, production was
witnessed. The properties of the redox hydrogel depend strongly on the presence of the Pt-
nanoparticles [82].

PS1/Pt system was also used in combination with Lumogen Red, an artificial light-harvesting dye.
Lumogen Red acts as an additional light harvester and transfers the energy to PS1 by Forster
resonance energy transfer (FRET), Pt nanoparticles act as H, evolution catalysts. Lumogen Red and
PS1 have complementary, but still slightly overlapping, light absorption spectra increasing light
harvesting yet allowing for FRET increasing H, production rates. The system used an ascorbic acid as
SED and DCIP as electron mediator, realizing a H, evolution rate of 26.3 mol H, (mol PSI) h™®. The
system ran for 12 hours [84].

Even though water oxidation is regarded as one of the bottlenecks in water splitting because it
involves multiple bond rearrangements between molecules that have to be synchronized with the
removal of electrons and protons to avoid the formation of rate-retarding, high-energy intermediates
[95]. Hereby, at ambient conditions, PS2, as nature’s water oxidation enzyme sets a benchmark. Its
QE close to 1 and its low overpotential makes PS2 an interesting photosensitizer for SAPSs [96]. An
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additional advantage especially in a Z-scheme system is provided by PS2, as it absorbs at longer
wavelengths than most other oxygen evolution catalysts [97].

PS2 has been immobilized on a mesoporous indium-tin oxide (mesolTO) electrode to increase protein
coverage 26-fold compared to an ideal monolayer allowing for DET from PS2 to mesolTO. A
mechanistic study showed that interfacial electron transfer also occurs from the quinone Qa through
an unnatural electron transfer pathway to the electrode surface and not only from the terminal
quinone Qg [91].

The first attempt on a solar overall water splitting with PS2 was made with a hybrid system of plant
PS2 and Ru/SrTiOs:Rh connected by an inorganic electron shuttle [Fe(CN)*s /Fe(CN)*¢] dispersed in an
aqueous solution. PS2 hereby self-assembles onto the surface of the photocatalyst. Water splitting
was achieved under visible light irradiation reaching rates of 2.489 mol H, (mol PS2)* h'! showing that
hybrid systems reach higher efficiencies compared to PS2 systems. The isolated PS2 membranes were
damaged when illuminated for a few hours by the effects of photo-oxidative stress on the protein
structure [81].

In order to spatially separate H, and O; evolution — a PEC cell with a photoactive platinum-decorated
silicon cathode and an anode compartment with solubilized PS2 with an [Fe(CN)s]*>/[Fe(CN)s]* redox
mediator to connect to the anode was designed. The system is limited by the performance of the Si
cathode. The 2 compartments are separated by a NAFION proton exchange membrane. As Si absorbs
light at shorter wavelengths compared to PS2 the 2 photosensitizers should complement each other
for better utilization of incident light. This artificial Z- scheme setup achieved unassisted overall water
splitting at STH of 0.29% [81].

As the purification of PS1 and PS2 is a complex, expensive process, systems based on thylakoid
membranes have been developed.

Self-assembly of PT nanoparticles with spinach thylakoid membranes was studied. By applying a
sacrificial electron donor and by blocking electron transfer from PS2 with 1mM DCMU, rates of 4
umol H, (mg Chl)* h't were achieved. In full Z-scheme operation without SED and DCMU, the rates
dropped to 0.1 umol H, (mg Chl)* hand 2 umol O, (mg Chl)™* hl. One would expect a 2:1 ratio of H,
and O; for full water splitting, yet a 1:20 ratio was observed. This could be the result of the low
efficiency of electron flow from PS2 to PS1 because of the complex electron transfer chain in the
thylakoids. By adding an excess of the mediator protein cyt ce, a shuttle protein that donates an
electron to P700*, the H, production increased threefold. A similar system was created with
cyanobacterial thylakoids — as the cyanobacterial membrane preparations in this experiment do not
contain plastocyanin, cyt cs was added to help mediate the reduction of P700". For S. leopoliensis 14
umol Hy (mg Chl)* h? for 4 h with SED and 0.4 umol H, (mg Chl)? h? for the first 2h without SED have
been with a H,:0; ratio close to 1:1 have been observed. EPR spectroscopy was used to explore light-
induced electron transfer reactions showing that Pt nanoparticles mimic acceptor protein binding to
PS1. To prove efficient and scalable photosynthetic H, production, further experiments with metal
molecular catalysts — cobaloxime (Co(dmgH).pyCl) and nickel diphosphine [Ni (P2""N,™),](BF4), have
been successfully linked to a S. leopoliensis thylakoid membrane. For the cabaloxime membranes H,
production rates of 1 pmol H, (mg Chl)* h't for 1 h and the nickel diphosphine system 3 umol H, (mg
Chl)? h! for 6 h inhibited by DCMU and assisted by SED. The nickel diphosphine system achieved
unassisted full Z-scheme rates of 0.03 H, (mg Chl)! h® and 0.5 pumol O, (mg Chl)? h. The H;
production rate suggests, that some of the synthetic catalysts binds near the protein surface on the
acceptor end of PS1. [76]

A unique setup for a bio-photo-electro chemical cell based on thylakoids lets suspended thylakoids
settle as a slurry on a flat transparent FTO anode together with a redox mediator (Fe(ll1)/Fe(II)CN) to
mediate the photocurrent between the thylakoids, the FTO anode and Pt cathode for H, production.
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This setup allows for easy replacement of photodamaged thylakoids. The replacement was tested in
10 minutes intervals showing only a drop in photocurrent of ~20% between the intervals. H;
production was possible with an applied BIAS above 0.8 V. In a setup with DCMU inhibiting electron
transfer via the redox mediator (Fe(lll)/Fe(l)CN) forcing direct electron transfer between the
thylakoids and the FTO anode and a solar cell providing the required BIAS potential, mimicking the
natural Z-scheme, STH of 0.3% without SED was achieved. The max. photocurrent and power output
of the cell was obtained at 80 mWcm™ of illumination, which is lower than 1 sun conditions (100
mWcm2). This decrease is most likely due to photo saturation of the thylakoid membranes. [98]

Besides the classical PS2-PS1 photosensitizer, the proton pump bacteriorhodopsin, a membrane
protein can be found in the cell membrane of the extremophile organism like Halobacteria
salinarium, also known as purple membrane protein. Contrary to the electron pumping system found
in chlorophyll, its primary function is the development of a proton gradient between the cytoplasm
and surrounding environment to drive ATP synthase. It absorbs light at lower wavelengths, at around
570 nm. A photocycle in bR takes about ~15 ms limiting its photosynthetic performance. This can be
reduced by taking advantage of the plasmonic field effect of nanoparticles to modify the photocycle
of bR [99]. Since bR is expressed by an extremophile host organism it is stable in a wide pH range,
high temperatures and in conditions under high ionic strength without loss of photochemical activity
[100].

One of the first experiments to apply bR for photochemical H, production used a PEC setup with a
bR/TiO, nanotube hybrid photoanode. Anchoring bR molecules onto a TiO, surface effectively
expands the absorption region of TiO, from UV to visible light. The hybrid photo anode system was
either assembled by physisorption, leading to the random assembly of the 2 components where the
binding force between bR molecules and TiO; surface is the weakest and a broad undefined
absorption spectrum, or by a linker, 3-mercaptopropionic acid, leading to a well-established bR
absorption peak, improved absorption intensities and a more stable hybrid cell system. Compared to
a pure TiO, photoanode, the photocurrent onset is decreased from -0.49 V to -0.56 V and the max.
photocurrent density increased by 50%. However, no exact data for H, production is presented with
this system. [99]

This system has been used to construct a bR|TiO;| | Pt particulate nanocatalyst for H, production with
methanol as SED in neutral conditions in white light. Under green light, H, generation with a turnover
rate of 207 umol of H, (umol protein)™? h™. A nearly constant rate has been observed under
illumination for at least 2.5h. Under white light, the increased by 25 times to 5275 umol of H, (umol
protein)™ h™%. [100]

A very similar nanoparticle system was developed by Wang et al. mimicking nature’s bilipid layers
environment to express membrane proteins by artificial lipoprotein nanodiscs. Here bR- nanodiscs,
TiO2- and Pt nanoparticles are assembled in a noncovalent way. An in-vitro cell-free expressed
synthetic purple membrane (PMsyn) using a nanodisc artificial lipoprotein membrane template and a
vector containing a synthetic DNA construct encoding bR hereby expressing in bRsyn monolayers on
the nano disc. In the presence of methanol as SED, this system increased the H, production rate at
120 mW/cm? more than threefold to 17.7 mmol H, (umol protein)™ h™ compared to the work of
Balasubramanian et al. under white light. This is 74 times higher than under green light. [101]

A hybrid material liposome-based system was constructed by Chen et al.. By enveloping Pd —
deposited hollow porous TiO, nanoparticles with purple membrane—derived vesicles from
Halobacterium, a bR-TiO, dual photosensitizer Pd cocatalyst system was constructed for CO,
reduction. Their results support that incorporation of bR in a closed cytomimetic compartment, bR
indeed maintained its native bioactivity. Over time the product selectivity shifted from CO to CH4 up
to 95.2% after 8 h. Ascorbate was used as an electron donor. [77]
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Tab. 7 Bio - photosensitizer + material hybrids

3.7.5. Dye - enzyme hybrid SAPSs
Besides organic photosensitizers of the likes PS1/2 and bR there are also organic dyes capable of light
absorption based on a different mechanism [55]. For H, production, they are coupled with H,ase.

In 2009 Reisner et al. constructed a particulate photocatalyst with Rup dye - sensitized TiO; -
Desulfomicrobium baculatum (Db)[NiFeSe] — H.ase nanoparticles. With triethanolamine as a
sacrificial electron donor, 50 (mol H,)s (mol total Hase)™ at pH 7 and 25 °C, even under the typical
solar irradiation of a northern European sky, was achieved. Because of the wide bandgap of TiO;
(3eV), allowing H, production only under ultraviolet light, an additional photosensitizer is necessary
for visible light water splitting. A comparison of 5 Pt or Ru dyes, RuP emerged as a suitable
photosensitizer because of absorption in the visible spectrum, long-term stability under irradiation,
efficient charge separation and excellent absorption on TiO,. A series of O, — tolerant and sensitive
H.ase has been tested with Db [NiFeSe] - H.ase providing the best performance thanks to its good H,
production activity, rapid reactivation at low potential after O inactivation and tolerance up to 1% O,.
The system deactivates within hours under irradiation after exposure to air but shows long term
stability without irradiation under anaerobic conditions. The assembly of H,ase to the TiO, —
nanoparticle is likely controlled by localized polar interactions between sidechain carboxylates and a
number of Ti-O(H) sites close to the distal iron sulfur clusters rather than by overall electrostatic
interactions improving direct electron transfer. Direct electron transfer rate via TiO; is 6 times higher
than the one obtained by bi-molecular diffusion controlled when replacing TiO, by MV?*, [93]

Another approach constructed a SAPS with dissolved organic Eosin Y dye with dissolved O, tolerant
[NiFeSe]-H,ase in a pH—neutral aqueous solution with triethanolamine as SED. Electron are directly
transmitted without the need of an electron mediator. The Eosin Y — H,ase system deactivated within
3 hours of irradiation under a 21% O, atmosphere but stayed fully photoactive in anaerobic
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conditions. The higher stability of a dye -TiO, — Hzase can be explained by the proximity of the H,ase

to the O; evolution site. The system achieved a TOFu25e=(13.9£0.7) (mol H,)(mol Hyase)t s 2. [102]

Warnan et al.

immobilized 5 different modified diketopyrrolopyrrole (DDP)dyes and Ru-
tris(bipyridine) (RuP) on either molecular Co and Ni catalyst—TiO; hybrids or H.ase -or Pt-TiO; hybrids.
The semiconductor nanoparticle acts as a scaffold for the co-immobilization of dye and catalysts and
enables efficient charge separation and accumulation of multiple long-lived low- potential electrons
for catalytic fuel generation. A RuP|TiO,|H,ase hybrid performed at TOFg, = 25.0 = 2.5 h! and
DPP;|TiO,|H.ase hybrid performed at TOFppp 2= 25.0 + 2.5 h! ascorbic acid assisted water splitting. It
is outperformed by all DPP2 or RuP|TiO,|Pt/Ni/Co hybrids, with DPP,|TiO,|Pt offering the best

performance at 337 + 33.7 h'l offering the best performance. [78]

Dye + enzyme hybrids
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3.7.6. Semiconductor —enzyme SAPSs

Artificial photosensitizers, such as semiconductors, have been combined with H,ase to create
photocatalytic systems that aren’t limited by the stability issues of biological photosensitizers. The
first attempts were based on Cd—based photosensitizers.

In 2010 Brown et al. constructed a colloidal nanocrystal CdTe — [FeFe] — H,ase system via self-
assembly mediated by electrostatic interactions. This hybrid achieved, with ascorbic acid as electron
donor, a STH of 1.8% in white light and STH of 9% in monochromatic light. The system was irradiated
up to 50 min. High intramolecular electron transfer efficiency is achieved by the correct orientation of
the H,ase and H,ase monolayers. The highest TONs were achieved for complexes that formed under
lower H,ase ratios, hereby the orientation within the complex the capping ligand 3-
mercaptopropionic acid (MPA) on the nc-CdTe. This leads to a compatible surface charge with H,ase
and allows docking close to the surface localized distal [4Fe-4S] H,ase cluster. [32]

To improve upon this experiment, Brown et al. constructed a molecular complex with MPA capped
CdS — nanorods and Clostridium acetobutylicum [FeFe] — H,ase. This allows for greater photostability,
larger absorption cross-section and surface area. The MPA-capping ligand enabled controlled self-
assembly and site-specific binding to a positively charged patch on H,ase surface, promoting effective
electron transfer via iron sulfur cluster. The highest TOF was achieved with a 1:1 CdS:H,ase molar
ratio. Long-term stability was affected by the photodegradation of MPA-CdS, due to oxidative loss of
MPA from the CdS surface and photodegradation of the light-capturing components. [102]

Wilker et al. studied with a similar MPA capped CdS — nanorods — H,ase, the electron transfer kinetics
involved H2 production with ascorbic acid as electron donor. They found that the electron transfer
constant from CdS to the H,ase are comparable to the electron relaxation rate in the CdS - nanorods
at 107 s This results in a QE of 42% for CdS NR:H,ase mole ratio of 1:1. They suggested higher QE
for ET, could be reached by improving the structure of the complex. For instance, by shortening the
length of surface capping ligands, improving the nanorods for longer excited state lifetimes and using
the molar ratio of H,ase to CdS. [104]

In an effort to develop a system that doesn’t rely on expensive (Ru-dyes), toxic (Cd-based quantum
dot), and/or fragile (organic dyes) light absorbers, Caputo et al. developed a suspended amorphous
polymeric carbon nitride (also often referred to as melon or g-CsNs) CNx-[NiFeSe] H,ase, redox
mediator free system, with EDTA as electron donor capable of assisted water splitting. The assembly
of the photosynthetic complex occurs via adsorption and leads to direct electron transfer (DET).
However, the addition of MV?* as redox mediator increases H, generation significantly, suggesting not
yet fully optimized DET. A centrifugation test with the goal of gaining insight into the strength of
interaction between CNy and H,ase showed only 12% remaining activity, indicating that the relatively
weak interaction between CNy and H,ase, still allows for electron transfer to occur from CNy to the
H.ase. This setup kept a reasonable amount of activity after 50h. In addition, a similar synthetic
system with CN«-NiP (Ni-based, water-soluble H,ase mimic) has been tested. At the same
concentrations, H,ase system greatly outperforms the NiP — cocatalyst system. The H,ase — CNx was
photoactive for 48h and operated 69h with as CNx— MV - Hyase system and is therefore limited by the
electron transfer. In contrary to the NiP system where H, generation is dependent on the NiP
concentration. [80]

Caputo optimized this system in a follow-up experiment with a CNx — TiO, — [NiFeSe]-H,ase
photocatalyst. This photocatalyst improved solar light harvesting performance because TiO, utilizes
the UV spectrum and the CN,-TiO; allows for 3 different electron transfer pathways at 390 nm, 428
nm and 540nm utilizing a broad range of the visible light spectrum. Also, the titaniaphilicity of
[NiFeSe]-H,ase leads to a more stable binding and improved electron flow to the active site of the
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H.ase. A 1:10 enzyme particle ratio allows the H,ase to function at the maximum rate because this
directs the maximum electron flux of conduction band electrons. Adding an MV?* redox mediator
improved the H, production rate significantly, indicating that the system is limited by charge transfer.
By comparing the ratio of H, produced with and without MV?#, indicating the relative efficiency of
charge transfer from the CNy-H,ase and CN,-TiO,-H,ase, strong improvements in the charge transfer
to the H,ase could be shown. However, this shows that the interfacial electron transfer from CNx-TiO,
to Hase is not fully optimized and indicates that the orientation of the bound H,ase is not fully
directed. The CNy-TiO,-H,ase assembly achieved a TON of >5.8*10° after 72 h and a TOF of 8 s*
without an external soluble redox mediator, assisted by EDTA. [105]

Hutton et al. developed a carbon dots (CD) — [NiFeSe]-H,ase photocatalytic system for EDTA-assisted
H, production. Carbon dots are attractive nanosized photosensitizers as they are low-cost, water-
soluble, photostable, nontoxic, have easily modifiable surface chemistry and are highly stable.
Positively charged ammonium-terminated CDs (Cd-NHMe;*) and negatively charged carboxylate
terminated CDs (CD-COz’) have been investigated. Due to favorable interfacial interactions, cationic
CDs are capable of efficient transfer of photoelectrodes to negatively charged proteins. Cutting the
light intensity, showed a linear decrease in TOF, indicating a limitation by light intensity. Investigation
of the CD-H,ase interface showed the efficiency of the DET. In the presence of the redox mediator
MV?* a 6-fold increase in H, production has been shown. This indicates a not yet fully optimized CD-
H,ase interaction but an improvement to the experiments of Caputo et al.. [105] The redox-mediated
CD-NHMe? - MV?* - [NiFeSe] system reached a TOFuzse = 24 + 7 * 10% mol H, (mol Hsase)™ h™
sustaining enzyme driven catalysis for up to 3 days. The loss of photocatalytic activity is rather due to
degradation of H,ase than of the CD. [106]

Some metal sulfides offer a band gap in the range of visible light and their conduction band energy
level is above that required for water splitting. An alternative to CdS is In,Ss, it has a similar band gap
energy of 2-2.3 eV, CB potential of -0.8V vs RHE (reversible H, electrode) and lower toxicity.
Compared to TiO,, capable of only utilizing UV light, the main advantage is the absorption of visible
light. The most critical step for photocatalytic H, production is the electron transfer between the
conduction band of the semiconductor and the co-catalysts to reduce charge recombination in the
semiconductor. This becomes especially apparent with H,ase when the interfacial electron transfer at
the semiconductor’s surface is the rate-limiting step. Hutton et al. constructed a semi-biological
hybrid photocatalyst constructed of porous In,S; particles and adsorbed [NiFeSe] — H,ase. Fast
interfacial electron exchange between the semiconductor and Hsase is usually achieved by oriented
immobilization of the enzyme modulated by electrostatic interactions between charged groups and
the photosensitizers surface and the net dipolar moment of the enzyme, guaranteeing that the distal
4Fe4s cluster is facing the photosensitizer surface. However, this is not the case in this system. The
negative charge of In,S; surface should not allow for proper orientation of immobilized H,ase since
the 4Fe4S cluster is surrounded by negative charges at neutral pH. Here the enzyme is immobilized
within the porous structure. With a pore size slightly larger than the H,ase, the chance of having the
distal 4Fe4S cluster in sufficient distance to the photosensitizer wall for fast direct electron transfer
preventing recombination of the electron-hole pair increases. The In,Ss/H,ase electron transfer was
the rate-limiting step. The system achieved with sodium sulfite as electron donor, steady state rates
of 292 pumol of H, (mg of Hoase)™ min™ and TOF 2ase 986 st during a maximum irradiation time of 9
min. [107]

Nam et al. achieved bias-free water splitting in photo electrochemical cell with a Si photocathode
with [NiFeSe]- H.ase wired to an inverse opal TiO, interlayer in connection with either an BiVO. or an
PS2 photoanode. The system operated for 5 hours. [108]
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The first CDs-[FeFe] (CrHydA1l) H,ase system capable of H, evolution with a redox mediator was
developed in 2020. Negatively charged aspartic acid — AspCDs — Carbon dots self-assembled with a
positive charged patch near the active site of the CrHydAl H.ase. CDs are smaller than Hsase.
Therefore several CD might attach to a single H,ase molecule, however the CDs closest to the active
site of the Hzase will dominate the electron transfer to the enzyme. Differently charged electron
donors, TEOA / MV?* and EDTA influence the performance and the stability of the photosynthetic
biohybrid complex. For instance, the positively charged TEOA leads to better photocatalytic
performance and a better charge transfer rate because it allows the biohybrid complex to retain the
interaction between the negatively charged AspCDs and the positive charged binding site on the
H,ase. The rate-limiting step is still the electron transfer. Even though the biohybrid assembly was
capable of H, production without redox mediator, the presence of MV?* improved stability and
extended the operating lifetime to one week. The system reached an EQE of 1.7%. [109]

H.ase 1 (Hyd-1) from E.coli is not capable of H* reduction at neutral pH but has excellent H; —
oxidizing activities, is O, tolerant and even functions in air. Zhang et al. site selectively attached silver
nanocluster (AgNC) onto the Hyd-1 H,ase, providing an additional redox site capturing externally
supplied electrons with sufficiently high energy to drive H, production. Excited by visible light, the
AgNC acts in its photoexcited state as a powerful reductant. Implemented into a colloidal system with
a graphitic carbon nitride g-CsN4 a TiO, together with the AgNC-Hyd-1 enzyme hybrid achieved
TOF2ase of 40 H, st with TEOA as electron donor while sustaining 20% activity in air. [110]

semiconductor + enzyme hybrids 1/3
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Tab. 9 Semiconductor + Enzyme hybrids SAPSs
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3.7.7. Bio photosensitizers — Enzymes SAPS

With the aim of combining the advantages of natural photosensitizers, such as high quantum vyield
and H,ases with their high turnover rates, selectivity and low overpotential in an artificially
constructed system, made of readily available materials and with low environmental impact, bio
photosensitizers — enzyme SAPSs have been developed. At first, researchers focused on connecting
PS1 to H.ase. Direct coupling of PS1 and H,ase requires O,-tolerant H;ase. This complex consisting of
photosystem | and H.ase was connected on a solid gold surface to construct a cathodic
photochemical half-cell.

Krassen et al. developed a monolayer PS1 — membrane bound [NiFe]-H.ase (MBH) complex attached
to a gold electrode via a histidine/Ni-NTA interaction. This allowed for site-specific oriented
attachment. Even though, a physical connection between the complex and the Au — electrode was
established, electrons provided by the gold electrode were transferred to PS1 via a soluble electron
carrier N-methylphenazonium methyl sulfate (PMS). The complex reached H, production rates of up
to 4500 + 1125 mol H, min™® mol? hybrid complex at 20°C, pH 7.5 and -90mV of bias. In order to
improve the performance, they suggest an H,ase — PS1 synthesized in vivo, to produce a system that
produces H, directly from water and sunlight.[111]

Lubner et al. developed a technology to connect PS1 via a molecular wire to catalytic centers such as
Pt, [FeFel- and [NiFe] — Hase. The molecular wire can covalently connect the Fg iron-sulfur cluster of
PS1 to either a Pt nanoparticle or the distal iron — sulfur cluster of H,ase via surface-located cysteine
residues that act as ligands to Fe-S clusters. Through site-specific mutagenesis they are changed into
glycine residues. The molecular wire forms a direct chemical bond to the iron — sulfur clusters by
sulfhydryl groups at the end of the wire. This allows electrons to tunnel quantum mechanically
between the two modules without rate and yield restrictions of diffusion-limited processes. With
electrons supplied by a sacrificial donor, this photochemical cathode is capable of H, production. An
investigation into the influence of the molecular wire, by comparison of different dithiol linkers,
showed that very short wires resulted in low rates of light-induced H, generation because of either
because of inefficient coupling or the inability to shield the protein from denaturation by the metal
surface of the Pt -nanoparticle. An aliphatic dithiol wire with more than 6 carbon atoms resulted in
lower rates. The best rates were achieved by aromatic dithiol molecular wires. The PS1 - molecular
wire — Pt nanoparticle construct outperformed the PS1- molecular wire — H;ase with 312 umol of H,
(mg of Chl)* h' to 3.9 umol of H, (mg of Chl)™* h'l, The system is limited by the charge transfer.[79]

Lubner et al. improved on this setup in a follow-up experiment trying to attain electron throughput by
oxygenic photosynthesis. By constructing a cross-linked Cyt ce—PS1—[FeFe] H,ase nano construct using
a 1,8-octanedithiol molecular wire in a medium of Na-phosphate buffer and Na- ascorbate as
electron donor, at pH 6.5 they achieved a light induced H, of 2200 + 460 pmol mg Chl™ h?
continuously over 4h. The initial H, evolution rate was resumed after the addition of fresh ascorbate.
Full recovery of H, evolving ability after 100 days of storage under anoxic conditions at room
temperature was observed. The electron transfer throughput of the nano construct surpassed that of
oxygenic photosynthesis. [112]

Since earlier PS1-molecular wire — Hyase systems did not incorporate a spectroscopic reporter that
can show the electron transfer between the two systems. The next iteration of Lubners concept was
PS1 — molecular wire — organic cofactor (1-(3-thiopropyl)-10(methyl)-4,40-bipyridinium chloride).
Under illumination, the reduction of the organic cofactor is comparable to the rate of H, evolution of
a PS1 — molecular wire — Hyase system. [113]

A different approach to tether a PS 1 to Hsase with the help of 2 different redox polymers was
developed by Tapia et al.. The PS1 was wired to an Os-PVI loaded polyvinyl imidazole redox polymer,
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with positive potential, while the H,ase was wired to baltocene-functionalized branched
polyethyleneimine (Cc-BPE) with negative potential to protect the H,ase from O, inactivation. At 400
mW cm the photocurrent dropped within 10 minutes to 0 and at 40 mW cm™ PS1 lost 50% of its
activity within 10min. The system achieved a TOF = 3 s%. [88]

Mersch et al. developed a PS2 based PEC system by immobilizing PS2 on an |0-mesolTO anode and
coupling it with an 10-mesolTO [NiFeSe]-H,ase Photocathode. With an applied bias of 0.8 V a STH
efficiency of 5.4+0.3%. [33]

Unassisted solar water splitting with H,ase in vitro has been a long-standing goal. Nam et al.
mimicked the natural Z-scheme in a PEC setup with a proton reducing Si|lO-TiO|[NiFeSe]-H,ase
photocathode and a PS2 photoanode. Producing 70 + 0.13 umol H, /cm? at a Faradaic efficiency of(91
+19)% with an applied bias of 0.4 V over 3 h. [108]

Sokol mimicked a bias-free water splitting system with PS2 on a dye sensitized photoanode wired to
H.ase. Therefore, a PS2|dpp - sensitized | IO-TiO, photoanode with an Os-complex redox polymer for
effective electronic communication, avoiding possible limitations from inefficient interfacial electron
transfer. As cathode, an 10-ITO | [NiFeSe]-H,ase was used. As PS2 is a blue and red-light absorber, DPP
— dye is a complementary absorber in the green spectrum. At overall water-splitting with OV bias, the
initial photocurrent decayed from 130 to 5 pA cm™ after 1 h irradiation, leading to an average half-life
time of 6.5 min, which is consistent with the stability of PS2 in vivo (t12~20 min). With a bias of 0.3 V
an STH 0.14 + 0.02 % .[114] A similar setup with format deH,ase was used for light-driven CO, fixation
to formate [115].
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Tab. 10 Bio - Photosensitizer + Enzymes SAPSs

3.7.8. Photosensitizers — Biomimetic complexes

One could make the argument that photosensitizer - H,ase mimics systems can also be classified as
SAPS, as some mimics are based on heavily modified H.,ase. The development of H,ase mimics is
driven by the desire to copy the extremely high activity and selectivity while also improving the
stability of H,ase by mimicking the active site of H,ase, not only structurally but also functionally. A
MPA - CdTe (CdTe stabilized by 3-mercaptopropionic acid) — [FeFe] -H,ase mimic system was
developed achieving a TOF of 50 h™ and staying active for 10 h with ascorbic acid as sacrificial agent
showing a tenfold increase of lifetime compared to [FeFe] - H,ase. The [FeFe]-H,ase mimic was
modified by incorporating a cyanide (CN) group to anchor three hydrophilic ether chains to the active
site to increase the water solubility of the system. [116] Even better performance has been achieved
with ZnS - ([(1-SPh-4-NH,)2Fe,(CO)e] with an initial TOF of 100 h and stable activity for 38 h [117].
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Tab. 11 Photosensitizer + biomimetic complex SAPSs

3.7.9. Cell based Ha- producing SAPSs

Compared to enzyme-based systems, cell-based SAPSs offer several advantages. Living Cells act as
catalytic centers without any time-consuming and costly manipulations like enzyme purifications and
could also employ intracellular repair mechanisms regarding photodamage improving the lifetime of
the system. Furthermore, the self-replicating nature of biological organisms and the low cost of
whole-cell catalysts are advantages. Via genetic engineering, cells are optimized to the individual use
case by expressing the desired enzyme. Often semiconductors are employed as photosensitizers
because of their broad absorption range.

The first system to employ a recombinant improved E.coli expressing [FeFe]-H,ase and relevant
maturase from Clostridium acetobutylicum as biocatalyst, because [FeFe]-H.ase shows high turnover
rates. Suspended TiO; particles acted as photosensitizers and MV?* as redox mediator, ascorbic acid as
sacrificial agent. The system was irradiated for 15h and continuously produced H,, significantly longer
than the control experiment with purified HydA-H,ase that became inactive within 4h showing the
improved stability of the cell-based system. The AQY of 0.31% is lower than the control experiment
with purified HydA — Hyase. The electron transfer step from the reduced MV extracellularly added to
intracellular HydA might be the rate limiting step. [118]

The photosensitizer can also be directly attached to the cell. Bo Wang et al. precipitated CdS -
nanoparticles on the surface of E.coli. Anaerobically induced, endogenous [NiFe] — H,ase generated
H, with an AQE of 9.59% @ 620nm. [119]

E.coli can also be sensitized by AgInS,/In,Ss. The AgInS,/In,Ss.- endogenous [NiFe] — Hoase achieved H;
production with 3.3% QE at 720nm. AgInS,/In,;S; is an excellent light absorber and offers faster
electrical conduction than In,Ss. At first In,Ss crystals were grown on the cell surface then the AgInS;
then anchored on the surface of In,Ss. [120]

Organic electron mediators also have been used with cell-based SAPS. Reduced graphene oxide (RGO)
with integrated Cu,O and shewanella oneidensis MR-1 has been constructed improving catalytic H,
production 11-38-fold compared to other charge transfer systems. With ascorbic acid as sacrificial
agent the system was irradiated and active for 4h. [83]

Organic dyes also have been used for the sensitization of cell-based SAPS. Whole cells of
Rhodopseudomonas were added to a slurry of Rhodamine B - dye sensitized TiO, and MV?* mediated
systems to produce H,. [121]
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Organic Dye - cells SAPSs
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Tab. 12 Cell Based SAPSs

3.8. Conclusion literature study into SAPSs
Comparing the listed SAPSs has been a challenge. Not all studies provide the same performance
parameters, only a few also provide STH efficiency. Input parameters such as spectrum, light intensity,
environmental parameters can vary. Unassisted, bias-free pure water splitting at neutral conditions in
visible light is not possible with most systems. None of the listed SAPSs has exceeded the TRL 3. The
longest operating times have been achieved with semiconductor enzyme hybrids with up to 72 h
[105], [106]. The highest visible light STH of 5.4% has been achieved by Mersch et al. with a PS2
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based PEC system by immobilizing PS2 on a 10-mesolTO anode and coupling it with a 10-mesolTO
[NiFeSe]-H,ase photocathode with an applied bias of 0.8V [33]. Most systems are limited by electron
transfer. Thylakoid-based systems face quick photodegradation. None of the papers mention any
strategies for scale-up. Liposome-based SAPSs have been constructed [77]. This leaves room for
improvement.

4. PhotoSomes — liposome based SAPSs

In 2021 Pannwitz et al. proposed to mimic nature and embed natural photocatalysts in artificial lipids
[1] similar to the lipid layers of thylakoid membranes for photocatalytic green H, production. A
biobased photocatalyst must be stable against conditions such as low pH, high temperatures and
oxidation since these conditions arise during photocatalytic H, production however, currently
available phospholipids, a key component of cell membranes, aren’t [122]. To create a highly efficient
bio-based H; production system, archaeal tetrahedral lipids (TEL) could be embedded with a
photocatalysts, for instance thylakoid membrane fragments, to provide electrons, a charge carrier
such as quinones and a H;ase, an enzyme to catalyze water splitting to form a stable photoactive
liposome, a so-called “PhotoSome”, capable of photocatalytic water splitting. PhotoSomes would
operate as suspended particulate catalysts in solar collectors, filled with an aqueous medium
producing an oxyH; gas mixture. Because of the limited long-term stability of biobased photocatalyst,
suspended particulate catalysts offer an advantage compared to catalysts immobilized on electrodes,
as they can easily be replenished. To renew the catalysts, the system only needs to be flushed and
new PhotoSomes injected. Regarding the handling of the catalyst, this is easier to accomplish and
automate at a large scale compared to exchanging inactive photoelectrodes. In the production of the
PhotoSomes, no rare earth - and only small quantities of transition metals mainly from biological
sources are used, allowing for simple disposal of inactive PhotoSomes and low overall environmental
impact.
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4.1. The Photo- (Lipo)some - PhotoSome

ARCHAEAL THYLAKOID
THYLAKOID FRAGMENT LIPID (AL) FRAGMENT AL

H,0 0O;+4H*

| PHOTOSENSITIZER | CHARGE TRANSFER | CATALYTIC CENTER}

Fig. 12 Schematic view of PhotoSome with photocatalytic process

Liposomes are sphere-shaped vesicles with phospholipid bilayers that surrounding an inner aqueous
compartment. They form by dispersing lipids in an aqueous media. Salts and other water-soluble
compounds present during the formation of the liposomes are sealed into the aqueous
compartment. Liposomes cannot trap hydrophobic compounds in the aqueous compartment but are
able to integrate hydrophobic compounds, such as membrane proteins, into the bilipid layer.
Liposomes are used as a tool in various scientific disciplines, including mathematics and theoretical
physics, biophysics, chemistry, colloid science, biochemistry, and biology [123]. Using spherical
membranes mimicking thylakoid membranes by forming photoactive liposomes offers opportunities
to confine redox half-reactions, facilitate charge separation, and avoid cross-reactivity — the main
challenges in photocatalytic systems [1]. Phospholipids, a key component of cell membranes, are
molecules consisting of a hydrophilic head containing a phosphate group and two hydrophobic “tails”.
Thanks to this amphiphilic characteristic, phospholipids can rearrange themselves in an aqueous
solution either as a monolayer, a sphere-shaped micelle or bilipid liposomes. However, phospholipids
have limited stability and should be kept for long-term stability at temperatures of 4-6°C and at pH
6.5 [122]. To overcome the limitations of the phospholipids, PhotoSomes are constructed with
tetrahedral lipids (TELs) found in archaea native to extremely hostile environments such as volcanic
ponds, from cultures such as Sulfolobus that developed to withstand these hostile conditions. For
instance, the optimal condition for lipids of Sulfolobus solfataricus culture are 3-4.5 pH and 87 °C
[124]. During the formulation of PhotoSomes, the randomly sized thylakoid fragments, some carrying
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the photosynthetic complex consisting of PS2/PS1 and others carrying the Hyase integrate themselves
unoriented into the bilipid liposome to create PhotoSomes. Charge transfer between the fragments is
ensured by a quinone pool native to the source organisms of the TEL and thylakoid membranes.

4.2.The Photosensitizers

To start a photocatalytic cycle, a photosensitizer (PS) is irradiated to form an electronically excited
species PS*. This can act as a strong oxidant or reductant and either oxidize an electron donor or
reduce an electron acceptor to form a reduced (PS’) or oxidized (PS*) species. These species then
transfer their charge to a catalyst to drive a substrate oxidation or reduction. [1] The photosystem PS1
and PS2 are naturally occurring photosensitizers and are located on thylakoid membranes. The
thylakoid membrane is a bilayer lipid membrane that separates the outside, the stroma, from the
more acidic inner lumen side. It serves as an anchor point for the light-harvesting antennae, the two
photoreaction centers photosystem 2 (PS 2) and photosystem 1(PS 1), cytochrome be/f and ATP-
synthase. It serves as a channel for energy shuttled from the light-harvesting antenna photoreaction
centers of PS2 and PS1. The Isolation of PS1 and PS2 from thylakoid membranes requires costly unit
operations (UP) such as chromatography and gradient centrifugation and they are unstable in vitro
[55], [125]. In contrast, the isolation of the thylakoid membrane with only stepwise sequential ultra-
centrifugation thylakoid is quite simple. Thylakoid membranes were chosen as photosensitizers.

A significant advantage of a single photocatalytic system is a simple framework with the opportunity
to avoid charge recombination and back reactions, the main challenge in photocatalytic artificial
photosynthesis [1]. However, the separation of the oxidative from the reductive catalytic centers by
compartmentalization of the different redox half-reactions with lumen and stroma is one of the
critical features of thylakoid membranes minimizing charge recombination and chemical back
reactions, which is detrimental for an efficient, sustained reaction [1]. By implementation of thylakoid
fragments, this feature can be implemented with the added benefit of broader light absorption and
higher redox potential of dual photosensitizer Z-scheme set-up. Photosynthetic organelles and
thylakoid membranes possess many advantages over isolated reaction center complexes for
electrochemical applications such as simpler immobilization procedures, multiple electron transfer
routes and high protein stability [126]. Applying thylakoid membrane fragments as photosensitizers
for biophotochemical electrodes has been done previously by Calkins et al. [126]. Adding randomly
oriented, different-sized thylakoid membrane fragments into liposomes requires further
consideration. First, the orientation of the fragment. The active site of the water oxidation complex
with PS2 is naturally located on the inside, lumen, of the thylakoid membrane. Because of random
orientation, this active site could be near a potential electron donor site of the charge transfer chain,
increasing the recombination rate. Secondly mismatched ratio of PS2 to PS1. The natural Z-scheme
suffers a bottleneck by different photosynthetic rates between PS1 and PS2 resulting in mismatched
ratios of PS1- to PS2- rates. For instance, Synechococcus sp. PCC 7002 grown to the end of the
exponential phase, has a ratio of 1.8. On average, if N electrons are transferred through each PS2 per
second, then each PS1 transfers N/1.8 electrons per second [112]. Randomly arranged thylakoid
fragments could influence this ratio negatively. This is especially relevant for the determination of
electron throughput by PS1 and PS2. Thirdly position of the fragments. As the catalytic center and
photosensitizers move further apart, the charge transfer efficiency drops. Further the correct ratio of
photosensitizer to H,ase depending on the TOF of the components is crucial. While thylakoids of
algae and plants are located in the chloroplast, as part of a complex membrane assembly with
appressed grana stacks a more open stroma lamella, thylakoid membranes in cyanobacteria have no
grana/stroma arrangement and are not confined into a subsection of the cell. Further differences are
the light-harvesting antenna complexes, phycobilisomes by cyanobacteria and LHCs by plants and
some minor peptide compositions [127]. There are further differences, begging the question of the
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photocatalytic performance of different thylakoid membrane sources. Given the redox potential of
PS1 and PS2 and unavoidable losses by artificial, imperfect electron transfer, only a system with
additional photosensitizers or the entire photosynthetic complex on the thylakoid membrane
provides sufficient potential for overall water splitting without SED at neutral conditions. The
literature on the photocatalytic performance of thylakoid membranes is scarce. A review on thylakoid
membrane—based photo bioelectrochemical systems has been written by Pankratov et al. [128] and
there have been several papers on photobiological solar cell designs. The most feasible comparison is
based on a per-protein photocurrent. Most papers only offer a photocurrent per cell size
measurement. Spinach thylakoid membranes are studied the most, also offering the highest
photocurrents. The thylakoid membranes for PhotoSomes are sourced from cyanobacteria (UTEX
2973 Synechococcus elongatus) grown on industrial waste stream substrates, capturing CO, during
cultivation.

Performance of Thylakoid Membranes
Organism | Photocurrent System Input Info Year | Ref.
A P i :
Spinach 80 nro;t);;mg thylakoid/catalase 0.45 V vs. Ag|AgCl and 4rc;t5e?:rrl1c3nmt:|
P R P mixture on 1 cm? Toray® illumination of 5200 ! g 2014 [129]
thylakoids 430 nA per mg carbon paper electrodes lumen Chlorophyll conc.
chlorophyll pap 0.839 mg/ml
20 nA P i :
0 nro’t):i;mg thylakoid/catalase 0.45 V vs. Ag|AgCl | and Zozt;: c/or:?:
Beet greens P mixture on 1 cm? Toray® illumination of 5200 ’ & 2014 [129]
100 nA per mg carbon paper electrodes lumen Chlorophyll conc.
chlorophyll pap 0,997mg/ml
A . P i :11.
on r(ftirinmg thylakoid/catalase 0.45 V vs. Ag|AgCl and rotm:ﬁc;);cl 6
Collard greens p mixture on 1 cm? Toray® illumination of 5200 & 2014 [129]
30 nA per mg Chlorophyll conc.
chlorophyll carbon paper electrodes lumen 3.29 mg/ml
16 n:z::;; me thylakoid/catalase 0.45 V vs. Ag|AgCl and Protel:qc;)rr;clz 102
Green chard P mixture on 1 cm? Toray® illumination of 5200 & 2014 [129]
7 nA per mg Chlorophyll conc.
chlorophyll carbon paper electrodes lumen 2.37 mg/ml
2.2 nligaei; me thylakoid/catalase 0.45 V vs. Ag|AgCl and Protel:\c;)rr;clz 9.09
Kale 9 npA per mg mixture on 1 cm? Toray® illumination of 5200 Chloropghyll conc 2014 [129]
chlorophyll carbon paper electrodes lumen 0.839 mg/m|
16 ngtﬁaeirrw me thylakoid/catalase 0.45 V vs. Ag|AgCl and Protel&c;)rr;clz 101
Arugula 11 ,r::A orm mixture on 1 cm? Toray® illumination of 5200 Chloro gh Il conc 2014 [129]
chIorcF))phyIIg carbon paper electrodes lumen 1 51pmyg/ml '
0.7 n:)t'fi; me thylakoid/catalase 0.45 V vs. Ag|AgCl and Protelgc?rr;cl: 109
Watercress 4 npA per mg mixture on 1 cm? Toray® illumination of 5200 Chloropghyll conc 2014 [129]
chlorophyll carbon paper electrodes lumen 1.81 mg/ml
bfs inhibited
the photocurrent for
PSl inhibited
thylakoid/catalase thylakoids is 11 + 2%
mixture was physically of intact thylakoids
i ®
Splnach 0.43+0.02 adsorbed onto Toray 0.45 V vs. Ag/AgCl in 0.1 ATP sy.nthase
thylakoids N carbon paper electrode, N inhibited - 2014 [130]
. pA/cm? : - M pH 5.5 citrate buffer
(fresh/organic) dried and silica layer photocurrent
vapor deposed onto decreases by 16%
electrode ATP Synthase
uncoupled -
photocurrent
increase by 25%
multiwalled carbon 25°C using 0.1 M tricine
Spinach . ) K buffer of pH 7.8 as the steady state
R peak: 63uA/cm nanotubes using a
thylakoids steady: 38uA/cm? | molecular tethering [Au- electrolyte photocurrent for up 2013 [126]
(fresh/organic) ' ; [Fe(CN)e)*/* as a redox to one week
MWNT-thylakoid] mediator
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Spinach multiwalled carbon 0.2V vs. Ag|AgClsat and a arﬁlatf\(;ntisliskocizl @
thylakoids 100 pAcm-? nanotubes on porous light intensity of 1500 membrane and 2018 (131]
(fresh/organic) electrode [Au-MWNT- mmol m?2 s mediator : MWCNTS were 120
thylakoid] 1,2-naphthoquinone 5
Hpgem
irradiation: 1000 W m~
+0.22 V vs Ag| AgClsat
mediators:
Spinacia _ monomeric Chlorophyll content:
oleracea 71 pAcm™? Quartz wafer (IRu(NH3)6]3+) 3.2 mgmL-! 2018 [132]
polymeric ([Os(2,2'-
bipyridine)2-poly(N-
vinylimidazole)10CI]+/2+),
Unlike, what is
observed with the
thylakoids of Syn,
electrons cannot be
abstracted directly
mediator free system Zt)eer]i:tlzrr]tisPrsezqzri]rig
Spinacia 5944050 3D matrix of RGO with 6V vs. standard H2 to obtain a
oleracea UACm2 amidated surface for electrode (SHE), photocurrent. 2018 [133]
wiring thylakoids illumination intensity of .
200 W m? Therefore, different
strategies should be
applied for using
cyanobacterial or
plant thylakoids for
solar energy
conversion.
unmediated
Synechocystis 14 pA/cm? Graphite anode external bias: 0.05V 2015 [127]
Ag/AgCl.
Synechocystis 35 ) . unmet?lafed
K238 mutant pA/cm graphite anode external bias: 0.05V 2015 [127]
Ag/AgCl.
wired to osmium redox
polymers screen printed
Spinacia 62.5 pAcm-2 tocarbonandgold |4, iooied with 400wm? 2018 | [134]
oleracea electrodes or modified
with either gold micro or
nano particles.

Tab. 13 Performance Thylakoid Membranes
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4.3.The charge transfer

Quinones play a central role in photosynthesis. Plastoquinone PQ-9 is an electron carrier shuttling
electrons from PS2 to bf6. The beauty of organic, redox-active quinones lies in low-cost, sustainable
charge carriers with high redox reactivity and excellent electrochemical reversibility. Molecular
structure engineering can easily modify their electrochemical properties [135]. Quinones are present
in nearly all living organisms. PQ connects photosynthesis with metabolism and plays a role in
photoprotection, helps to manage oxidative stress, and affects the mechanical properties of lipid
membranes, changing permeability and increasing stability [136]. Grumbach studied the distribution
of chlorophylls, carotenoids and quinones in radish and spinach cotyledon/chloroplasts and
thylakoids [137]. The concentration of quinones in plants changes with exposure to light [136]. The
Chl (a + b) to PQ ratio of plant chloroplasts is in the same range of cyanobacteria, despite the big
differences between the light-harvesting complexes [138]. The exact electron transfer pathway,
especially with redox-mediated systems like PhotoSomes is challenging to determine at this point.
Calkins et al. described 4 different electron pathways with their immobilized thylakoids, redox-
mediated, membranes [126] since electrons can be extracted at several points along the linear
electron transport chain via three electron mediators including the two quinone acceptors, Qaand Qg,
toward the cyt bg/f complex and onwards to PS1. Compared to aqueous redox-mediated systems —
the withing the by lipid layer compartmentalized redox system should have superior charge transfer
performance as all the components are close to one another. To keep the construction process of the
PhotoSomes simple and cost-effective and to avoid additional downstream process steps, charge
transfer will be accomplished in the bilipid membrane by endogenous quinones already present in
the cyanobacterial thylakoid fragments and the archaeal lipids.

4.4. Catalytic center

H,ases are large metalloenzymes featuring an active metal complex within the protein structure. To
allow for a catalytic reaction, H,ase is equipped with gas/water channels and pathways for proton,
electron, water, and gas transport from and to the active site. Most H,ases are bidirectional catalysts,
acting both as H,-producing and H,-uptake enzymes and are capable of catalyzing the para —to ortho
dihydrogen conversion. Compared to other H; evolution catalysts, they are nontoxic, don’t rely on
noble metals and show small overpotential [105]. H,ase are classified by the structure of their active
centers into [Fe]- or [Hmd]-, [FeFe]-, [NiFe]- H.ase or by redox partners like b- or c-type cytochrome
or NAD(P)+. H,ase is further classified by location within the cell into membrane-bound (MBH),
soluble (SH) or regulatory H,ase (RH). Regulatory H,ase, senses the presence of H, and shows only
low TOFy,. Catalytic activities of [NiFe]-H,ases are usually low compared to [FeFe]-H,ases [130].

The [FeFe]- H,ase tends to be more active in the production of molecular H; and the [NiFe] — Hzase in
the oxidation of H,. Electron transfer to the catalytic/active bimetal center is accomplished by a
series of 3 iron-sulfur clusters, the proximal, medial, and distal cluster. As the distal Fe-S cluster is
located on the outside of the Hsase, it is essential for efficient DET connections to a photosensitizer.
Since water splitting also produces O, H,ase must be stable under oxidation while still exhibiting
sufficient TOF or activity. Protein film electrochemistry, with H,ase immobilized as monolayers on an
electrode is mainly used to study the performance H.ase for direct measurement of the catalytic
activity, i.e., the turnover frequency TOF as a function of the electrode potential. H,ase is compared
to other standard inorganic molecular catalysts with a typical size of ~5nm quite large. [139]

[Fe] -/ [Hmd] H,ase is found in methanogenic archaea and an iron-sulfur-cluster-free Hyase. Only in
the presence of a second substrate, it is capable to activate H,. [Fe]-H,ase is light-sensitive and thus
not useful for solar H, production. [139]
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[FeFe]-Hzase is found in certain green algae, anaerobic eukaryotes, fungi, ciliates trichomonads and
anerobic prokaryotes like Clostriadia. Most researched and applied for SAPSs are Clostridia and
Desulfovibrio species [FeFe]-H,ase. [FeFe]-H,ase shows the highest catalytic efficiency with H,
turnover frequency of up to 10000 s but is sensitive to 0, [55]. There has been estimations, based on
perfect conditions with optimal electron transport on bare gold electrode of TOFs up to ~21 000 s*
with an overpotential of 150 mV SHE. [102, p. 1] [FeFe] — Hzase is sensitive to CO, CO; and O,. O is
damaging the [4Fe-4S] cluster of the H-cluster rather than the di-iron center [139]. H, production of
[FeFe]-H,ase can also be inhibited by H, but the inhibition constant is larger compared to [NiFe]-
H.ase. This might be caused because of H, crowding in the gas channels [139].

[NiFe] — Hzase shows lower TOF,, compared to [FeFe]-H,ase. As mentioned above, in the presence of
H, [NiFe] — H;ase faces strong product inhibition. [NIFe] — Hzase is also sensitive to CO, CO; and Oa,.
The O, tolerance of O, — tolerant [NiFe] H,ase might be the due to the existence of a modified
proximal [4Fe-3S] cluster. O, tolerant [NiFe] — H,ase is found in E.coli. E.coli has two membrane-bound
H,ases, only Hyd1 being oxygen tolerant. Most H,ases suffer from O; inactivation, only O, - tolerant
[NiFe] H,ase is able to sustain H; oxidation in the presence of O,. [139]

[NiFeSe]-H,ase is a subclass of [NiFe]-H,ases with a selenocysteine residue coordinated to Ni at the
active site. [NiFeSe]-H,ase is one of the preferred H,ase for solar H, production, because of its
excellent H, evolution rate, low product inhibition as well as tolerance toward O, allowing for the
accumulation of oxyH,.[80] The medial iron-sulfur cluster in all [NiFeSe]-H.ases is comprised of a
[4Fe-4S] rather than a [3Fe-4S] unit. Desulfomicrobium baculatum (Dmb) [NiFeSe]-H,ase is most
commonly applied for SAPS, not only due to its high H; evolution activity, lack of H, inhibition and O-
tolerance but also for its titaniaphilicity.[105] Sakai et al. showed a drop of TOFuase With Dmb [NiFeSe]
from 13.9s at 0% O, to 11.9s at 5% O, down to 1,55 at 21% 0, [103]

Performance H2ases
Type Organism TON (s%) Electron source References
[NiFe] Desulfovibrio gigas 3 MV [88]
[NiFe] Ralstonia eutropha 75 MV and dithionite [111]
initial:
[NiFe] E.coli V'227C-Hyd-1 40 TEOA [110]
steady
state: 7
[FeFe] Clostridium pasteurianum 1700 Dithionite [140]
[FeFe] Clostridium actobutylicum 250 MV [118]
[FeFe] Clostridium acetobutylicum 25 ascorbic acid [32]
380 /980
-, . (low/ .
[FeFe] Clostridium acetobutylicum high light ascorbic acid [102]
intensity)
. Desulfomicrobium methyl viologen
[NiFeSe] baculatum 27 (MV) [103]
[NiFeSe] Desulfomicrobium 50 TEOA [93]
baculatum
[NiFeSe] Desulfomicrobium 14 TEOA [103]
baculatum
. Desulfovibrio vulgaris methyl viologen
[NiFeSe] Hildenborough 986 (MV) [107]

51



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfuigbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

Q Sibliothek,
Your knowledge hub

M TEMGeE IBD GREUP

WlEN Integrated Bioprocess Development

H,ase - mimics

Hzase mimic 1 L
[Fe,S,]) ([(M-SPh-s-NHa)oFe>(CO)e] 100 h ascorbic acid [117]
[FeFe]- modified artificial 1 .
mod [FeFe]-Haase mimic 50 h ascorbic acid [116]

Tab. 14 Performance of H2ases

An in-depth review of 0O, sensitivity and H, production activity of H.ases has been written by Lu et al.
[140]. They listed several different H,ase half-lifes, ranging from 720 to 3 minutes at oxygen partial
pressures below 0.1 atm. In a comparison of oxygen tolerance of several H,ase, tests never exceeded
durations of 24 h for [NiFe]-H,ase and 1h for [FeFe]-H,ase. Possible options for engineering an O,
resistant H,ase are molecular mechanisms based on blocking O, diffusion to the active site by
mutated residues along the gas diffusion tunnels within the enzyme by replacing the residues with
larger hydrophobic amino acids or by external blockages to the protein body. Internal - chemical
strategies try to convert O, into harmless products, for instance ROS into H,0, by replacing amino
acids near the active site with Cys. External techniques like immobilization of H,ase in an O»- reducing
redox polymer also succeeded. [140]

For simple, cost-effective production of PhotoSomes, the endogenous membrane bound H,;ase from
the cyanobacterial thylakoid membrane fragments (UTEX 2973 Synechococcus elongates) will be
incorporated into the liposome.

4.5. Stability and performance of PhotoSomes

The stability and performance of PhotoSomes are critical parameters for the system’s scale-up and
economic feasibility. As the TELs are stable at low pH, oxidation, and high temperatures, they face
structural challenges. Photoactive liposomes might become unstable during photocatalysis or in the
dark because of coalescence into large assemblies by aggregation, membrane rupture due to
photochemical oxidation of its lipid components or to the formation of holes. This could be mitigated
either by strengthening of the bilipid through additives, as cholesterol, electrostatic repulsion by
doping the liposomes to create a charged membrane or adding steric hindrance by introducing
polyethylene glycol-containing lipids in the lipid mixture forming the membrane. Osmotic pressure
created by the concentration of membrane impermeable solutes, especially of the inner
compartment of the liposome, might influence the water flow through the bilipid membrane leading
to hypertonic conditions resulting in shrinking or swelling, in extreme cases bursting of the liposome.
[1] The archaeal TELs are stable in ambient conditions for two years.

The literature about the stability of thylakoid membranes in vitro and vivo is scarce and ranges in
experiments in bio photoelectric cells from up to one week [126] to minutes in more hostile
conditions in a PEC SAPS setup [127]. In a study on the thermal stability of pea thylakoid membranes
adapted to low light conditions, the thylakoid membranes showed a lower thermal stability
compared to moderate light conditions. The first heat induced denaturation of the protein
complexes of thylakoid membranes occurred at 57 °C. Denaturation of LHC2 occurs at 73 °C. The
low-light thylakoids reached these limits 1-2 °C earlier [141].

However, there is more information about the stability of the individual PS1 and PS2 complexes.

Despite PS2 setting a benchmark in terms of O, evolution rate under ambient conditions for the
development of synthetic catalysts [90], PS2s half-life is very low. In vivo only about 20 min and in
vitro immobilized in a redox polymer up to 55 min [142]. In nature, PS2 is stabilized by a continuous
repair mechanism. PS2 inactivation from high-intensity light is not a mechanism of increased
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photodamage to PS2, but much more suppression of the repair mechanism through inhibition of
protein synthesis by the generation of ROS, H,0,, 'O, by excess light energy [81], [143]. The
photodamage becomes apparent as soon as the rate of photodamage surpasses the repair rate. The
repair mechanism is based on the removal of degraded D1 protein in PS2. The rate of photodamage is
proportional to the intensity of incident light. Under moderate light intensity, photoinhibition is not
apparent. However, other abiotic stress factors, as low temperature (repair inhibitor), salt stress
(repair inhibitor) have also been known to negatively affect PS2 lifetimes [143].

PS1-based photoelectrodes have been tested up to 30 days [144] and face stability issues such as ROS
damage [145]. PS1 photoinhibition is caused by O, and O produced in the thylakoid membranes by
highly reduced electron carriers in PS1, causing damage to the P700 site. Higher plants have
superoxide dismutase and ascorbate peroxidase in their chloroplasts to detoxify ROS [146]. Without
these protective enzymes isolated PS1 faces photoinhibition. Protecting PS1 from O, is crucial for long
term-stability. Furthermore, chilling induced photoinhibition at 4 °C has been described [113].

Hu et al. found in their study of effects of heat treatment on protein structure and pigment
microstructures in PS complex no significant change in the protein structure below 50 °C, first
conformational changes at 60 °C. Also, the oxygen uptake rate decreased by 90.81 % at 70 °C and was
completely lost at 80 °C. [147] The recovery of photo inhibited PS1 is slow compared to PS2 [146].

As these repair mechanisms are part of the overall cell metabolism, they are missing in purified
photosystems and might not be existent or active in thylakoid fragments at all. For protection from
photodamage, PhotoSomes will rely solely on the compartmentalization or encapsulation provided
by the TEL liposome. To minimize photodamage, photosensitizers should be protected from exposure
to strong light, in particular, light in the UV and blue light spectra [143].

Because of the numerous factors influencing STH of PhotoSomes, without lab experiments, only a
rough estimation of STH of PhotoSomes is possible based on the efficiency estimation of
photosynthesis of Hall and Rao [148].

Based on the full solar spectrum, 53 % of light is within the 400-700 nm active range. Only about 70 %
of these in—active-range photon hitting the photoactive components and are fully absorbed resulting
in 37 % of absorbed energy. Then 24 % of absorbed photon energy are lost because of wavelength
mismatch degradation to 700 nm, resulting in 28 % of initial energy input. At this point, an estimated
25 % conversion efficiency within the quinone charge-transfer and the H; reduction at the H,ase
because of imperfect orientation and location of the thylakoid membrane fragment seems
reasonable, leading to a 7% STH for the final, fully optimized, PhotoSome system.

Given the superior stability of archaeal tetrahedral lipids, stabilizing and incapsulating the
photosensitizers and H,ase and improvements in PhotoSomes during development, a 7% STH and a
stability of 6 months seem reasonable for further considerations for scale-up of the fully optimized
PhotoSomes system. The operating temperature should be between -4 to +55 °C.
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5. The PhotoSome Process

After diving into the mechanics, limitations and inner workings of the single suspended
photocatalysts “PhotoSomes”, it is time to take a step back and take a bird’s-eye view of the fully
integrated PhotoSome process to get a deeper understanding of the bottlenecks and challenges in
the scale-up of photocatalytic H, production via PhotoSome SAPSs. Therefore, the following process
flow diagram of the complete PhotoSome System was designed, providing a schematic overview of
the required unit operations for the H, production by semi-synthetic photosynthesis.

PhotoSomes Production | Hydrogen Production + I Gas Separation I
--Inactive Phot '
CO, + Alr ! PR i r— " WASTE
Substrate H i i optional WATER
h 2 h 2 ! |
Light t---4 PhotoSome | >
ivati Separation
::>—> Cultlvatlon. Harvest (> Cell Disruption [ Separt —l
Cyanobacteria OFF GAS
. l ———— 0, Separation >:>
Isolation [y
of photoactive
! Enzymes
0, co.
: 2 l ;hV v
i ] ) OFF GAS
i Formulation of Production of H, Separation Hydrogen
@ TEL ' PhotoSomes H, 2 58P Purification
Lipid i
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A
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Fig. 13 Process flow diagram of the PhotoSome Process

The PhotoSome process can be split into 3 sections:

1 2 3

PhotoSomes PRODUCTION GASSEPARATION

e cultivation of cyanobacteria | ® Production of H, — water H, separation and

e cell harvest splitting purification

e cell disruption e water pretreatment ( .. 0, separation

e isolation of the support process) Compression H;
(photoactive) enzymes, e Airseparation (.. support
(thylakoids) process)

e formulation of the
PhotoSomes

The PhotoSome - process starts with the cultivation of cyanobacteria as the source organism of the
photoactive thylakoid membranes. Extracting these membranes consists of a harvesting step to
separate the cyanobacteria cells from the cultivation media for the cell disruption, followed by a cell
disruption to lyse the cells and dispense the thylakoid membrane fragments. The thylakoid
membrane fragments are then incorporated — formulated - in stable TEL lipids with quinones and
H,ases into the so called PhotoSomes liposomes. This process section is called PhotoSomes
PRODUCTION.

The next section — H, PRODUCTION consists of the photocatalytic water splitting process and the
support process of water pretreatment. In water suspended PhotoSomes split water by impacting
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sunlight into H, and O,. To prevent this gas mixture from exploding spontaneously, an inert gas, in
the final concept N, is used to dilute the O,-H, mixture into a non-flammable H,-O,-N;, gas mixture.
To provide water for the H, production and prevent unwanted contamination of the system, as well
as an accumulation of minerals in the photo reactor (PR), a water pretreatment is necessary. A
decontamination or cleaning concept should be considered to keep unwanted contamination from
spreading.

This is followed by the process section of GASSEPARATION. By separating the H, from this gas
mixture, the H, can safely be compressed and stored. To recover the N, for the explosion
suppression, O, is separated in the following step, the N, is kept within the production loop.
Inevitable N, losses during gas separation are compensated by air separation. To meet high H, purity
standards, further purification will be required.

5.1. Operating Conditions

The PhotoSome process will operate close to ambient temperature and pressure conditions to lower
the structural requirements on the photo reactor panels. For further considerations, a 40°C gas
temperature in the photo reactor and pressures below 1.1-10° Pa are assumed.

5.1.1. Solar Energy Input.

The system is heavily influenced by the solar energy input and daily as well as yearly solar cycle. To
simplify the first estimations, an average daily irradiation per square meter based on the yearly solar
radiation and 12 hours of daily operation with constant H, production rates is assumed. The inherent
daily and seasonal intermittence nature of solar radiation is for this first study not further considered.
In Austria the global yearly ranges according to the World Bank’s solar resource map between 913
and 1314 kWh/m?. A medium value of 1250 kWh/m? will be applied for further considerations [149].
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Fig. 14 Solar Resource Map of Austria. Source: https://solargis.com/maps-and-gis-data/download/austria Reproduced with
permission from SolarGis and World Bank under CC-BY 4.0 .[149]
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5.2.The Safety Issue:

Single-bed photocatalytic systems produce O,-H, gas mixtures, creating an explosion hazard. The
flammability of H, in a pure oxygen atmosphere ranges from 4% to 95%. Compared to traditional
fuels, Hy has a larger flammability zone, a lower ignition energy and a higher deflagration index, thus
a higher probability of explosion or fire.

Literature describes 3 techniques to deal with this issue.

a. Dilution of the oxyH, gas with an inert gas to create a non-flammable gas mixture until the
separation of H, [150], [151].

b. Explosion proofing the system + minimizing volume of combustible gas + quick gas
processing + separation under vacuum [62].

c. Safety by Prevention — synthesizing a H - based high value product, for instance, formate,
methanol etc. avoiding the formation of an explosive atmosphere in the first place [55].

An example for b. explosion proofing, is Nishiyama’s et al. photocatalytic pilot plant. They explosion-
proofed their pilot scale photocatalytic H, production plant by intentionally igniting the system's gas
and optimizing the individual parts to withstand an explosion [62]. Together with minimizing the gas
volume in the system, a reduction of fuel by keeping the free head volume of the flat plate collectors
as small as possible, combined with quick gas processing, allows to minimize the impact of a
spontaneous ignition of the system. The hydrogen separation was achieved by a membrane system
with a vacuum pump to avoid compression of the explosive gas mixture [62].

Dilution of with an inert gas is the most feasible option moving forward as option b, explosion
proofing with a large volume of oxyH; is too dangerous for large-scale scale-up and c, is not an option
as this thesis focuses on H, production.

5.2.1. Dilution by an inert gas

The dilution of an H, — O, or H, - Air gas mixture has been topic in several papers. N,, CO,, He, and Ar
are the most common inert gases to suppress explosions. As helium and argon are too expensive,
only CO; and N, are considered as an option. The inert gas should also be readily available in close
proximity to the PhotoSome plant as there are unavoidable losses in gas separation that need to be
continuously replaced.

5.2.2. The flammability limits of H»-0,-CO; and H»-0,-N2 gas mixtures.

The critical factors in comparing gas mixtures are the upper (UFL), lower flammability limit (LFL) and
the limiting oxygen concentration (LOC). LFL and UFL describe the limiting fuel concentrations that
can support flame propagation and lead to an explosion. Fuel mixtures outside of those limits are
non-flammable. Flammability limits are determined by the gas mixture's composition and influenced
by pressure, temperature, and humidity. The LOC is defined as the limiting concentration of O, below
which, independent of fuel concentration, combustion is not possible. For a H, — O, — N,, measured
the LOC at 4.6-5 mol% O, [152]. A gas mixture will only be flammable if the O, concentration exceeds
the LOC and the fuel concentration is between the LFL and UFL. These limits are listed in safety
databanks such as CHEMSAFE® by Dechema for common gas mixtures or determined by elaborate
experimental studies or calculated by kinetic models. There have been some studies into H, — air —
CO; gas mixtures but only a few into H,-0,-CO, mixtures. The flammable range of H, gas in oxygen is
4-95% in a pure oxygen atmosphere [153]. However, some sources used a slightly different
flammable range of H, in binary O, mixture, at normal operating conditions of 4 — 94% [150].
Extinction effects of CO; in oxyH, fuel occur when the CO, mole fraction is above 73% [154].
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Hu. et al. measured in their experimental study of the LFL of H,/0,/CO, and H,/0,/N; an increase of
the LFL of H,/0,/CO, from 4.25 vol% H, to 6.5 vol% H, and an increase of the LFL of H,/0,/N, from
4.25 vol% H; to 6.5% over an increase of dilution gas (CO2, N2) [153]. Furthermore, they determined
that the specific heat capacity of the mixture mainly determines the LFL. Even though CO, directly
participates in chemical and heat radiation, the chemical effect of CO; on the LFL of H; is small. The
radiative effect on the lower LFL was improved by CO,. Based on this data, the following flammability
diagrams were constructed, with the LFL, UFL and extinction effect concentration.

100% H;

100% H;

100% /> /N /N IFLin0,(4%H,) \ \\10 100 % / LFLin O (4% Hy) S N \ \m
A 7 7 7 . 7 N7 7 7 \ ./ S/
90

P ?
29 10 20 3 4 5 6 70 8 9 100% N, O v i B % 4 o @8 W 4

Fig. 15 Flammability Limits of trinary oxyH, gas mixture, left with N, on the right with CO;

5.2.3. Pressure, temperature dependence and effect of water vapor on flammability limits.
Schroeder et al. showed in their study about explosion characteristics of Hy-air and H,—0; mixtures at
elevated pressures, an increase of LFL and first a decrease of the UFL until 20 bars followed by an
increase with rising pressures. The LFL was lower and the UFL higher at 80°C compared to 20°C [155].
Medvedev et al. studied the flammability limits of H,, air and water vapor mixtures, including after
the formation of water microdroplets due to over-saturation of the gas mixture and showed that
water vapor restricts the combustible range of H, [156] Holborn et al. modelled the effect of water
fog on the UFL of H,-O,-N, mixtures and observed a reduction of the UFL. In theory, their model
would allow a prediction of the LFL of the H,-O,-N, mixtures. However, for lean H, mixtures, the
formation of cellular flames and other instabilities make the prediction more complex. In addition,
they found that the LFL was increased by the rising initial pressure and decreased by the elevated
temperature [157]. When choosing a safe gas mixture for processing, one should bear in mind that
flammability limits and LOCs, when determined have no built-in safety factor. In practice, such
additional factors have to be implemented [152]. All gas separations are prone to losses and will need
constant replenishment of inert gas. A local source, such as air, for the inert gas is a necessity. Direct
air-capture of CO, is less mature and more expensive. Therefore, the N, was chosen as inert gas
despite its larger explosive range.
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Advantages - Disadvantages of dilution gases
CO; N
Larger non-flammable area — higher initial H, Available in surrounding air at 78 vol%
concentrations possible. No negative effects to
More unit operations possible for Lower NAFION permeability compared to
separations CO; = relevant for EHC separation.
More complicated air extraction Unproblematic emissions
If not air recovered CO, = Problematic CO;
emissions

Tab. 15 Advantages - disadvantages of dilution gases

Dilution of the process gas offers 2 additional benefits. First, because of the lower H, concentration, a
higher H; production rate can be expected by avoiding product inhibition.

Secondly, it allows compression of the process gas. Compression of pure oxyH, is challenging from a
safety perspective. The final safety concept for the PhotoSome process combines concepts b and c.
Dilution by an inert gas with quick processing of gas and a reduction of gas volume in the system.

5.3. UNIT OPERATIONS

5.3.1. Cultivation of Cyanobacteria

Synecoccus Elongatus UTEX 2973, a unicellular cyanobacterium, chosen for its rapid photoautotrophic
growth, cultivated in a photobioreactor (PBR) in waste stream substrates, for instance, potato cutting
water under CO; uptake, will be the source for the thylakoid membranes. The most critical factors
influencing biomass growth in a photobioreactor are light and mass transfer of gases. Conventional
PBRs designs are flat plate, tubular, column, baggies and stirred tank with internal illumination. As
cyanobacteria assimilate the CO, during growth, CO, fixation is an added benefit of PhotoSome
production. Even though stirred tank PBRs offer the highest degree of control over the cultivation
process, tubular PBR are preferred as they are the most widely used reactor type [158].

The ideal growth conditions for the rapid growth of Synechococcus UTEX 2973 are 38 — 41°C, 3% CO,
and 500 pmol photos m?2s? using BG11 media, showing doubling times of 1.9 hours [159]. No
additional nutrients, such as vitamins, are required to grow this cyanobacteria strain. Besides BG11,
cheaper growth media, such as wastewater streams, are an option for cost optimization. As the only
carbon source in autotrophic cultivation is air or CO,, the supply must be maintained, and generated
02 must be stripped out. To grow economically efficient phototrophic cultures, they must be light-
limited, not by CO, transport and availability. R. Hasan achieved in a study of UTEX 2973 biomass
yields of 0.65gpw/L over 14 days in a 50:50 sturgeon and swine wastewater mixture [160, p. 83] less
than in their control experiment in BG11 of 0.85gpw/. over 14 days [160, p. 83]. Yu et la. reports
biomass accumulation of 0.13 + 0.01 mg/ml at the beginning of the experiments to 0.87 + 0.03 mg/
ml after 16 hours, outperforming several other cyanobacteria [159].

5.3.2. Harvest

The harvest unit operation separates the cyanobacteria from the culture media for further
processing. The harvest of microalgae is one of the primary unit operations in microalgae processing,
accounting for about 20-30% of processing cost. Common methods for algae harvesting include
filtration, flocculation, flotation, and centrifugation.

Filtration is a process applying a semipermeable membrane, separating based on size exclusion. It can
harvest highly concentrated cells from the medium and is able to handle delicate species that might
be damage due to shearing. However, membranes can foul or clog up and require frequent
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replacement, increasing processing costs. Flocculation is a process by which single free-floating cells
aggregate together into larger particles with the help of flocculating agents such as iron and
aluminum salt and can remove up to 95% of microalgae biomass. These flocculating agents present
challenges because of their high toxicity and the subsequential additional process steps. Bio
flocculants are cheaper and eco-friendly in comparison and capable of reaching 90% of cell recovery.
Flotation is a process promoting the floating of cells on the culture media surface by utilizing small air
bubbles. The advantages are high harvesting efficiency, high processing throughput, easy operating
procedure and low cost. Centrifugation is a separation process based on each component’s density
and particle size via centrifugal force. Centrifugal systems include disc stack centrifuges, perforated
basket centrifuges, imperforated basket centrifuges, hydro cyclones and decanters. This technique
offers high cell harvesting efficiency and is a standard unit operation in downstream processing.
Down sides are long processing times, high shear rates and high energy consumption [161].

As disc stack centrifuges are capable of large-scale continuous matter separation, offer high
throughput and are common throughout the industry, they have been chosen for the harvesting unit
operation.

5.3.3. Cell Disruption
The unit operation cell disruption will lyse the cyanobacteria and further fragment the thylakoid
membranes into pieces for formulation into liposomes.

There are 5 fundamental methods for cell disruption, enzymatic, osmotic, thermal, chemical, and
mechanical. Mechanical cell disruption techniques are ultra-sonic cell disruption, ball mill cell
disruption, french press, and high-pressure homogenization. As high-pressure homogenization is a
well-established, scalable, technique for cell disruption, it has been chosen. Based on inhouse
experiments, the high-pressure homogenizations should be done in 3 executive rounds at 1200 bar.
Depending on batch size, hydrodynamic cavitation could be an alternative. Waghmare et. la found in
in their study of hydrodynamic cavitation for energy efficient and scalable microalgal cell disruption
that compared to ultra sonication, it is significantly more energy efficient and a better scalable
technology [162].

5.3.4. Isolation of the thylakoid membrane’s fragments

The effort for isolation of the photosynthetic components increases with the purity. Separation of
whole thylakoid membranes is relatively simple but further isolation of the individual components is
more complex. As of now, it is not known whether whole thylakoid membranes can be used for the
PhotoSome formulation, or the individual components are required. For now, the focus remains on
membrane fragments.

For the isolation of the thylakoid membrane’s fragments are 3 different unit operations possible,
ultracentrifugation, precipitation, and gradient centrifugation.

Emek et. la described a 5-step process for the isolation by precipitation of whole plant thylakoids on
a large scale:

Disruption of cells, followed by filtration to remove large cell debris and non-disrupted cells
Precipitation of thylakoids by adjusting the pH to the isoelectric point pH 4.7

Intermediate washing step with dilution of the precipitate in water

Second precipitation at pH 4.7

Freeze-thawing or freeze-drying step of the to concentrate the precipitate.

ukwnN e

Dani and Sainis [163] investigated the isolation of the individual thylakoid components by
ultracentrifugation at 3 rounds of 40 000, 90 000 and 120 000 g for 1 h. The pellet after each round
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was collected and the supernatant was further subjected to centrifugation at higher speed. They
reported that the sedimented fractions had all the components of the electron transport chain,
phycobiliproteins, ATP synthase, ferredoxin—NADP reductase but no ferredoxin. Fraction from higher
speeds higher enzymatic activities and higher rates of the whole electron transfer activity on a
chlorophyll basis. The process followed these steps:

1. Washing cells with membrane isolation buffer (MIB) (10mM Tris-HCl pH 7.8, 10 mM MgCly;
50mM NaHCOs; 1ImM EDTA; 12 mM B-mercaptoethanol and 10% sucrose)

2. Storing the cell pellet in liquid N; at -70°C

Resuspension in MIB

4. Cell disruption by French press (100000 psi, single passage) or sonication for 30 min in pulse
mode

5. Centrifugation of cell extract at 10000 rpm, 10 min to remove unbroken cells and large cell
debris

6. Stepwise centrifugation of the supernatant at 40 000 g for resuspended in MIB, and the
supernatant centrifuged at higher speeds.

7. Repeat of step 6 at 90 000 and 120 000 g.

w

At this moment, further experimental investigation is necessary for the most effective separation
technique to be known. Precipitation is easy to scale up but requires further investigation,
ultracentrifuges are limited by their volume, batch operations and long sedimentation times.
Recently developed continuous flow ultracentrifuges, like the ThermoFischer® thermos scientific
CC40 which offers process flows of up to 90 L/h, solve these limitations. However, these expensive
systems are meant for large-scale operations and need to be fully utilized for cost-effective
operations.

To simplify further consideration into the scale-up and as this unit operation still requires further
investigation for the scale-up to a pilot scale system moving forward the isolation step consists of a
preprocessing microfiltration to remove large cell debris and non-disrupted cells, followed by a
conventional ultracentrifuge separation at 40 000 g for 15 minutes to evaluate a possible bottleneck
with the isolation step. This will also help to show the limitations of ultracentrifuge unit operations.

5.3.5. Formulation of PhotoSomes

The formulation of the liposomes is based on self-assembly. For formulation, lipids are dissolved in
an organic protic solvent and start the self-assembly process, arranging into bilipid layers when
mixed with an aqueous phase. Most liposome formulation techniques consist of the following basic
steps:

Creation of a lipid phase in an organic solvent
Hydration by an aqueous media to yield lipid dispersions.
Purification of liposomes

Qa0 oo

Analysis of the product.

There are several methods for liposome preparation. Standard methods include mechanical
dispersion methods like Bingham or thin-film hydration method, sonication, french pressure cell,
extrusion technique, micro emulsification and dried-reconstituted vesicles, solvent dispersion
methods like ethanol — or ether injection and reverse phase evaporation and the detergent removal
method. Novel methods include supercritical fluid technology with several different techniques, the
heating method, freeze drying, double emulsion method and modified ethanol injection methods like
micro hydrodynamic focusing, crossflow filtration, protoliposome technology, dual asymmetric
centrifugation and membrane contactor technology[164], [165].
With feedback from the lipid’s supplier, isopropanol injection - a crossflow solvent injection method,
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was chosen as the preferred technology. The organic phase, which carries the dissolved lipids, is
injected into a T-shape static mixer with the aqueous phase, carrying the thylakoid fragments. The
rapid isopropanol dilution in the aqueous phase below a critical concentration leads to a self-
assembly of the dissolved lipids in the aqueous phase. This leads to precipitation of the lipid
molecules and aggregation. A crucial factor in the liposome formation is the ratio between organic to
aqueous phase, in this case 1:2. Thanks to this high dilution, adverse effects due to any surfactants
required to keep the thylakoid fragments dissolved in the aqueous phase should be mitigated.

This bulk technology is easy to scale up and frequently used. For instance, Polymun Scientific claims
to be capable of producing 250 L of liposome preparation within 1.5h with one module. Several
modules can run in parallel [166]. Also, no complex, expensive equipment is required. Further
advantages are the use of non-harmful solvents, the formation of small unilamellar vesicles without
sonication or extrusion unit operations and no oxidative alterations or degradation of lipids occur in
this process [164]. The main drawbacks are, the heterogeneous population of liposomes, the removal
of the organic solvent from the liposome dispersion and the risk of inactivation of biologically active
macromolecules in the presence of isopropanol [167].

To reconcentrate the liposomes and to remove the organic solvent from the mixture, the formulation
is directly coupled with an ultrafiltration crossflow membrane separation. The concentrated
PhotoSome mixture is then ready for injection into the Photoreactor.

5.3.6. Hy Production

The PhotoSomes will be injected into the water-filled photo reactor and start water splitting under
impacting sunlight. Photo reactors are quite complex as they represent a 3-phase system with the
particulate catalyst, the aqueous and gaseous phases. The first concern in designing the PR is the
photosynthetic behavior of the PhotoSomes. Suppose it resembles the behavior of phototropic
microorganisms. In that case, it will require a sufficient volume to account for the growing amount of
biomass in the system and the increasing of volumetric photosynthetic surface, also increasing
shading effects preventing photoinhibition. Alternatively, it could resemble artificial catalysts
requiring a small water column to reduce the loss of light by absorption of the water column and
other catalytic particles. Miyake et al. researched the light penetration in a bundle of several stacked
flat plate photoreactors filled with a cell culture. They showed an almost complete drop of light
intensity within 20 mm [168].

Further requirements are:

e Low head space to reduce the gas volume in the system.

e Uniform distribution of the photocatalyst in the aqueous media

e Complete coverage of the illuminated area by the photocatalyst for max. effective photon
capture area.

e Mechanical requirements such as internal gas pressure, wind, and snow loads

e Stability against environmental hazards - e.g. hail proof.

e Cleanability — CIP stability or option of automatic cleaning by robots (dust/snow) or sonic
clearing methods — even on the outside

e High light transmissibility and low light reflection of the glass.

e Temperature stability within set limits

e Simple, cheap construction and easy and quick assembly, mass-producible

Typical photoreactor designs for suspended catalysts are flat-plate, tubular, baggies or single bed and
dual bed systems.
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Fig. 16 Photoreactor Designs as cross-sections, A, flat plate; B, tubular; C, single bed; C dual bed

Flat plate systems are constructed of a metal bed or frame with either 1 or 2 glass panels. They can
be mounted vertically, tilted or horizontally. Tubular systems comprise of a set of transparent tubes in
either a vertical or horizontal position. Baggie or single bed systems have been used as bio photo
reactor systems. Pinaud et al. proposed such a design for photoreactors for suspended photocatalyst
[31]. They comprise of a long, flexible, transparent, tube-shaped plastic foil that sits on the ground
and is filled with the aqueous medium and the photocatalyst. Dual bed systems connect two of these
systems filled with 2 different photocatalysts with by a porous bridge, thereby spatially separating H,
and O; evolution and avoiding separation in the first place. This system effectively halves the STH
efficiency, since 2 separate reactions are necessary doubling the required reactor area in the process.
Pinaud et al. describe the advantages and disadvantages of single and dual bed systems in detail [31].

Even though tubular systems are regarded superior in performance, baggie-based systems might be
cheaper in construction than flat plate systems. Flat plate photo reactors have been chosen for
further considerations, as it simplify estimation for the required amount of catalyst under the
assumption of full coverage of the illuminated area by PhotoSomes in the reactor, simplifies the
estimations of pressure loss in the gas loop and offer better cleanability. Also all previous pilot-scale
photocatalytic systems used flat plate reactor designs [62], [65].

To prevent the issue of H, embrittlement and to account for the corrosive oxidative conditions in the
photoreactor, stainless steel with at least 10% of Ni should be used in the construction.

Snow loads in Austria, are location and roof-shape specific, and can exceed 22 kN/m?. As an example,
the area-specific snow load for Wiener Neustadt is 1 kN. HORA, the Natural Hazard Overview and Risk
Assessment Austria , offers an interactive map for snow loads based on the ONORM B 1991 — 1-
3:2022 05 15 [169].

5.3.7. Water pretreatment — The contamination issue

The large volumes of photo and photo bio reactors have repeatedly been challenged by
contamination. Flushing and sterilizing such a system is costly and complex. Contrary to this,
photocatalytic systems are investigated for water purification and removal of trace contaminants use
cases. As previously mentioned TiO, — CuO photocatalysts catalysts created radicals that in tandem
with solar irradiation, showed significant (>5 log) reduction in E.coli concentration in less than 10
minutes of treatment [66]. This gives reasonable evidence to assume of a high degree of self-
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decontamination of the system. Still the PhotoSomes and non-active non-TEL liposomes / lipids that
are injected into the reactor can act as a possible substrate. Therefore, and to avoid an accumulation
of salts and minerals in the system, a commercial reverse osmose system will supply the water feed.
The reverse osmose should be large enough to supply enough water for water splitting and fill the
system in a reasonable amount of time. Since the inert gas supply will be accomplished via a gas
permeation system, additional precautions to avoid contamination by the inert gas stream are not
necessary.

5.3.8. H; separation

The goal of H, separation is the extraction of H, from the diluted gas mixture. The low H,
concentration poses a significant challenge for standard gas separation technologies, as they are
designed to remove impurities. Standard technologies are pressure swing adsorption based on
adsorption, cryogenic distillation based on liquification or membrane technology. Even though
cryogenic distillation and PSA are commercialized processes, pressure-driven membrane separation is
considered a superior technology as they are regarded as less energy-intensive while still yielding
high purity H,.

Properties PSA Membranes Cryogenic EHC
Min feed purity [vol%] >40 >25 15-80 < 5% possible
Product purity [vol%] 98 —99.999 >908 95-99.8 up to 100%
H> recovery [%] Up to 90 Up to 99 Up to 98 20% with one
stage

Fig. 17 Performance of H, Separation Technologies, Source: EHC - own experiments,:[170]

The separation of oxyH; mixture has only been studied in a few publications. A few groups looked at
liquid-supported membranes [171]. This immature technology still suffers from low lifetimes in the
range of hours. Alsayegh et al. did economic studies on CO, and N»-diluted oxyH, mixtures with
polymeric membranes. They simulated and optimized an open 2-stage membrane separation process
and achieved purities above 92.50% and recoveries >85% at costs of 6.15 to 8.25,017/kgH; for the
separation process without considering costs of feed gas neither the oxyH., nor the supply of inert
gas. Their results are display in Tab. 16 Results of previous studies into oxyH2 .
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COST
MIX. FEED MEM. PERMEANCE (GPU) SELECTIVITY (Quz/Qi) RECOVERY | PURITY $/kgH Source:
2
0.
o, ® - ) o,
) 6mol% H: UBE H2140 | 028.4 | N21.7 | Hz 16.7 N2 82.4 90% 95% 6.15 (150]
2
0: 4mol% Ha UBE® H»140 | 0284 | N21.7 | Hz- 0: N2 82.4 92% 92.50% 8.2
N 16.7 [150]
2
) H, 02 N2 02
ALTERNATIVE: | TIMP 30952 | 1709 | 199 Ha - 18.1 N2 155.5 (150]
H: 76mol% CO,, | Proteus® o
02 16mol% Ha, Ha— H2 300 0,6 202 H2- | 0250 | CO:15 85% 99% 6.4
CO: 8mol% 02 selective
[172]
H: 50mol% H. / Liquid
0, 50mol%0, PETBA H23 H./02 140 N.A N.A N.A 171]

Tab. 16 Results of previous studies into oxyH, mixtures.

Electrochemical H, separators / compressors (EHC) are a newly emerging technology. EHC selectively
oxidizes H, electrochemically to positively charged H, ions. By applying of an electrical potential, the
H, ions are transported through a semipermeable membrane, followed by a reduction on the
permeate side to H,. This allows for highly selective separation and isothermal compression of H, and
is therefore often referred to as electrochemical H, compressors. This technology is capable of
separating H, from low concentrations to pure H; in a single step. There hasn’t been any research into
the separation of diluted oxyH, mixtures with this technology. However, it seems quite promising for
this separation requirement. The decision was made to investigate this possibility further by an
experiment.

Moving forward 2 different gas separation concepts will be compared for the feasibility study. The
PSA - CONCEPT: with a 2-stage H, membrane separation based on the work of. Alsayegh et al. paper “
Systematic optimization of H, recovery from water splitting process using membranes and N, diluent”
and EHC - CONCEPT based on a theoretical fully developed highly optimized EHC system.

5.3.9. O separation

To avoid an accumulation of O, in the gas loop, an oxygen separation is necessary. Since the
maximum O in the gas loop is limited by LOC in the permeate and retentate stream of the H,
separation a high degree of O, removal is required.

For the PSA-Concept, the oxygen concentration of the backflow into the gas loop limits the max.
concentration of H, in the loop as an increase of O, partial pressure in the gas loop and
consequentially in the feed stream to the H, separation would lead to an increase of O, in the
permeate of the first H, membrane separation stage above the LOC and again the formation of an
explosive gas mixture. Since the hydrogen concentration is directly coupled to the oxygen
concentration by the stoichiometric balance of water splitting of 1:2 this lowers the max H; in the gas
loop even below the LFL of H,,

The challenges faced here are similar to the ones of the H, separation. PSA is not a viable option for
0, separation given the low oxygen concentration and exacerbated by the fact that most adsorbents
are N, selective and the few O-selective adsorbents, such as RHO zeolites, are still at the
development stage or suffer from low selectivity.[173] Cryogenic separation is energy intensive. Thus,
membrane separation is the preferred method.

An essential parameter for gas permeation is the kinetic diameter of the gas components. Smaller
kinetic diameters lead to higher permeability and thus affects also the selectivity. Kinetic diameters
for are 2.89 A for H,, 3.30 A for CO,, 3.46 A for 0, and 3.63 A for N, [174]. This can be an issue with
CO0,-0; separation as the kinetic diameter of CO; is quite unintuitively smaller than that of O, making
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a selective separation of O, difficult. This an additional reason to choose N; as an inert gas for the gas
loop.

As membranes generic Pl hollow fiber membrane have been chosen with typical material specific
performance parameters provided by a review of Himma et al., ,,Recent Progress and Challenges in
Membrane-Based O,/N, Separation” [175].

For the PSA CONCEPT, in order to reduce the loss of N, in the 2nd stages of the H, gas separation and
since the retentate stream of the second stage has a higher N, concentration than air, a second O,
separation will be implemented into the PSA concept.

5.3.10. H. Purification

To meet the quality requirement set by H, fuel standards, a final H; purification is necessary. While
the EHC — CONCEPT, thanks to the H; selective separation, does not need any further purification, PSA
CONCEPT requires a two-step purification system. The first stage consists of a catalytic oxygen
conversion to reduce the oxygen concentration by recombination into steam, followed by a PSA to
remove the remaining N, from the gas mixture:

5.3.10.1. Catalytic Oxygen Conversion DE-OXO Cat
As oxygen would be adsorbed and enriched in the PSA adsorbents, again allowing for the formation
of a flammable environment in certain operation cycles e.g., loss of pressure, a catalytic
recombination of the remaining oxygen to water after the membrane separation is necessary. This
will also allow the system to meet the high H, purity requirement set by I1ISO 14687. As the O3
concentration in this stream is quite low already, subsequent H; losses by recombination are below
1%.

Catalytic H, — oxygen recombination at room temperature has been researched mainly in the nuclear
industry for H, removal in O,-rich environments to prevent the formation of explosive atmospheres.
However, catalytic oxygen removal from H, to meet purity standards, not yet achieved by certain
electrolyzer concepts, has renewed in this field of interest. Pt and Pd — based metal catalyst shows
high H,-O bonding reaction activities since both H, and O have strong affinity to Pt and Pd. H, and O,
molecules adsorb on the catalyst surface, dissociate, ionize and recombine to water in an
autocatalyzed, exothermal reaction, even at room temperatures. The main bottlenecks of these
catalysts are deactivation of the catalyst by the creation of a water film by the produced water
molecules and creation of a hot spot of more than 700 °C on the surface of catalytic particles by this
exothermal reaction and subsequent local ignition and explosion. Also, at temperatures below 300 °C,
Pd is easily embrittled by H, and Pd-Pt catalysts are prone to irreversible sulfur poisoning and
deactivation by deposition of carbonaceous materials [176].

Kim et la. showed a 100 % H, conversion of several Pt, Pd and Pt-Pd catalysts at 25 °C and 55 %
relative humidity with H, concentration of 1.5 %. Lower H, concentrations showed lower conversion
rates [177]. Most studies were conducted with dense or fluidized bed systems, however there has
been a study on catalyst devices using cellular ceramics that showed better pneumatic performance
and improved heat distribution [178]. Still, there remains a lack of studies around removal of trace
oxygen e. g. low oxygen in high H, concentrations. As studies show improved performance at higher
H, concentrations, moving forward a not yet available ceramic honeycomb DE-OXO-catalyst with a
hypothetical 100% oxygen conversion rate will be implemented.

5.3.10.2. PSA H; Purification
The feed stream for the PSA purification already shows a high H, concentration and allows for
economical purification at low losses. The system will be designed with 4 columns for continuous

operation. Even though all oxygen should be removed by the DE — OXO stage, flammable carbon-
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based adsorbents were dismissed in favor of a nonflammable Zeolites 5A. 5A shows superior
performance and all necessary parameters for design were available by a study of the purification of
waste H; to fuel cell grade [179].

5.3.11. Air separation of inter gas — COz or N3?

A steady supply of inert gas can only be ensured by a local source. As industrial sources are usually
unavailable in proximity, air separation remains the most feasible source. Large-scale direct air
capture technologies for CO; are under development in the effort to mitigate climate change. Costs
are estimated to range between 335-125 $/tco2 [180], while on-site N, can drop down to around 33
S/tn2 [181] giving N, a clear cost advantage. The challenges are again similar to the one mentioned in
5.3.9 Oxygen separation. PSA systems can achieve purities of up to 99.999 % while membrane
systems are usually limited to around 99%. Membrane systems offer advantages in both initial
investment and cost of operation in smaller systems, while PSA are more cost-effective at large scale.
A significant challenge for a basic engineering process design is the fact that commercial suppliers of
high-performance N; air separation membranes such as Evionik with their SEPURAN® hollow fiber
membranes, share their specifications and prices only with original equipment manufacturer. Thus,
the same generic Pl membrane from the oxygen separation was used for the cost analysis.
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6. Experimental work

6.1. Gas separation by an electrochemical H, Compressor.

EHCs are a novel way to separate and compress H, gas from gas mixtures. Until now, no publications
have been published on H; separation from H,-0,-CO; or H,-0,-N; mixtures via EHC. The prospect of
highly selective hydrogen separation combined with the possibility of isothermal compression
seemed promising and called for an experimental investigation. At the time of the experiments, CO,
was thought to be the preferred inert gas, since it allowed for higher H, concentrations up to 18 vol%
in the feed gas stream. The H, separation is more efficient from a concentrated gas stream. This
raised the question of whether CO; reduction to CO would occur on the feed side and subsequentially
deactivated to catalyst on the membrane. Due to technical issues and a limited time frame only H>-N,
and H;-0,-CO, mixtures were investigated. The goal of these experiments was a “proof of concept” of
separating a trinary H,-0,-CO; gas mixtures and evaluating first performance parameters.

6.2. Determination of the flammability limits of a Hy, Oz, CO,, gas mixture.

Preventing explosive gas mixture formation is the first step of the primary explosion protection. In
order to design a safe and stable process for separating an oxy-H; gas, it is of the uzmost importance,
especially for an electrochemical process, to prevent the gas mixture from igniting. This has already
been discussed in 5.2 The safety issue in detail.

Given that there are still open questions about the effects of humidity on the LFL on a H,/0,/CO, gas
mixture and limitations of the mass flow controllers, in terms of already reaching the smallest
possible H, — mass flow of the gas mixture system the following gas mixture was chosen for
separation:

GAS Mass flow [g/h] Volume Fraction [vol%)]
H> 0.25 4.341

0, 2 2.188

CO; 117.5 93.47

100% H,

100 % / LFL in 0, (4% H,)
o £
2

) y ) Y Y y 0
0 10 20 30 40 50 60 70 80 90 100% CO,

Fig. 18 H, separation by EHC

6.3. Experimental Setup:

The experiments were carried out on a prototype EHC at TU Wien built by Florian Fritsch for CHs — H;
separation experiments. A detailed description of the EHC, the stack assembly and the experimental
setup can be found in his master thesis, “Design and testing of a membrane-based electrochemical H;

67



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfuigbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

M TEMGeE IBD GREUP

WlEN Integrated Bioprocess Development

compressor”[182]. The experimental setup consists of a gas mixture table to provide the feed stream,
the electrochemical H, compressor with the membrane stack, and an analytics bench to measure the
volumetric flow or gas composition of either the retentate or permeate stream. A safety torch burns
off the discarded gas stream. The gas mixture table is equipped with 4 BRONKHORST (Kamen,
Germany) mass flow controllers (MFCs) to produce a defined gas mixture and feed gas flow. Gas
bottles supply the gases. The MFCs are remote-controlled by a PC running a process control
software.

The EHC is equipped with 2 power supplies, one for the support system and the other solely to
power the membrane stack. A sufficient wetting of the proton exchange membrane is ensured by a
humidifier filled with deionized water that’s being bubbilized by the feed gas stream. The membrane
stack is submersible by a crane in a thermostatic bath for temperature control. Further components
are 2 Peltier coolers to dehumidify the permeate and retentate stream and several sensor and
control systems. The membrane stack, described in Fig. 19, is the centerpiece of the system
facilitating the separation step. The entire setup, including the membrane, was built and pre-used in
experiments to separate H,-CH4 gas mixtures.

The following stack set up was used.

Permeate
Stainless Steel Flange = 1
Gasket/Insulation —
2
i Cathode Current i 3
= «—='| Collector and Gas s
— Distribution
€ Plle | ) @G
GDL: Freudenberg H23 C2.~
Membrane: Nafion N117 s i
Gasket/ GDL: Freudenberg H23 C6 \——
Insulation ¢ ] 6

. Anode Current
@— Collector and Gas A7
Distribution Plate '

Gasket/Insulation

Stainless Steel Flange 1 ~~ 11

Feed
Fig. 19 Stack set-up EHC - Source: [182]

1. Stainless Steel Flange (V2A)

“Ice cube Sealing” made from a polyolefin elastomer for use with PEM fuel cells.

3. Cathode current collector plate made from aluminum (AlMg4,5Mn) with grooves for gas
transport.

4. H23 C2 gas diffusion layer (GDL) for cathode side by Freudenberg — not treated with
hydrophobic coating.

5. NAFION N117 CCM with a Pt loading of 0,3mg/cm2 on the anode and cathode side of the
CCM. The Active Area is 70 by 70 mm.

6. H23 C6 GDL for the anode side made by Freudenberg - treated with a hydrophobic coating.

7. Anode current collector plate made from aluminum (AlMg4,5Mn)

N
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Since there is only one gas analyzer, the composition of only one gas stream and the volumetric gas
flow of the other stream or the volumetric gas flow of both streams can be determined
simultaneously. In-line gas analysis was accomplished by a Sick GMS810 gas analyzer equipped with 4
separate channels, each exclusively measuring the CO,, H,, CHs, CO content of the gas mixture. The
volumetric flow rate of the permeate was measured using a “Definer 220 — L Rev C1” by Bios
International Corp (NJ, USA).

6.4. Test Procedure

In preparation for the first test, the membrane stack was disassembled, the pre-used membrane
inspected and for 24 hours, pre-wetted in deionized water. After reassembling of the membrane
stack, the stack was reconnected to power cables, gas lines and sensor cables. The humidifier was
filled with deionized water. The feed, retentate, and permeate side were subjected to a N, gas hold
test to ensure a gas-tight system. After the safety torch was lit, all gas lines were flushed and filled
with N, to ensure a non-flammable gas mixture within the system.

The initial gas mixture was set at 2.5 g/h H, and 75 g/h N, and was changed during the experiment to
a 2.5 g/h Hy, 60 g/h CO, and 37.5 g/h N, until reaching a 2.5 g/h Hy, 120 g/h CO, mixture, then the H;
mass flow was lowered to 0.25 g/h in preparation of the addition O,. The goal was to keep a steady
volumetric gas flow during changes in gas composition. After the reduction in H, mass flow, O, was
slowly added to finally supply the system with a non-flammable gas flow of 0.25 g/h H,, 2 g/h O, and
117.5 g/h CO,.

The experiments were carried out at 3 V and 1V, the feed gas humidity was kept above 70%. At the
end of an experiment, all lines were again flushed with N, to ensure a safe atmosphere within the
testbed. During the test 4" test run the experiment had to be paused for 70 minutes. The system was
kept running with a pure CO, feed stream at a voltage of 3 V. After this break, no permeate stream
could be established with a range of different H, — CO, and H, — N, gas mixtures. The membrane
stack was disassembled for the 5 test run to install a new membrane. The disassembled collector
and gas distribution plates showed heavy oxidation, especially on the feed or anode side. This
oxidation layer was removed with sandpaper prior reassembly of the stack with a replaced
membrane.

Fig. 20 left white oxidation on gas diffusion layer (black) and seal (blue); right: heavy oxidation on retentate current collector
- gas distribution plate,
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6.5. The CO; pressure hold test.

To study the effect of CO; diffusion to the permeate side, a pressure hold test was carried out. At
first the entire system was flushed with pure CO; gas. Then the feed/retentate side was closed off
and applied with CO, gas at 8.2 bar. On the permeate side, a 10 g/h sweep stream was applied and
the change in CO, concentration measured.

6.6. Correction factors

Since a volumetric CO, gas concentration of 108% was measured during the experiment, it was
necessary to apply a correction factor to the gas composition, calculated from measurements of the
retentate gas stream.

The following 8 measuring points were chosen because they represent the most stable measurement
at the end of each measurement series before changing to the following gas mixture. Here, the by
the MFCs defined gas mixture of the feed stream was compared to the measured gas composition of
the retentate stream and a correction factor for each measuring point was calculated by the
following formulas.

mass fraction;
desity;
; mass fraction,
z=1 desity,

calculated volumetric fraction of the Feed = ,(Eq 6.0)

calculated volumetric fraction of the Feed

Correction Factor = (Eq 6.1)

measured volumetric fraction of the Retentate ’
The measured H; concentration in the retentate stream is lower than the feed stream since the EHC
separates a small fraction from the permeate. This difference is accepted but leads to a systemic
error in the correction factor. However, this error is small because of relatively small permeate
stream compared to the feed stream.

Gas Date 13. Sep 13. Sep 13. Sep 13. Sep 13. Sep 13. Sep 13. Sep 13. Sep
[-] Time 13:45 14:36 16:12 17:47 18:03 18:32 18:44 19:06
H2 1,09158345| 1,06275247| 1,03173263 0,895795907]
CO2 0| 0,84559186( 0,843417194 0,87443491| 0,849731219| 0,84588628| 0,872616825
N2 0 0 0 0 0 0 0 0
02 0 0 0 0 0 0 0 0
D ded e
Gas Mean of all correction | standard deviation of mean + standard mean - standard | Correction Factor
factors all correction factors deviation deviation new
[
H2) 1,13273 0,45304 1,58576 0,67969 -
C02 0,86137 0,02073 0,88210 0,84064
N2
02|

Fig. 21 Calculation of correction factor

Since the correction factors, especially of H,, are distributed between 0.5373 and 1.81 the mean
value and standard deviation were calculated and all factors outside of the standard deviation were
discarded for the calculation of the correction factor.

6.7.Results

Since a volumetric CO; gas concentration of 108% was measured during the experiment, it was
necessary to apply a correction factor to the gas composition, calculated from measurements of the
defined feed gas mixture. The separation of a H, - N, gas mixture led to a higher permeate flow of 16
ml/min compared to 9 ml/min at the separation of a H,/CO, mixture.
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Permeate Gas Concentration - Responsiveness
of the System
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Fig. 22 Permeate gas concentration over time. Responsiveness of the measurement setup. Feed 0.25 g/h H,, 2g/h O,, 117.5

g/h CO;

During the separation of a 0.25 g/h H,, 2 g/h O,, 117.5 g/h CO, gas mixture, a 91 vol% gas mixture
was produced. This graph displays the responsiveness of the measurement setup. Because of the
large dead volume and the small permeate stream, it took a long time until the gas concentration in

the permeate stream stabilized.

Pressure Hold Test - CO, vol% permeate sweep
gas

CO2 Vol%
)
[

%00 000 o 0 0 000y, o,
00:00 00:07 00:14 00:21 00:28 00:36

Duration [mm]

Fig. 23 Pressure hold test

00:43

The pressure hold test shows an initial spike to 18 vol% in CO, concentration on the permeate side

slowly dropping down to 0.2 vol%.
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Measurement 13.09.22 18:46
_ MFC:Hy V1= 53.86 sml/min )
Vs=998.14 ml/min
|
1 I ° 20.3% of H, removed
mMuz=0.25g/h
Retentate Ve= 12.497 ml/min
MFC: CO . 9 A612=0.0522 g/h
% V= 27.15 sml/min | *34% M2 e/
&v/ TN — Permeate | -
2l a— sl
B 89.7% H
Mco=117.5g/h o2
w =5.7 Watt
109.2 kWh/kg H
MFC:0, . ke Hy
&r/ V3= 1159.7 sml/min
E]|
moz=2g/h
327.5% LHVy;
Measurement 20.09.22 16:15
MFC:Hz .= 53.86 smi/min .
V5=1000.12ml/min
|
1' > 15.5% of H, removed
Mu2=0.25g/h
Retentate V6= 9.32 ml/min
MFC: CO X Aenn=
2 V2= 27.15 Sml/min 4.34% Hz Mg 0.0389 g/h
kr/ | N — Permeate | R
2l a "
89.7% H
Mcor=117.5g/h % Hy
w =1.3 Watt
33.3 kWh/kg H
MFC:0, . ) (ke H
N Vs= 1159.7|sml/min =13
+

E]

moz=2g/h

100.07% LHVy,

Fig. 24 Results of H,-0,-CO; separation by EHC

During a measurement at a voltage of 3 V and 5.7 W of power a separation 20.3 % H, from the feed
was achieved at a power demand of 109.3 kWh/kg H,, equivalent to 100.07% LHVy; during the
separation.
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Measurement N2 only 20.09.22 14:16

MPFC:H, V1= 53.86 sml/min

x/ l t V,=1025ml/min
1 I 26% of H, removed
mMy2=0.25g/h
Retentate
MFC:N2  V,=1162.9 sml/ 4.42% H, Vs= 15.6 ml/min
&/ min | | . — Permeate | -
2l 5 - sl
=75a/h 89.7% H,
w =6.3 Watt
96.7 kWh/kg H,
=21
+
290% LHVy,
Fig. 25 Results of H>-N, separation by EHC
Comparision of a 4.4 vol% H,, 2 vol% O,, 93% g/h CO,
gas mixture separation at different voltages
_ 14
EXEP)
B 10
£ 8
£,
£,
3 0 I
- Permate Flow Power
m1V m3V

Fig. 26 Comparison of permeate flows at different potentials

The separation at 1 V has a significantly lower power requirement than at 3 V, especially compared
to respective permeate flowrates.

6.8. Discussion
The experiments showed that H, separation of a trinary H,-0,-CO; gas mixture is possible.

Since a volumetric CO; gas concentration of 108% was measured during the experiment, it was
necessary to apply a correction factor to the gas composition calculated from measurements of the
feed gas. Oxidation and too high separation potential could be the reason for the high energy
consumption. F. Fritsch used voltages of about 0.39 V compared to 1 V (see Tab. 17) and concluded
that this still might have been too high. An explanation for the low H, purity on the permeate side
could be the almost 10 times higher permeability of CO, compared to N, in NAFION.
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In NAFION Permeability [Barrer] at 1 atm
and 35°C
CO, 2.4
N, 0.26

Fig. 27 permeabilities in NAFION, source: [183]

The initial spike in the pressure hold test might result from the valve opening in the measurement
system, but the result is not conclusive. An improved lab setup with simultaneous analytics of
permeate and retentate is necessary for further testing.

P ti
Gas mixture Voltage | Current ower' Sep.ar.a on Ref.
consumption efficiency
95 vol% CHa, 5%H: 0.393V 1.79A 11 kWh/kg 25.3% H» [182]
93,5 vol% CO», 4.3 vol% 33 kWh/kg o
02,2.2 vol% CO: v 13A 100.07% LHVH2 15.5%Ha

Tab. 17 comparison of results of EHC experiments

At first glance, a separation effort of 100.07% LHVy, could indicate that no actual H, separation
occurred during the separation but rather electrolysis of the humidity in the feed gas. However, with
1V the potential is too low for water splitting, which requires 1.23 V at least. Therefore, the
separated hydrogen should be from the feed gas stream.
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7. Scale-up and cost analysis

7.1.The Comparison with 1 MW

The scaled up PhotoSome System should provide a comparable H, output to a 1 MW electrolyzer to
allow for a tangible comparison. Based on an 80 % efficiency, this amounts to 483.36 kg of H, per
24h.

7.2.Method

Two models have been designed. One based on a gas separation based on gas permeation and PSA
(PSA Concept) and one based on a hypothetical commercialized electrochemical separator (EHC
Concept).

The PSA concept consists of a 2-stage H, gas permeation separation system. The EHC concept instead
of a hypothetical fully developed EHC.

For both concepts PSA and EHC a model was designed in Microsoft® Excel. Each model consists of 4
linked excel files, one for unit operations concerning photo reactor, one for unit operations
concerning the production of PhotoSomes and one for unit operation of the gas separation and one
for the cost analysis. PHOTOSOME PRODUCTION, PHOTOREACTOR and GASSEPARATION include
models and estimations for all unit operations. GASSEPARATION also includes an overview of gas
flows, the gas separation UP, pumps, compressors and heat exchangers. PHOTOSOME _COST is a cost
estimation based on the structured method for all UP: The sheets are interconnected to allow for
iterative calculation of all unit operations to close the loops' mass balances and compensate gas
losses of the gas separation process. The interaction of the excel sheets and excel files is shown in Fig.
30 PhotoSome Calculation Model
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Fig. 30 PhotoSome Calculation Model — Information flow

7.3.The Cost analysis

The cost analysis was based on the structured method. Melin et al.[184, p. 494] provides the
following template Tab. 19 for cost estimations for gas permeation from 2006-2023. The cost factors
were adjusted to account for inflation by Verbraucherpreisindex 2005 by Statistik Austria[185], as the
more appropriate Chemical Engineering Plant Cost Index (CEPCI) was unavailable. For all other unit
operations, the same cost template was used. If no cost functions were available in literature,
components costs or the cost of materials were used for main component cost factors Hi. The support
positions N1 -N12 for all other unit operations were based on their own assumptions and adjusted for
each unit operation individually. The number of workers was adjusted to yearly working hours and to
the perceived personnel intensity of each unit operation. All annual costs were added in the COST
MASTER sheet and presented as cost/kgH». The cost factors fi, f5, f3, g, z, KD are unchanged for all unit
operations.

78



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfuigbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

TECHNISCHE
UNIVERSITAT
WIEN

IBD GREUP

Integrated Bioprocess Development

The following cost parameter applied to all cost calculation.

GENERAL COST PARAMETERS

PARAMETER VALUE |UNIT |INFO
Yearly operating hours: 4000 h half day operation
Cost of electricity 0.18 | €/kWh Industrial power cost, Austria
Personnel cost 60240 | €/yr
Interest rate 7% 7 %
Depreciation period 20a 20 yr because of half day operation
Net dept service 9.44% 9.44 %

Tab. 18 general cost parameters

The cost functions for gas permeation unit operation (MSS1, MSS2, 02S, N2R, MAS) are shown in Tab.
19. The cost for compressors/vacuum pumps and heat exchangers for each unit operation are already
included. If a heat exchanger or pump is not connected to a gas permeation operation, the same
functions were used for individual calculations of pumps, vacuum pumps, compressors and heat

exchangers. All other cost considerations are described with the respective unit operation below.
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CALCULATION ACCORDING TO:|Melin und Rautenbach, ,Gaspermeation”.P494
Increase Costbase 2006 to 2023: | 1,506
MAIN PARAMETERS
Aviem m’
Veeen mN3/h
Pcome kW
Membrane cost 55/€/m?
MAIN COMPONENTS
ABR: Generic Formular
H1 Membrane modules 82,83 €/m2 Cost Base 2023
H2 Filter, Dryers, Heat exchangers 1,506*60*V,70,7433€ mit V, in mNg/h Cost Base 2023
H3 Compressors and Pumps 1,506* 1130*Pyopp”">"? € mit Pyoyp in KW | Cost Base 2023
SUPPORT POSITIONS
ABR: Factor % % of
N1 Assembly 5 H2+H3
N2 Piping 12 H2+H3
N3 Assembly of piping 50 N2
N4 Isolation and paint H2+H3
N5 Electrical support material 5 H2+H3
N6 Assembly electrical support material 55 N5
N7 Indication and Control I&C 18 H2+H3
N8 Support Material 1&C 20 N7
N9 Assembly I& C 45 N7
N10 Building and Support Structures 10 H2+H3
N11 Additionall construction costs 8 H2+H3
N12 Planing and handling costs 10 D
D Direct system costs H1+4H2*H3+3INi=1-11
IK Investment costs D+N12
OPEX
ts Yearly operating hours 4000h/a Half DAY OP:
Iy Lifetime of modules 10a
Ks Cost of electrical power 0,18 €/kWh :Price 2023
Kp Personnel cost 60240€/a
Na Number of workers 0,152
Cost factors
f; Maintenance of system 3%
f, Maintenance of building/structure 1%
f3 Insurance and administration 0,50%
q Interest rate 7%, q=1,07
z Depreciation period 20
KD Net debt service 9,44% , KD=g"z(q-1)/(q"z-1)
Annual costs
B1 Modul replacement 10a
B2 Electrical power tg*Ks*Peomp™1,01
B3 Personnel nA*Kp
MAINTAINANCE
B4 for SYSTEM f1 of (D-N10)
B5 for Building and Support Structures f2 of (H1+H2+H3)
B6 for Insurance and Administration f3 of (H1+H2+H3)
B7 Depreciation KD of IK
BK Operating costs 3Bii=1-7
OPEX OPEX 3Bii=1-3
CAPEX CAPEX 3Bii=4-7

Tab. 19 COST TEMPLATE for GASPERMEATION
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7.4.Main constraints and simplifications

Besides the required output stream of 483.36 kg of H, per 24h over 365 days at PEM-fuel cell
qualities of H, ISO 14687 further constraints were given. The system was envisioned as a
decentralized, local H, production system, possibly capable of feeding H, into the local natural gas
grid.

To avoid all the complex engineering questions regarding the intermittence problem, inherent to all
solar technologies, constant 12 hours of steady H, production over the whole year at an average
yearly solar potential of 1250 kWh/(m? - yr.).

The PhotoSomes performance had to be specified without lab data to back up the performance. The
stability was assumed to be 6 months and the efficiency 7% STH as described in “4.5 Stability and
performance of PhotoSomes”.

To estimate the formulation of PhotoSomes, the required biomass was estimated at 50% of the
required mass of PhotoSomes lipids. No buffers or surfactants are considered in the estimation.

The gas separation is constrained by the flammability limits and limiting oxygen concentration. All gas
streams were assumed to be dry except for stream 8 after the DE-OXO catalyst.

Further assumptions for each unit operation are explained on the following pages.

7.5.The Photo Reactor

7.5.1. Comparison of a PhotoReactor

The comparison is based on a 1 MW electrolyzer with 80% conversion efficiency with 24 h of
operation. With an AHu; = 286 kJ/mol from water, disregarding any system work to expand the
formed gas. This amounts to 483.36 kguy/day.

Pele * tele *Nele * MHZ * 3600

mpyele = AH,, , (Eq 7-0)

7.5.2. Photo reactor

The PhotoReactor is designed for PhotoSomes with an STH of 7% conversion efficiency and 6 months
of activity (= effective lifetime), for 12 h of daily operation to account for the daily solar cycle and
based on an average yearly solar irradiation of 1250 kWh/(m? * yr)

The required amount of PhotoSomes was calculated on the assumption that based on a hypothetical
model of lipid layers the entire photo reactor surface should be covered by one PhotoSome. Based on
150 nm lipid diameter and a TEL lipid concentration of 5% - the rest are conventional lipids, a particle
concentration of 2.4*10™ mL? and a lipid concentration of 2 g/L in the liposome mixture. This
requires at least 20 layers of liposomes. The final photoreactor size and the required amount of
liposomes is slightly different for both concepts as it compensates for H; losses of the gas separation.
Also, the daily amount of water consumption is slightly different. The water consumption is solely
based on water splitting, any water evaporation hasn’t been taken into account.
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PhotoSomes

20 LAYERS
LIPOSOMES

Fig. 31 Model for PhotoSomes distribution in photo reactor — green are photo active TEL PhotoSomes, yellow conventional

phospholipids
PARAMETERS PR
INPUT FACTOR VALUE UNIT Info SOURCE
tpr 12 h Hours of daily operation Assumption
STHps 7% Solar to H; efficiency PhotoSomes Assumption
kWh/ . .
Psotar, aut MEAN,YR ) Mean yearly solar potential for Austria [149]
AUTMEAN (m?* yr)
tste,ps 0.5 yr Stability of PhotoSomes Assumption
. s NIST CHEMISTRY
—AHu20 286 kJ/mol Energy consumption water splitting WEBBOOK
dps 150 nm Diameter PhotoSome SUPPLYER
Particle concentration of liposome
Cn,Ls 2.4E+12 mL? . P SUPPLYER
) mixture
fre 5% share of tetrahedral lipids SUPPLYER
Lipid concentration in c liposome
Cis 20 g/L sample SUPPLYER

Tab. 20 Parameters PR

7.5.3. The design of the photo reactor panels and cost

The photoreactor is designed as a flat—plate reactor with panels of 2x1 m in size. The panel is slightly
tilted at 3° to allow the gas to collect on top and be expelled into the gas collection tube and to
prevent the accumulation of any particles in case of contamination. The thickness of the reactor is
30mm and is almost entirely filled with the aqueous phase. It is constructed of 0.5 mm 1.4404
stainless steel sheets. 1.4404 is a stainless steel with 10% of nickel to withstand H, embrittlement and
a cost-effective option for H, applications, also it is available at 0.5mm thickness. A 3.2 mm thick
purpose-build glass panel, for solar collectors and solar cells, seals the front of the photoreactor. This
glass panel offers high transmissibility and rough surface texture to reduce reflection to the
surrounding area. The photo reactor panel is also connected to 2 tubes with the aqueous loop to
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allow for the distribution of the PhotoSomes, flushing of the system and replacement of water. These
panels are connected to a 300 mm gas pipe. To guarantee a uniform distribution of the PhotoSomes
in the reactor panel, a split stream of the replacement N, can be bubblelized into the reactor and in
tandem with the rising gas bubbles created by water splitting should provide sufficient turbulation
and movement in the reactor. The panels are placed in a square configuration of about 300 m to 300
m. 2 rows of panels are connected on one of 72, about 600 m long gas pipes that in turn are again
connected to 2 large main collector pipes that finally connect to the gas loop. This configuration helps
to reduce gas speed and subsequent pressure drops and compressor power consumption. A pressure
drop of 0.1 bar is estimated. The panels are supported by 2.4 m of 30 x30x2 mm tubing per panel.

Cost 1.4044 according to feedback from a supplier amounts to 5.50 €/kg and the glass panel is
estimated at 8 € per m? according to an industry contact. The tubing cost for the subframe was
available online at 9 € per m. Welding is considered at 8 € per meter. The land cost is estimated at 2.5
€/m?2.

A rudimentary FEM analysis of the sheet-metal half shell with 0.5 mm thickness and without the glass
panel was undertaken to estimate the required sheet metal thickness as a glued connection would
need further research. Based on a static load of 300 N/m? from the water column and a snow load,
according to the ONORM B 1991 — 1-3:2022 05 15 of 1 kN/m? the max stresses of 84 N/mm? don’t
exceed the yield stress of >255 N/mm?. A thinner sheet metal size is not available.

/ / won Mises (N/mm*2 (MPa))

8,614e +01

77530401
. 6,897e+01
_ §092e+0
L 5171401

4,310 +01
| 3440401

| 2,580 +01

1,728e +01
8,673 +00
6,641e-02

b Streckgrenze: 4,000e-+02

Fig. 32 FEM analysis of the PhotoSome photoreactor metal half-shell

83



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfuigbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

M TEMGeE IBD GREUP

WlEN Integrated Bioprocess Development
COST PARMETERS PHOTOREACTOR
PARAMETER | VALUE | UNIT | PARAMETER INFO SOURCE
Cheapest agricultural
land price in Austria:
2
Kianp 2.5 €/m cost of land GroRmiirbisch at [186]
1.05€/m?
Apanel 2.00 m? panel size Assumption
Lwelds 120 mm Iengtf;x\e;:is per Assumption
. 0.5mm sheet metal
MPANEL 8.6 kg weight of a panel thickness
Glass Supplier
2 t of gl I
Kauass 8¢ €/m costorglass pane (confidential) 3.2mm
K1.4404 5.5€ €/kg Pnf\:ElT"lA‘to(:S-z:EET supplier Info
Kweip 8 €/m cost of welds [187]
Krusing 9 €/m cosstuct);::::zg ) cost tubing 30x30x2
lsusrFrRAME 2.4 m length S;::;Tme per Assumption
Muwater 4.65E+03 | kg/day Wavtvzrtz(::;::;ztg'on daily amount of water
ter 365 days operation time
Reference upper
3
KwaTeR 1.83 €/m cost water Austria [188]

Tab. 21 Cost parameters PR

7.6.The Production of PhotoSomes

The production of PhotoSomes was designed around the presumption that the isolation of the
membrane particles and the formulation of the PhotoSomes requires 50% of the weight of lipids as
initial biomatter. As the PhotoSomes need to be replaced every 6 months, the production was
designed to this time frame. The cultivation of synechoccus elongatus is a continuous process with a
harvest step after each cultivation of 2 weeks followed by a freezing of the biomatter. All other
downstream steps are designed for a single downstream and formulation batch every 6 months.

7.6.1. Cultivation of cyanobacteria PBR
The cultivation of UTEX 2973 synechoccus elongatus was designed on a biomass yield of 0.65 gpw/\
over 14 days and for 12 batches over 6 months.

% _ Mcyano
PER ™12« Yieldeyano

(Eq7.1)

The cost calculation was designed on the basis of a 5000 €/m? [158] a power requirement of 2
kW/m?3[189] for tubular bio reactors. Substrate cost is assumed at 0 € as it is a waste stream.

7.6.2. Harvest of cyanobacteria DS

The harvest of cyanobacteria was designed to a harvest time of 12 hours. This includes the removal of
biomass and separation time. A 75% biomass separation efficiency was assumed. The cost analysis is
based on the system price for an Alfa Laval Alfie 500 DS of 11000 € with a separation flow of 500 L/h.

7.6.3. Resuspension and holding step HS.
The resuspension of the separated biomass was designed for a max. biomass concentration of 200
g/L in the HPH feed.
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The cost analysis for this unit operation is based on a commercial freezer LIEBHERR Gefriergercit GGPv
1470 Profiline Gefriergerdit available online for 5800 € and 3333 kWh/yr energy consumption[190].

7.6.4. High Pressure Homogenization

The high-pressure homogenization is designed for 3 runs at 1200 bar. Based on the High-Pressure
Homogenizer DeBEE 2000-20-120 with a max. flowrate of 2 L/min. The High-Pressure Homogenizer
DeBEE 2000-20-120 costs 175 000 $ with a power consumption of 2 kW.

7.6.5. Microfiltration F1

This microfiltration removes unbroken cells and larger cell debris prior to centrifugation. First
experiments for cell disruption showed particles in the range of 150 nm. However, lacking
experimental data for this unit operation, a membrane an average flux of 10% of a pure water flux of
500 L/h*m? was chosen. The next assumption was a permeate volumetric stream of 25% of the feed
stream. The cost estimation is based on a Sani Lab Vibro-Lab3500 Membrane system with 0.2 m?
Membrane for 11691 €.

7.6.6. Ultra Centrifugation
The Ultra Centrifugation is the final separation step. Based on 1.5L of batch volume, 15 min of
centrifugation time and 5 minutes of setup time of each 1.5L run, several runs will be required.

Cost analysis is based on the price of a Thermo Scientific™ Sorvall WX 80+ Ultracentrifuge of 74105€

7.6.7. Formulation with a T-shape static mixer

The formulation process requires a ratio of aqueous to organic phase flow of 2. The organic phase is
produced by dissolving the dried TEL lipids into isopropanol at a concentration of 20 g/L. Then, the
organic phase is injected into the aqueous stream via a simple T-shaped mixer at the required ratio.
As the cost of this custom mixing element is not available, the cost was estimated at 3000€ based on
supplier feedback for inflow static mixers for a similar fluid and flow. The pressure drops and
consequently, the system's power consumption is not considered. The cost of the crude lipids was
estimated at 137 € per g and the cost of isopropanol in technical quality at 2 €/L.

7.6.8. Ultrafiltration PhotoSomes F2

As the lipids are provided the supplier in an isopropanol solution and are highly diluted after
formulation. This separation is again designed to 50 L/(h*m?) 10% of a pure water flow of a
MicroNadir® UP030 Ultra filtration membrane. The cost of the system was extrapolated based on
membrane surface from a pilot scale 40 m? Sani Lab Pilot Vibro | membrane filtration system costing
143600 €.

7.7.Gas Separation

The gas separation was designed for high H, capture. The process is constrained by the flammability
limits and limiting oxygen concentrations. The initial feed of the photo reactor is a 4 vol% H,, 2 vol%
0, and 94 vol% N,. By closing the gas loop, the feedback streams increase the O, concentration and
changes the gas composition. In the case of the PSA system the O, concentration in the loop is limited
by the separation efficiency of MSS1. To avoid exceeding the LOC in stream 4 the O, concentration in
the loop is limited and therefore also the H, concentration.

7.7.1. The structure of the gas separation

The excel file GASSEPARTION_PSA or EHC.xIsx consists of several sheets as seen in Fig. 30 PhotoSome
Calculation Model — Information flow. The sheet GASSEPARATION_MASTER connects all unit
operations and flow and allows for iteration to close the mass balances. After each iteration a scale-
up factor was calculated to meet the required H, output and a new gas composition in the loop. To
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start the next iterations the scale-up factor of the previous iteration is multiplied to the other the
prior scale-up factors and the new gas loop composition is copied into the feed stream 2. This avoids
issues with circular reference. 4 iterations are sufficient to close the balances.

7.7.2. The Membrane Model
The membrane H, separation was modeled after a paper of Alsayegh et al.[150].

For this study, a simplified short cut model was applied with the following assumptions.

e The system is in steady state.

e Free flow on the permeate side.

e Solution diffusion mechanism for the hollow fiber model.

e No temperature and pressure drop along and the membrane.
e No interaction between the components (flux coupling).

e Constant selectivity and permeability along the membrane .

P Jj-1 o j o j+1 R
| | | |
FEED N N NRiia | NRiji | NRijje1 | EVIATE
w
I : I ; | . | PERMEATE
I4> Npji1 ' Npji I Npj 1 I —_—

Fig. 33 Membrane Model

It splits the membrane into 10 segments with equal membrane area. The free flow conditions allows
to set the permeate pressure to 0 and assume a constant pressure difference between retentate and
permeate side. The retentate flow between 2 elements 7y ; ; is reduced by the transmembrane flux
n;; of each component of the prior element. The permeate flow 7np;; is the sum of the
transmembrane flows of all prior elements.

Transmembrane flux:
1= Qi * (Xij *Pr — ¥ij * Pp) * Amevrane,eter (Eq7.2)
Retentate and permeate flows:
NRij = NRij-1— Nij-1, (Eq7.3)
Npij=MNgij-1+Nij-1, (Eq7.4)

Composition of permeate and retentate:

Ngi j
x; i ==———, (Eq7.5
M YR (Eq7.5)
Np;
x; i ==——"—, (Eq7.6
H ZinP,i,j (Eq7.6)
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7.7.3. Membranes

The separation MSS1 and MSS2 were equipped with a UBE® Membrane — similar to Alsayeghs study.
The 02/N; separations of 025, N2R and MAS are equipped with the higher performing generic PI
membrane. The following formulas calculated the permeance and selectivity.

[GPU] = 3.35 % 10710 , (Eq7.7)

m? x s * Pa

P
Si ;= F]l’ (Eq 7.8)

MEMBRANE PERFORMANCE DATA

UBE® generic Pl
Permeance| Permeance |Selectivity | Permeance | Permeance | Selectivity
Component: [GPU] [mol/(m?s.Pa)] | Quz/Qi [GPU] [mol/(m®s.Pa)] | Qoz/Qi
H: 140 4.69E-08 - N.A. N.A. N.A.
0: 8.4 2.81E-09 16.7 65 2.18E-08 -
N: 1.7 5.70E-10 4.9 10.32 3.46E-09 6.3
Source: [150] [175]

Fig. 34 Membrane performance data

The cost analysis for the gas permeation was based on the structured method. Melin et al.[184, p.
494] provides the template shown in Tab. 19 COST TEMPLATE for GASPERMEATION. To account for
cost estimations for gas permeation from 2006 - 2023. The cost factors were adjusted to account for
inflation by Verbraucherpreisindex 2005 by Statistik Austria [185]. The membrane cost of 55 €/m?was
sourced from the paper of Alsayegh et al. [150].

7.7.4. PSA

The pressure swing adsorption was designed with the “Massenbilanz” short-cut method from the
Book “Adsorptionstechnik by Dieter Bathen, Marc Breitbach,” [191, p. 236] for 5A zeolite adsorbents.
5A shows superior performance to carbon molecular sieves and all necessary parameters for design
were available by a study of purification of waste H, to fuel cell grade. [179]

The initial assumption was for a 4-column design to allow continuous operation with 900s of
adsorption time. The adsorption occurs at 4-10° Pa, desorption at 1 -10° Pa. at 293.15 K, by assuming
a gas flow velocity in the PSA column and a scale-up safety factor according to Bathen and
Breitenbach and with the 5A bulk density, it is possible to calculate the adsorber cross-section,
adsorbents mass and column dimensions. With the amount of adsorbed H,, a PSA yield and H, loss
are calculated with the following formulas.
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SCALE-UP PARAMETER PSA
PARAMETER | VALUE |UNIT PARAMETER INFO SOURCE
Prsa,ad 400000 Pa Pressure PSA adsorption according to 5A Data [179]
Prsa,de 100000 Pa Pressure PSA desorption according to 5A Data [179]
Tad 293.15 K Temperature adsorption according to 5A Data [179]
tad 900 S Adsorption Time Assumpt|on-- 4 column
design
Psa 0.66 g/cm? Bulk density adsorbents 5A [192]
H, loading of adsorbents 5A at 4 bar,
Xsa,H2 0.11 | mol/kgsa 293.15K [179]
N, loading of adsorbents 5A at 4 bar,
XsaN2 1.5 moI/kg_:,A 293.15K [179]
Assumption according to
Adsorptionstechnik,
Opsa 1.2 Scale-Up safety factor Dieter Bathen, Marc [191]
Breitbach, S 236
Assumption according to
- Adsorptionstechnik,
V_psa 0.4 m/s Gas flow velocity in PSA column Dicter Bathen, Marc [191]
Breitbach, S 236

Calculation of column cross section:

Required mass adsorbents:

Tab. 22 PARAMETERS PSA

_ V8a
Apsa = , (Eq7.9)
Upsa
. Opsa
Msa,column = Nga,n2 * tad .XSA N2' (Eq 7-10)

Dimensions of one PSA column:

H> losses and PSA yield:

88

m
hPSA — 5A,column’ (Eq 7.11)

dPSA - )

054 " Apsa

Apss * 4

(Eq 7.12)

My2 ads,column = MHy2,loss = XSA,HZ * Mg 4 columns (Eq 7-13)

Mo yo = Mgq,H2 — MHu2 ads,columns (Eq 7-14)

YHZ,PSA =

Mo H2
—— (Eq7.15
- (Eq7.15)

8a,H2
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The cost estimation was based on cost function for cylindrical, rust-free tanks for pressure below 1
MPa form “Handbuch Verfahrenstechnik und Anlagenbau”[193, pp. 848-849] and cost for the
Adsorbents 5A.

Kpsacotumn = Cpsa * Vc,iaPSA *Npsa * finpsa *Tse  (Eq7.16)

K5A,column = Cs4 * Ms A column (Eq 7-17)

COST PARAMETER PSA
PARAMETER VALUE |UNIT | PARAMETER INFO SOURCE
Vi 0.5012 | m3 volume of 4 columns [193]
Npsa 4 number of columns
Csa 92 €/kg cost 5A [194]
Cylindrical Tank,
Cosa 9200 rust-free, < 1 MPa, [193]
fin,psa 2.56 [S] cost base 1986-2023 inflation index [195]
rs/e 0.86 conversion $/€, 20.07.23
apsa 0.72 [193]

Tab. 23 COST PARAMETERS PSA

7.7.5. Pumps and compressors

The gas compressors and vacuum pumps are modeled with the same equations. To simplify the
model one stage systems without interstage cooling and isentropic and adiabatic compression are
used to calculate the outlet temperature and power requirement for these unit operations.

pout)(%l)

Toue = T * (22 , (Eq7.18)
n
Tout - Tin
=m0 (Eq7.19)
' Treal - Ti
Tout — Tin + Tin * 1
Treal — out n mn T’l’ (Eq 720)

ni

To account for the different compositions of gas mixtures in the process, the heat capacity was
calculated by:

I

Cp,gasmixture = Z Xi *Cpi, (Eq 7.21)
i=0

Pcomp orvac = n * Cp,gasmixture * (Treal - Tin)' (Eq 7-22)

The water/fluid pumps are calculated with:

Ppump =m* (Poyr — Piv) *Mi, (Eq 7.23)
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SCALE-UP PARAMETERS PUMPS
PARAMETER VALUE UNIT INFO SOURCE
K 14 i |sentrop-|c [150]
compression
Cp,H2 29 J/(mol*K) at 333K [196]
Cp,02 29.59 | J/(mol*K) at 333K [196]
Cp,N2 29.145 | J/(mol*K) at 333K [196]
Cp,H20 4180 | J/(kg*K) at 333 K [196]
" universal gas 150
Rwm 8.314 | J/(mol*K) constant [150]
Ncomp 0.8 - compressors [150]
Nvac 0.5 - vacuum pumps [150]
Npump 0.5 - pumps [197]

Tab. 24 PARAMETERS COMPB, VAC, PUMPS

The cost estimation for the compressor and vacuum pump is based on the formula provided by Melin
in Tab. 19[184], the cost function for the pump is found in “Handbuch Verfahrenstechnik und
Anlagenbau”[193, p. 757]. Both have been adjusted for inflation from their respective publication
year.

Cost function pump:
Kpump = 6720 * Ppypyp [in kw1028 « £, (Eq 7.24)
Cost function compressor and vacuum pump:
Keomp or vac = 1130 * Poomp or vac [in kW]O7*33 « fin, (Eq 7.25)

7.7.6. Heat exchangers

The compressed gas streams from compressors and vacuum pumps are too hot for the gas
permeation process. Also, these streams must be cooled down to reduce the risk of explosion. A
water flow with a fixed inlet and outlet temperature in a counter — current design with the gas
stream, is used to calculate the required amount of cooling water and heat exchange area.

1
Cp,gasmixture = Z Xi*Cpi (Eq 7.26)

i=0
Qcool,HE =nx* Cp,gasmixture * (Treal,j - Tin,i)r (Eq 7-27)
Qcool = mwater * Cpwater * (Twater,out - Twater,in)r (Eq 7-28)
Qcool = a * AygarexcHancer * ATim, (Eq 7.29)

The logarithmic mean temperature is calculated by:

AT 4—AT

n (ATB

ATlm=

ATp=Tin gasTo , (Eq7.31)

Utwater
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ATB=Tout,gas'Tin_water (Eq 7-32)

The required cooling water flow and heat exchanger area are then calculated by:

m ONNERSITAT IBD GROUP

Tyater = Ceoot ,  (Eq7.33)
Cp,water * (Twater,out - Twater,in)
Qcool
A =—, Eqg 7.34
HEATEXCHANGER a * ATlm ( q )

The same set of equation was used to calculate the heat exchanger and dryer HES:

HEAT EXCHANGERS + DRYER
PARAMETER VALUE UNIT INFO SOURCE
Cp.H2 29 (J/mol*K) at 333 K [196]
Cp,02 29.59 (J/mol*K) at333K [196]
Co,N2 29.145 (J/mol*K) at 333K [196]
Cp.H20 4180 (J/kg*K) at333K [196]
Crigh preseure 220 [W/(m?- K] heat transfer Ezig:ieesr;z;rat 4 bar; after [150]
toae 110 [W/(m?- K] heat transfe:;zsilfrlrcll;z;;t 1 bar, after [150]

Tab. 25 PARAMETERS HEATEXCHANGERS

The cost function heat exchanger (including filters, dryers etc.) provided by Melin in Tab. 19 [184].
Was also applied for stand-alone dryer and heat exchangers (ones that are not included in a cost
analysis of a gas permeation unit operation). The inflation 2007-2023 was consider by a factor 1.506.

n

h

310.7433
] * fin, (Eq 7.35)

KHE = 60 = VFEED [ln

7.7.7. DE-OXO - Catalyst

Given the lack of data and research, scaling up the DE-OXO catalyst was challenging. Based on the
presumption of a 100% conversion rate of oxygen and no condensation on the catalyst surface were
assumed.

This exothermic reaction produces steam and heats up the outlet gas stream of the catalyst. It's
temperature increase is calculated by.

AHp0 * Nogin

ATproxo,0ur = , (Eq 7.36)

Cp,gasmixture *Nrotal

The amount of steam is calculated by:

. floz,'
Mzooue =5 (Eq737)

The cost comparison has proven even more difficult. Without data for residence time, catalyst loading
and exact catalyst composition, design or requesting a quote for a custom ceramic honeycomb
catalyst was not possible. Compared to an oxidation catalyst of a commercial vehicle the flow through
the DE — OXO catalyst is about 40%. A quick online search showed that these commercial vehicle
catalysts are priced at about 3000€. To account for the added cost of a one-off custom catalyst, an
estimated price of 30000€ was selected.
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7.7.8. EHC

The scale-up of the EHC system faced a similar issue as the DE-OXO system. Even though first “proof —
of concept” experiments have provided some data — it’s still far from the performance of a
hypothetical fully optimized and commercialized system.

Previous septation project have shown that industry accepts an energy consumption of 10% LHV for
H, separation technology. A commercialized system would need to reach this efficiency. Therefore,
the EHC — unit operation was designed to a 80% capture rate at 10% LHV H, energy consumption. As
a multi-stack system will show a pressure drop on the retentate side, a pressure drop of 2 bar was
estimated. Without an actual stack design, a component-based cost analysis wasn’t practical. As the
EHC resembles more a PEM fuel-cell than a PEM electrolyze and the H, output is similar, a 1 MW fuel
cell system, for 2 540 000S, was used as main cost parameter.

7.8. RESULTS
The results of the scale-up and cost analysis of the PSA and EHC — concept are presented in the
following flowcharts.
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The following Sankey diagrams present the gas flow of the gas separation.

SANKEY DIAGRAMMS PSA — CONCEPT
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Fig. 37 SANKEY FLOW DIAGRAM PHOTOSOME PSA MOLAR FLOW
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Fig. 40 SANKEY FLOW DIAGRAM PHOTOSOME EHC MASS FLOW

Comparison of power consumption in operation of both concepts:

Power Consumption in Operation
6000,00
5000,00
4000,00

3000,00

2000,00

1000,00

Power Consumption [kW]

0,00 —
PSA EHC
HEHC mWP1 WP2 AP1 ®mGP1 ®EGP2 ®mGP3 mGVP3d
EGVP4 mMGP4 ®mMGP5 MmGVP5dmEGVP6 mGP7 GVP9

Tab. 26 Power consumption of both concept

The power requirement for the PSA — Concept amounts to 5.429 MW and 3.532 MW for the EHC
during water splitting operation. This results into a daily energy consumption of 65.04 MWh/d for the
PSA CONCEPT and 42.38 MWh/d for the EHC CONCEPT.

7.9. RESULTS of COST analysis

The cost per kg H, amounts to 41.16 € for the PSA — concept and 30.49€ for the EHC — concept. The
gas separation accounts for the largest cost share in both concepts. 74% of the H, production cost of
the EHC concept and 76% of the H, production cost of the PSA is derived from operating expenses.
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PhotoSomes Hydrogen Production Cost
45
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COST PHOTOREACTOR ® COST GASSEPARATION

Tab. 27 Hydrogen production cost of PhotoSome concepts

COST OF PhotoSome Process

Tab. 29 Production cost of nitrogen

EHC PSA

COST PHOTOSOME PRODUCTION €6.37 €/kgH> €6.79 €/kgH>

COST PHOTOREACTOR €3.10 €/kgH> €3.31 €/kgH>

COST GASSEPARATION €17.73 €/kgH, €29.92 €/kgH,

COST per kg of H- €30.49 €/kgH> €41.16 €/kgH>

COST GASSEPARATION OPEX €3977 238.81 €/a €5524785.18 €/a
COST GASSEPARATION CAPEX €1386602.42 €/a €1737391.68 €/a
OPEX per kg of H- €22.54 €/kgH> €31.32 €/kgH>
CAPEX per kg of H. €7.86 €/kgH> €9.85 €/kgH>
Tab. 28 Results Cost analysis
Cost of kg N,
€ 0,10
€ 0,09
€ 0,08
€ 0,07
€ 0,06
€ 0,05
€ 0,04
€ 0,03
€ 0,02
€ 0,01
€ 0,00
MAS 02S N2R
B PSA mEHC
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COST PhotoSomes EHC concept per €/kg,;,
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Tab. 30 Results Cost analysis PhotoSome - Unit Operations

The cost of TEL lipids amounts to 98.5 % of the cost for FOR at 5.87€/kg H, for EHC Concept and 6.27
€/kgH, for PSA Concept. The main cost drivers are the cost of electricity and the cost of lipids.
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8. Discussion

8.1. Discussion of the literature study

Green H, will play a vital role in the decarbonization of industrial production. Global H, production
will increase more than 4-fold by 2050 to slightly over 400 Mt/yr [198, p. 110]. Decarbonization of the
H, value chain and meeting this massive future demand will require a tremendous effort and quick
implementation of green H, production sites. However, besides already established technologies such
as electrolysis or ones based on prior established technologies like solar-thermo-chemical H;, novel
green H, production technologies are still in their infancy.

The H, value chain is still under development, and the standards, regulations and best practices
surrounding H, as well. Regulations have been developed with current mature technologies in mind.
If H, fuel standards such as ISO 14678 remain as demanding as they are currently or will evolve to
consider new technologies remains to be seen. This might allow for higher inert gas concentrations
and lower unnecessary separation efforts as this should not decrease the performance of PEM fuel
cells.

Photocatalytic H, methods are capable of overall water splitting, have reached TRL 5 and first pilot
plants have been constructed. However, without achieving a net energy gain. SAPS haven't yet left
the lab. Although some catalysts have lifetimes in the range of months, STH efficiencies below 5% and
the separation of H, from the oxyH, gas mixture remain obstacles to commercialization.

As for SAPS, most are not capable of unassisted, bias-free overall water splitting. The few systems
that are capable of overall water splitting rely on a second artificial photosensitizer like TiO, or Ru-ppy
dye [114] [108] and do not require a sacrificial electron doner. Lipid-based systems have been
developed but also require a second artificial photosensitizer [77].

Comparing the listed SAPSs has been a challenge. Not all studies provide the same performance
parameters, only a few also provide STH efficiency. Input parameters such as spectrum, light intensity,
environmental parameters can vary. Unassisted, bias-free pure water splitting at neutral visible light
conditions is impossible with most systems. None of the listed SAPSs has exceeded the TRL 3. The
most extended operating times have been achieved with semiconductor enzyme hybrids with up to
72h [105], [106]. The highest visible light STH of 5.4% has been achieved by Mersch et al. with a PS2
based PEC system by immobilizing PS2 on a 10-mesolTO anode and coupling it with a |0-mesolTO
[NiFeSe]-H,ase photocathode with an applied bias of 0.8V [33]. Most systems are limited by electron
transfer. Thylakoid-based systems face quick photodegradation. None of the papers mention any
strategies for scale-up. Liposome-based SAPSs have been constructed [77].

8.2. Discussion of the PhotoSomes as a SAPS

The PhotoSomes still surround several open questions. First, the random integration into the bilipid
layer of the liposome and electron transfer regarding high electron transfer efficiencies. In order to
improve this transfer, the catalytic center needs to be as close as possible to the photosensitizer.
Direct electron transfer is more preferred than redox mediated electron transport for instance, by
chinones. This location issue is further exacerbated by the orientations problem. Yet, it is unclear how
the fragments orient themselves during formulation relative to the center of the liposome. The
challenges of fragment orientation, mismatched PS2/PS1 ratio and position of the fragment are
discussed in detail on page 47.

A possible improvement could be the recombinant expression of H,ase next to PS1 to improve
electron transfer. Weiner et al. for instant successfully express a ferredoxin-H,ase fusion enzyme in
Chlamydomonas reinhardtii [199]. This could potentially replace redox mediated with direct electron
transport. A complementary approach to improve the electron transport in the liposome could be the
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encapsulation of a redox mediator, for instance MV?%, within the aqueous compartment to
supplement the electron transport in the bilipid layer. This would allow for electron extraction at
several points of the electron transfer chain in case of insufficient electron transfer via the bilipid
layer and could connect the photosensitizer with the H,ase. However, this redox carrier could
inactivate the thylakoid fragments and damage the liposome, also it might be challenging to scale-up
this construct as MV?* is toxic.

The performance of the PhotoSome could also be improved by a complementary photosensitizer in
the green or ultraviolet spectra like SiO, with 320 nm absorption similar to Chen et al.
experiment[77]. If one takes into account that photosynthesis is a process, highly optimized by
evolution, any additional steps or losses in the electron transfer chain will probably lead to
insufficient potential for water splitting as the remaining overpotential at the Fb site to H*/H,
potential is only -0.16V vs SHE to allow for water splitting as shown in Fig. 10.

Secondly, the question how the liposome can protect the photosystems and H,ase if TEL lipids are
forming the PhotoSome together with residual conventional lipids of thylakoid membrane fragments.
Also, since the photoinhibition repair mechanism for PS2 is part of the cell metabolism, it begs the
question how a compartmentalized system with only certain components of the photosynthetic
system will affect the lifetime. H,ase should not be a limiting factor, even though O, stable variants,
such as NiFeSe H,ase show lower TON, O, sensitive variants can be engineered to withstand higher O,
levels. In chapter “4 PhotoSomes — liposome based SAPSs” this has been discussed in detail.

How the PhotoSomes are influenced by surfactants and isopropanol required for the formulation is
unclear yet.

Looking back at the literature study, thylakoid membranes-based SAPS inactivated within hours and
thylakoid membrane-based PV-cells are reaching days to weeks at best, lets the assumption of a
PhotoSome lifetime of 6 months seem quite excessive at this point.

8.3. Discussion of the experimental oxy-H; Separation by an EHC
The experiments with the EHC showed clearly that separation of H, of a diluted oxyH, mixture is
possible even though at high energy consumption. This could be the result of setting the separation
potential too high and of oxidation on the current collector plates. The separation efficiency and
capture rate need to be improved. For further experiments, better and broader analytics are
necessary to determine retentate and permeate composition. This will allow a detailed analysis of the
corrosion issue. Other membrane assemblies and catalysts should be studied.

8.4. Discussion of the Process Design.

The scale-up of all suspended photocatalytic processes is challenging because of the separation of H,.
Without gas separation by design, e.g. spatially separated H, and O, evolution site designs, like 2
separate photoelectrodes, gas separation of diluted oxyH, remains the only feasible option. However,
besides N, and CO; there is another option as dilution gas — Air! Only H, concentration must remain
outside the flammability limits. This would result in higher partial O, pressures in the feed compared
to the CO; or N; designs. Currently, gas permeation membranes can’t offer sufficient selectivity to
separate H, above the UFL in one stage. A two-stage process would also exceed the LOC in the
intermediate step. Given this would allow for an open gas loop design, this approach should be
revisited when higher-performing membranes with higher O,-N; selectivities get available.

One should not be misled by the simplification taken in this approach. The inherent unsteadiness of
renewable energy sources is a challenge for the process design. This begs the question of how to deal
with quickly changing gas production rates and how to provide a level gas flow to the gas separation
system. Further, there is still the question of the freezing issue in winter. The system could be either
heated, insulated or chemically optimized. Heating such a large system seems too expensive, an
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insulated photoreactor by vacuum — similar to vacuum pipe collectors — is also expensive and
chemical components in the aqueous solutions such as salt provide a corrosion risk and would be an
additional expense. The photo reactor could be emptied over the winter, increasing downtime and
cost of the systems.

Heat could also pose a problem depending on the system's location, especially in hot regions a
cooling system for the photo reactor could be required. In these areas, sufficient water supply poses
an additional obstacle.

8.5. Discussion of the scale-up and cost analysis.
A wide range of estimations was necessary for the scale-up and cost analysis.

Starting with the photo reactor. The required amount of PhotoSomes might need to be higher for 2
reasons. The 20-layer model based on full coverage of at least one TEL to absorb all impacting
sunlight will only provide sufficient effective photon capture under perfect uniform distribution in the
PR and under perpendicular sunlight. At other angles, sunlight might not be fully absorbed. Also,
positive effects due to shading leading to lower oversaturation and light inhibition are impossible.
The cost analysis for the PR was only designed on very rough weight figures for the materials.
Improved designs based on glass or plastics could further reduce cost.

The RO was designed for a flowrate to fill the PR in nearly 80 hours. Flushing the system might not be
possible in case of contamination with this rather low flow. A CIP system for the PR was dismissed on
purpose. As the PR has a volume of close to 2400m? and geometry won’t allow for a spraying system,
fully filling the system with CIP chemicals seems unrealistic. The system needs to rely on its self-
decontamination ability.

The PhotoSome Production is designed for 2 batches per year. With commercial equipment, the
process times are in the range of hours at best. Even though broken down to €/kgH, the cost of these
unit operations is already low, running the equipment only 2 days a year is not economical. All unit
operations of the PhotoSome production, except for the T-shape mixer for formulation, should be
already at available at most downstream contractors. Outsourcing, or if enough demand is generated
a central dedicated PhotoSome production facility is preferable to a delocalized PhotoSome
production facility next to each PhotoSome PR.
Initial expectations that the isolation of compounds would limit the PhotoSome production could not
be verified. The quantities are still small enough for a lab technician to process with a regular UC. 15
minutes of sedimentation time in the UC might be short, but even if process times amount to 60
minutes, this would only lead to an increase of the UC cost by a factor of 4 to from 0.08€ to
0.32€/kgn, which still pales in comparison to the cost of crude TEL per kg H, of around 6€. However, a
concept with isolated photosensitizers and H,ase might need longer sedimentation times. Continuous
flow ultracentrifuges should be capable of lifting this limitation but given their high price point close
to 1000000€ should be fully utilized.

In case the ultrafiltration F2 is not sufficient for the removal of the organic phase to allow for the
formation of the PhotoSome an additional solvent evaporation unit operation might be required.

As insufficient data is available, buffers, surfactants and other additives for the isolation and
formulation have not been considered in the process and cost analysis.. Concerning the formulation
step the main limiting factor for the PhotoSome production is the price point of the TEL lipids.

The gas separation was also based on a range of assumptions and simplifications. First of all, the
pressure drop of almost 3 bars in the retentate after each membrane separation is an estimation and
might be too high. Secondly, the vacuum pumps were necessary to allow for free flow conditions in
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the membrane model, but because of the high compression ratio of 20 from 0.05 bar to 1 bar, the
energy consumption is quite high. A system based on a transmembrane pressure of 4 bar with a feed
pressure of 5 bar might need less energy and is cheaper. Experimental data would help to improve
this membrane separation step.

Since the gas compression is isentropic without cooling, the gas temperature at the outlets is high,
especially at the vacuum pumps, exceeding 1100 K. Improved gas compression with intercooling
should improve the power consumption further. The effect of these high temperatures on the
flammability limits of the gas mixture have yet to be considered.

The gas separation was modeled with dry gas flows, however a fully saturated feed gas stream from
the PR should be expected. As data on the wet diluted oxyH, gas mixture was unavailable, a rough
estimation based on air with the help of a Mollier diagram showed a saturation at 1 bar and 40 °C of
1.1 kg H,O/kg Air. The moisture permeability could be significant, increasing gas flows and energy
consumption of the compression in the gas loop.

Also, the simplification of the Pl-membrane is questionable. Lacking data, a 100% H, rejection
(permeability of 0) was assumed for the operation O,S and N;R. This is probably too high and should
be optimized with experimental data. However, given the costs of recovered N, from the UP 02S and
N2R for both concepts are slightly below 30 €/t, about the same of the literature reference value for
onsite N,, shows the feasibility of gas loops, however the cost of N, from the MAS is more than 2
times more expensive. As onsite N, is around 33€/t, this could be an indicator that optimization of
the MAS could lead to a cost optimization for the PSA concept in the range of 6 €/kgH, and the EHC
concept around 4 €/kgH,. N> — Air capture PSA system might be more feasible here. As clearly shown
in the Sankey diagrams Fig. 37 to Fig. 40, the biggest obstacle in the gas separation remains the high
gas flow in the gas loop due to the dilution below 4vol% H,, equivalent to a hydrogen mass fraction of
only wy; = 0.003, compared to the final product stream creating high energy costs and large
separation systems.

In theory, the Austrian standard for piped natural gas OVGW GB210:2011 would allow to inject low
purity Ha-N; gas mixtures in the gas grid. It is a question of dilution. Hydrogen can be mixed to up to
10% into the grid. Nitrogen concentrations of up to 5% are allowed. However, oxygen may not exceed
0.001% over 24h and the injected gas needs to be dry to prevent corrosion. There are further
considerations about caloric value. At best, this would only replace the PSA UP with 0.32€/kgH,
offering only minor cost benefits. The decision to compare a PhotoSome system capable of fuel cell
grade hydrogen with other technologies is therefore justified.

The PSA can maybe replace the DE-OXO catalyst, but this would require a further safety analysis of
the PSA purification step and additional experimental effort with the permeate gas mixture of MSS2
of the PSA-Concept. As the power requirement of the EHC concept exceeds 3 MW and the PSA-
concept 5 WM and as the daily energy consumption of 65.04 MWh/d for the PSA CONCEPT is 2.71
times and 42.38 MWh/d for the EHC CONCEPT is 1.76 times higher than that of the 1 MW
electrolyzer system, the PhotoSome system does not operate at a net energy gain and is therefore
already not feasible.

The cost estimate resulted in 41.16 €/kgH, for the PSA System and 30.49 €/kgH, far exceeding the
analysis of Pinaud et la. From 2011 of 1.64 €/kgH, [31] and also missing the goal of 3 €/kgH, that
green H; needs to hit by 2050. Pinaud et al. achieved in their theoretical analysis this low price in a
large-scale baggie system with a 10% STH and a mean solar input of 5.25 kWh/ (m? * day) about 50%
higher than in this study. They also state that baggies of 323 m x 12.2 m x 0.1 m in size may present
practical limitations in that a failure in the mechanical integrity due to weather, bird damage, etc. of a
single baggie would result in a significant release of electrolyte and plant capacity. The undiluted
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oxyH; gas mixture is compressed by an oil-free piston compressor and purified by a PSA system. They
disregard the safety issues of separating an oxyH, gas mixture. A 300 m long 12 m wide baggy,
essentially a balloon, partially filled with oxyH, poses a significant safety hazard.

The gas permeation with the UP MSS1 and MSS2 was modeled after a paper by Alsayegh et l1a.[150].
They achieved a 92% recovery and 92.5% purity at a cost of 8.20 $x017/kgH: at lower energy prices of
0.084 €/kWh and plant lifetime of 15 years. This is comparable to MSS1 and MSS2 of the PSA
CONCEPT that combined lead to a production cost of 9.65 €/kgH-.

The main constraints for the PhotoSome concepts are the cost of the TEL lipids, the cost of stainless
steel for the photo reactors and the safety hazard of separating an oxyH. gas mixture with the
necessary H» dilution below 4% and the subsequent large, energy-intensive separation process. At
this point, the H, production by a single suspended PhotoSome catalyst is not feasible.

The goal of this thesis is a feasibility study of a potential scale-up of the semi-artificial photosynthetic
particulate, suspended fully biological lipid-based PhotoSome process. An overview of the H, value
chain with current and future H, demand, standards and requirements was given. H, production
methods have been described, especially for green H, have been compared on their level of
development and cost effectiveness with a focus on solar H, and photocatalytic production methods.
A holistic review of H, producing semi-artificial photosynthetic photocatalytic publications has been
written. A safe PhotoSome process has been designed with 2 different approaches for gas separation.
A cost analysis for both approaches has been undertaken. This is the first holistic cost analysis of an
intertizised suspended photocatalytic H, production process, including inert gas production. The
biggest obstacles to the scale-up have been identified. At this point the PhotoSome technology is not
feasible for H, production because of an energy-intensive gas separation.

The goals of this thesis have been achieved.

At this point the PhotoSome technology is not feasible for H» production
because of energy-intensive gas separation and cost of TEL lipids.

9. Outlook:

For further consideration of the PhotoSome process experimental data for all unit operations is
required! A second cost analysis should include a sensitivity study showing the impact of changes in
electricity prices and solar intensity.

For further development of the PhotoSome system, the focus should be on higher-value products. As
SAPS can produce more complex, high value products, not yet possible with photocatalytic systems
that will be needed in the green H, economy such as acetate and formate. This way, the formation of
an explosive gas mixture is avoided in the first place and energy and cost-intensive separation is
unnecessary.

If PhotoSome prove to be long-term stable and the cost of crude TEL lipids is further reduced, a dual
baggie set-up for H, production with 2 different PhotoSome catalysts — spatially separating O, and H,
evolution should be revisited as this would double the cost of PhotoSomes and the PR but would
replace the gas separation.
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