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Abstract

To reach the climate targets that have been set out by governments worldwide and keep
global warming below 1.5°C compared to pre-industrial levels, a greater level of renewable
energy integration must be achieved. As an energy vector, hydrogen has the potential to help
balance out renewable energy supply and decarbonise some areas such as heavy-duty
transportation which are notoriously difficult to decarbonise. This report aims to investigate
how the impending increase in hydrogen demand can be met sustainably by electrolysing
seawater using either traditional technologies such as alkaline or PEM electrolysis or by
using newer, membrane-less technologies. These membrane-less devices present benefits
such as simplistic design and reduced component costs. A review of the literature found
potential processes for producing hydrogen from seawater using traditional water purification
methods, i.e. membrane filtration or thermal distillation, combined with alkaline or PEM
electrolysers. Multiple membrane-less electrolyser devices intended for use in water
electrolysis were also identified. Analysis of four separate processes for producing hydrogen
from seawater found significant differences in terms of seawater throughput and energy
efficiency between the processes. An alkaline electrolysis process yielded some of the best
results with a water throughput of around 700 kg of seawater per kg of H2 and an overall
energy efficiency of 34.8%. A process in which seawater vapour was electrolysed was
deemed the least feasible due to the high water throughput and lack of economic benefits. A
membrane-less electrolyser was incorporated into a process and it was found that although
the electrolyser itself had a better energy efficiency than traditional electrolysers, the overall
energy efficiency of the system was only approximately 2%. Despite this, the many attractive
economic benefits of these electrolysers should not be overlooked. Finally, the relationship
between flow regime, electrode separation distance and cell efficiency in membrane-less
devices was explored, but it was found that no definitive conclusion could be made due to the

small pool of data that was available.
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1.0 Introduction

In December 2015, a legally binding international treaty known as the Paris Agreement was
signed by 196 nations which agreed that global warming should be limited to well below 2°C
in comparison to pre-industrial levels [1]. The Intergovernmental Panel on Climate Change
(IPCC) have stated in their latest report that this limit is likely to be exceeded within the next
few decades if emissions continue to climb [2]. Despite this, the current pledges made by the
Paris Agreement do not align with the targets set by the IPCC and the International Energy
Agency (IEA) have said that “we are far from on track” to achieving the goals set out [3]. It is

therefore necessary to attain a higher degree of integration of renewable energy technologies.

As the most abundant element in the universe [4], hydrogen has the potential to overcome many
of the obstacles currently faced in achieving net zero. It is an energy vector and therefore has
endless applications, including as an energy storage solution [5]. Some of the many ways of

producing, storing and utilising hydrogen are given in Figure 1.

Although the concept of a ‘hydrogen economy’ has been debated for decades, most hydrogen
produced today is consumed as a chemical intermediate, dominantly in oil refining and
ammonia production processes. As the global energy system transitions, hydrogen is likely to
become much more in demand for sectors such as heating and heavy-duty transportation, due
to its high energy density in comparison to fossil fuels; per kilogram, hydrogen contains around

2.6 times more energy than gasoline [6].

Once hydrogen is integrated into these industries and demand substantially increases, there will
become an issue of producing hydrogen sustainably. There are four main pathways to
producing hydrogen: brown, grey, blue and green. ‘Brown’ hydrogen involves coal gasification
and is considered the least environmentally friendly and therefore least desirable of the
pathways. Steam reforming of natural gas leads to the formation of ‘grey’ hydrogen, which
becomes ‘blue’ hydrogen when the process is paired with carbon capture and storage (CCS).
‘Green’ hydrogen is produced when electrolysers use electricity from a renewable source to
split water and is widely considered as the most favourable route to meeting the world’s
impending hydrogen demand; despite this, only 4% of hydrogen produced globally is currently

derived from water electrolysis [7].

The electrolysis process was first discovered in the 19" century and today its most common

applications are electrometallurgy (producing metals such as aluminium from their oxides) and
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MECHANICAL & AEROSPACE ENGINEERING 2

the chlor-alkali process (production of chlorine and sodium hydroxide). Alkaline electrolysers
were the first technology to be used industrially and are still the most prevalent technology at
a commercial level today [8]. Polymer electrolyte membrane (PEM) electrolyser cells were
introduced in the 1960s as an alternative to alkaline electrolysers and present benefits such as

high current densities and the ability to be fed by pure water rather than a caustic solution [9].

£0

Natural gas ‘ﬁﬁ‘
(steam Coal or oil m
reforming) (gasification) o0—o0O
. = Transport
%ﬁ(ﬂ -0z /Q @ applications
Wind, hydro or wave Portable
(electrolvsis) electronics
mmm Locally
:> stored
Compression, energy

liquification,
physiosorption,
Biomass chemisorption Balancing
(fermentation, renewable
gasification) energy

Electricity
and heat
applications

Fission/fusion
(electrolysis, Solar
thermal (electrolysis,

photolytic

splitting)
splitting)

Figure 1 - Schematic showing possible methods of hydrogen production, storage and utilisation,
created using information from [5].

Unfortunately, there are many drawbacks associated with producing hydrogen using these
technologies. The use of a diaphragm or membrane leads to high component costs and low
durability. Furthermore, PEM electrolysers can only operate with ultra-pure water that has a
total dissolved solids (TDS) concentration of below 0.5 ppm or else the electrolyser membrane
pores risk becoming clogged [10]. In many dry arid countries, freshwater is a scarce resource
and they cannot afford to use this water to produce hydrogen.
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It would therefore be beneficial if it was possible to produce hydrogen from seawater. This can
be achieved by first purifying and filtering seawater before electrolytic splitting in a standard
electrolyser. Alternatively, if an electrolyser was developed so that it could be used directly
with seawater, it would remove this costly and energy intensive stage of distilling the water.
Using an electrolyser without a membrane would not only reduce the costs and complexity of
manufacturing, but it would also remove the issue of membrane pores becoming clogged and

deactivating when electrolysing seawater, which is high in contaminants.

1.1 Issues Faced in Seawater Electrolysis
One of the main problems with using seawater as an electrolyte is that the high concentration
of chloride (CI") ions creates competition of the chlorine evolution reaction (CIER) with the
preferred oxygen evolution reaction (OER) on the anode of the electrolysis cell [11] [12].
Although chlorine gas has many uses in industry, mass producing hydrogen via seawater
electrolysis will likely create a supply of chlorine which outstrips demand [13]. While CIER
can occur in acidic environments when electrolysing seawater, there is also the danger of
hypochlorite (CIO") formation when performing electrolysis in an alkaline environment. Each
of these reactions, presented in Equations 1 and 2 respectively, involve only two electrons per
mole of product, whereas OER, shown in Equations 3 and 4, requires four electrons per mole
of oxygen formed. This creates more favourable kinetics for CIER and hypochlorite formation

in comparison to OER.

2Cl~ - Cl, + 2e~ 1)

Cl™ 4+ 20H™ - ClO™ + H,0 + 2e~ ()

2H,0 - 0, + 4H* + 4e~ (acidic conditions) (3)
40H™ - 0, + 2H,0 + 4e~ (alkaline conditions) 4

Currently, the methods for inhibiting chlorine formation during the electrolysis of saline
solutions or brine include operation at low current densities (< 1 mA/cm?) [14], using
electrocatalyst materials that prevent CIER [15] or using a cation exchange membrane layer on
the anode to prevent CI adsorption [16]. Operation at lower electrode potentials (and therefore
lower current densities) inhibits CIER and promotes OER based on the Pourbaix diagram
shown in Figure 1. However, this technique results in lower efficiencies and is therefore an

inadequate solution as the process becomes economically unfeasible [13].
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Figure 2 - Pourbaix diagram showing onset potentials for formation of oxygen, chlorine and
hypochlorite in simulated seawater [17].

Furthermore, the high concentration of CI™ creates aggressive conditions in which corrosion is
highly likely, meaning robust electrocatalysts with high durability are necessary [18] [19]. In
addition to this, the presence of other dissolved ions in seawater can lead to precipitation of
alkaline earth metal hydroxides such as magnesium hydroxide (Mg(OH2)) and calcium
hydroxide (Ca(OH)2), which can form on cathodes, blocking active sites for reactions and

thereby reducing electrochemical activity [19] [20].

1.2 Types of Electrolysers
The two main types of electrolysers currently used in industry are alkaline electrolysers and
proton-exchange membrane (PEM) electrolysers. The features and operating conditions of

these two types of electrolysis are given in Table 1.

Table 1 - Operating conditions and other features of alkaline and PEM electrolysers.

Type of Electrolyser Alkaline PEM Reference
Feed 20-40 wt% Pure water [21]
KOH solution
Electrocatalyst Ni, Cu, Mn, W, Pt, Ir, Ru, Rh [21]
Ru
Separator ZrO2 with Sulfonated [22] [23]
polysulphone  tetrafluoroethylene
polymer based polymer
(Zirfon®) (Nafion®)
Cell temperature (°C) 30-80 20-80 [24]
Cell pressure (bara) <30 <70 [24]
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Max realised size (MW) 10 3 [25] [26]
[27]
Efficiency (based on LHV) 70% 80% [28]
Efficiency (KWh/kgH2) 50-78 50-83 [24]
Current density (mA/cm?) 250-450 1000-2000 [28]
Lifetime (1000 h) 60 50-80 [24]
CAPEX for stack (E/kWer) 196 290 [24]

The differences between these two types of electrolysis along with the advantages and

disadvantages of each are explained in Sections 1.2.1 and 1.2.2.

1.2.1 Alkaline Electrolysis
Alkaline electrolysers are a mature technology and have been used commercially for almost a
century. Potassium hydroxide solution (20-40 wt%) is pumped through the system as an
electrolyte and facilitates the reactions which produce oxygen and hydrogen gas. Oxygen is
produced as the anode when hydroxide (OH") ions are oxidised to become oxygen molecules,
and hydrogen gas is the product of a reaction at the cathode in which water molecules are
reduced to hydrogen molecules and hydroxide ions (Equations 5 to 7). The electrolyte and
product gas mixture leave the cell and are separated in a gas separator. The gas is then purified
via a demister or dryer, after which product purity can be over 99.5% [29] [30]. A schematic

of this set up is given in Figure 2.

Alkaline
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Electralyte Solution (KOH)
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Figure 3 - Schematic showing operation of a typical alkaline electrolyser, taken from [24].

Previously, the two electrodes of an alkaline electrolysis cell were separated from the
diaphragm by a defined distance, but modern versions of the technology are based on a zero-

gap assembly in which the cathode and anode are attached to either side of the diaphragm. This
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updated concept was designed to reduce Ohmic losses. The cell temperature can be anywhere
between 30°C and 80°C and the maximum possible cell pressure is around 30 bar(a). The
largest commercial single-stack alkaline electrolyser currently in operation is at the Fukushima
Energy Research Field in Japan and is a 10 MW device. This stack is capable of producing

green hydrogen gas at a rate of 1,200 Nm? per hour [31].

Anode:
20H~(aq) - 50,(g) + H,0() + 2~ (5)
Cathode:
2H,0(l) + 2e™ —» H,(g) + 20H (aq) (6)
Overall reaction:
H,0(1) = Hy(g) +502(9) (7)

A full review of the state-of-the-art of alkaline electrolysis by Brauns and Turek can be found
in [29].

1.2.2 Proton-Exchange Membrane (PEM) Electrolysis
The first solid polymer electrolyser was developed in the 1960s by General Electric and was
intended to alleviate some of the issues faced by using alkaline electrolysers. A proton-
conducting membrane, anode and cathode are combined in a cell to form a membrane-electrode
assembly (MEA). The polymer electrolyte membrane is commonly made of Nafion®, which
presents benefits such as high proton conductivity, allowing for a very thin membrane (~20-
300 um) to be used. Protons (H") are formed at the anode of the MEA and then transferred
through the membrane to the cathode, where they recombine with the electrons to form
hydrogen gas (Equations 8 to 10). No electrolyte is required in a PEM electrolyser as the

membrane acts as an electrolyte, meaning pure water can be used for electrolysis.
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Due to the corrosive, acidic environment induced by the proton exchange membrane, noble
metal catalysts such as iridium and platinum must be used for the electrodes, thereby increasing
the capital cost of the electrolyser stack. The biggest PEM electrolyser stack currently available
is 3 MW but is likely to increase in the near future [32].

Proton Exchange Membrane
O gamasuisr

der
O, + 4H} 2H,
Anode Cathode
HO E G
o

Figure 4 - Schematic showing the operation of a typical PEM electrolysis cell, taken from [24].

Anode:
H,0(D) > 2H" (aq) +30,(g) + 2e~ (8)
Cathode:
2H*(aq) + 2e~ - H,(g) 9)
Overall reaction:
H,0(1) ~ Hy(g) +502(9) (10)

Table 2 - Advantages and disadvantages of each type of electrolyser cell.

Advantages Disadvantages
Alkaline e Mature technology Low current densities
e Low-cost technology (non- Formation of carbonates on
noble electrocatalysts, cheap electrode decreases performance
electrolyte) Cross-over of gases leads to lower
e Long-term stability product purity than other cell
designs
PEM High current densities Expensive materials required for

Compact system design
Quick response time

Higher hydrogen production
rate

Quick response time
Dynamic operation

High gas purity

components (noble metal
electrocatalysts)

High purity (< 0.5 ppm
contaminants) water necessary
Acidic environment

Low durability
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Reviews of the current state-of-the-art of PEM electrolysers used for hydrogen production have
been carried out by Carmo et al [9] and Kumar and Himabindu [23]. A summary of the

advantages and disadvantages of both types of electrolysers is given in Table 2.

1.3 Aims and Objectives
This thesis aims to explore two issues: hydrogen production from seawater and hydrogen
production using membrane-less electrolyser devices. Various processes and technologies will
be analysed based on factors such as energy efficiency and overall feasibility. The objectives

are as follows:

e ldentify four processes which show promise for producing hydrogen from seawater.
e Find the approximate energy and water consumption of these processes.
e Compare and contrast the processes based on efficiency and general feasibility.

e Gather information on all membrane-less technologies currently in commercial or
research phase and compare the devices based on performance factors such as

efficiency and flow regime.

Although economic factors will be touched upon in the analysis, a full economic review of the
processes in question was considered out of scope of this project. This is because the cost of
producing hydrogen via electrolysis is highly dependent on electricity prices which tend to
fluctuate a lot depending on the area in which the electrolyser is based or the time of day or

year, making it very difficult to predict.

2.0 Literature Review

A review of the available literature was conducted to identify any processes or technologies
that are either in the research stage or commercially available for producing hydrogen from
seawater. The review was divided into processes using membraned devices, membrane-less
technologies for hydrogen production and electrocatalysts that are suitable for use with
seawater. A software review was also carried out to investigate any potentially suitable

software programs for carrying out the analysis.

2.1 Seawater Electrolysis Using Membraned Devices

One of the pathways proposed for electrolysis of seawater is combining standard industrial

electrolysis technologies, such as alkaline or PEM electrolysers, with a filtration and
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purification process to remove any potential harmful components. PEM electrolysers in
particular have a very low tolerance to contaminants; they require a total dissolved solids (TDS)
concentration of less than 0.5 ppm [10]. For reference, typical seawater has a TDS
concentration of around 35,000 ppm [33]. Reverse osmosis, an electrically powered filtration
process, produces water with a TDS concentration of around 400 to 600 ppm and is therefore
not compatible with PEM [34]. However, desalination processes such as humidification and

dehumidification or multi-effect distillation may be feasible options.

2.1.1 Alkaline Electrolysis Systems
Alkaline electrolysers have a higher tolerance to impurities and therefore do not require as
complex purifications as PEM electrolysers. Additionally, using alkaline electrolysis systems
for splitting seawater may be more convenient because the ions present in seawater can be used

to form the alkaline electrolyte required for the process.

Amikam et al have developed a system for seawater electrolysis in which the operating
conditions inhibit chlorine production and promote the more favourable oxygen production
[13]. A schematic for the proposed process is given in Figure 5. Nanofiltration is used to
completely remove Ca?*, Mg?* and SO+ ions, as well as removing smaller fractions of K*,
Na* and CI" ions which are present in seawater. The filtered seawater is then passed into a
settling tank containing sodium hydroxide solution at a concentration of 20 to 40 wt%, in which
solid sodium chloride precipitates as a result of the common ion effect. From here, the sodium
hydroxide solution enters the alkaline electrolyser, where oxygen and hydrogen are produced.
The aqueous sodium hydroxide is then recycled back to the settling tank.
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Figure 5 - Process diagram of chlorine-free alkaline electrolysis process [13].
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The high concentration of hydroxide (OH") ions present in this system (< 2.5 M) prevents
chlorine evolution on the anode. The electrolyser cell is operated at a higher temperature than
the settling tank because sodium chloride’s solubility increases with increasing temperature, so
this prevents formation of solid sodium chloride in the electrolyser. A lab-scale experiment
was set up to test this system and the results showed that at a concentration of 100
gNaOH/kgH:0, no chlorine formed on the Ni200 and Ti/lIrO2-RuO2-TiO anodes after 12 days
of operation. Furthermore, there was no accumulation of sodium chloride salt observed outside
of the settling tank. However, during the experiment, the system was only tested using aqueous
NaCl solution and not real seawater so, the effect of the accumulation of other ions present in
seawater such as K™ and Br is unknown. This design therefore requires further investigation

before it can become feasible at a large scale.

2.1.2 PEM Electrolysis Systems
A hybrid solar thermal system that produces electricity and hydrogen from seawater has been
proposed by Demir and Dincer [35]. Although the process was mainly designed with the
objective of providing electricity, it is possible that it could be configured in a way so that
hydrogen production is prioritised. The process is comprised of a concentrating solar power
(CSP) gas turbine subsystem, multi-stage flash distillation (MFD), a PEM electrolyser and a
thermoelectric generator (TEG) unit. The system operates as follows: air is compressed before
being heated using CSP and is then passed through a gas turbine to generate electricity, which
powers the electrolyser. The latent heat contained in the exhaust gas leaving the turbine is
stored in a thermal storage system consisting of two phase change material (PCM) units.
Seawater is pumped into the MFD unit where it is heated using the thermal energy stored in
the PCM. The distilled water from this section is then passed into the PEM electrolyser where
hydrogen and oxygen are produced. The TEG is present in the system to recover any wasted

heat from the gas turbine. A diagram for this process is given in Figure 6.
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Figure 6 - Diagram of process designed by Demir and Dincer for hydrogen production from seawater
[35].

This system described above was analysed by Demir and Dincer to find the overall energy and
exergy efficiencies of the system, as well as the theoretical hydrogen, electricity and
desalinated water production rates. They also investigated the impact that solar irradiation
level, wind speed and the operating temperature of the electrolyser had on the system. To
achieve this, a COMSOL Multiphysics software package was used to analyse the TEG unit and
all other units were analysed using Engineering Equation Solver (EES). The results obtained
showed that the overall energy efficiency of the system was 42.5% and the hydrogen
production rate was 129.9 kg per day. In addition to this, it was shown that if the temperature
of the PEM electrolyser was increased from 8.9°C to 80.0°C, the hydrogen production rate
could increase by 23.5 kg/day. However, as previously mentioned, the analysis on this system
was carried out so that only excess electricity (above 2.5 MW) was used for electrolysis; the
hydrogen production rate could theoretically be much higher is all of the electricity was used

for this purpose.
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Although this system benefits from producing valuable desalinated water, disposing of the
high-salinity brine could become an issue, especially if the system is intended for offshore use.
In this scenario, the desalinated water that is discharged from the electrolysis stage may need
to be used to restore the brine to typical seawater salinity so that it can be discharged to the sea.

Delpisheh et al have proposed a system which combines the organic Rankine cycle (ORC) with
a desalination unit and a PEM electrolyser to produce hydrogen, oxygen and desalinated water
[36]. The system was analysed in three different modes: low solar radiation (solar mode), high
solar radiation (solar and storage mode) and no solar radiation (storage mode). A schematic for
this system is given in Figure 7. The ORC is powered by thermal energy collected from
parabolic trough solar collectors (PTSC) which is used to heat therminol-66 heat transfer fluid.
This section is referred to as the solar subsystem and contains two thermal storage tanks (cold
storage and hot storage) to be used to store energy when solar radiation is high, i.e. in solar and
storage mode. The thermal energy is then transferred via a heat exchanger to the ORC working
fluid, n-octane. The working fluid then enters a turbine where it produces electricity using a
generator, which can be used to power the downstream PEM electrolyser. Using a multi-heat
recovery system, the n-octane is then cooled before entering the ORC pump. By utilising waste
heat at this stage instead of employing a cooling tower, energy can be saved and the efficiency
of the process is improved. The heat recovered from the n-octane stream is then conveyed to a
humidification dehumidification (HDH)-based desalination cycle, where seawater is prepared
to be fed into the PEM electrolyser. The desalinated water enters the electrolyser at the
operating temperature, after being heated in HX-1. The proposed design of the HDH-system is
based on work by Shargawy et al, which investigates the optimal set-up for these types of
systems, maximising utilisation of thermal input [37].

202052237



DEPARTMENT OF MECHANICAL & AEROSPACE ENGINEERING

13

F“ Separator

therminol-66: 1-17  moist air: 27 water and oxygen: 32
n-octane: 18-22 dry air: 28 oxygen: 34
seawater: 23-26 desalinated water: 29-31; 33 hydrogen: 35

Figure 7 - Process flow diagram for process described by Delpisheh et al for producing hydrogen from
seawater [36].

In this parametric study, a simulation of the energy system described above was carried out
using EES software and optimised using a genetic algorithm (GA) method. For the low, high
and no solar irradiation modes, the respective hydrogen production rates prior to optimisation
were found to be 4.33 g/s, 2.62 g/s and 3.54 g/s based on desalinated water flowrates of 1.91
kg/s, 1.06 kg/s and 1.51 kg/s to the PEM electrolyser. The corresponding thermal energy
efficiencies for the overall system based on these production rates were 81.46%, 27.73% and
50.61%. Following optimisation, the maximum hydrogen production rates were found to be
4.97 gfs, 3.95 kg/s and 4.23 kg/s, respectively, for the three modes and the maximum
efficiencies were 85.68%, 38.65% and 54.14%.

This system is designed for use in coastal areas as it can be used to simultaneously produce
both desalinated water and hydrogen; the energy collected in the PTSC may be more than what
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is required to desalinate the maximum flowrate of water into the PEM electrolyser stack,
meaning there will be excess desalinated water produced. However, as with the previously
discussed system proposed by Demir and Dincer, the brine stream that is produced post-
desalination will likely have too high a salinity to be disposed to the sea safely, which creates
an issue of disposal. Furthermore, the use of hydrocarbon-based heat-transfer fluids is

undesirable as these are derived from non-renewable fossil fuel sources.

A system of similar principles was explored by Siddiqui and Dincer [38]. A concentrating solar
power system is integrated with an ORC, a reverse osmosis (RO) desalination unit and a PEM
electrolyser to produce desalinated water, hydrogen and electricity. Figure 8 depicts the set up
of the process. The solar subsystem operates in a similar fashion to the previously described
process created by Delpisheh et al. The desalination unit is designed based on a prior study by
El-Emam and Dincer [39]. Seawater is pumped into a cartridge filter where suspended particles
are removed. The saline water is then prepared for reverse osmosis by being passed through a
mixer for chemical pre-treatment, which prevents damage to the RO membrane elements. The
fluid leaving the chemical pre-treatment stage is then pressurised before entering the RO stage,
where a pressure loss is experienced (60 bar to 51 bar). The output stream from this stage then
enters the PEM electrolyser. The overall energy efficiency of this system was found to be
23.2%.
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Figure 8 - Diagram of process described by Siddiqui and Dincer for producing hydrogen from
seawater.

Although a novel and interesting set-up, the salinity of the feed entering the PEM electrolyser
in this process is 350 ppm, which is above the threshold TDS for PEM electrolysers. Therefore,
for this process to be feasible, another filtration unit would have to be added, such as distillation
or HDH.

Kumari et al investigated the potential for producing hydrogen through electrolysis of seawater
vapour [40]. The principle of this investigation was that because seawater vapour is free of the
contaminants present in liquid seawater, it could be used in a PEM electrolyser without
breaching the maximum TDS limit. In this system, seawater-humidified air at 80% relative
humidity (RH80) was fed to the anode of the PEM electrolyser while dry nitrogen gas (RHO)
was fed to the cathode as a carrier gas. Air at this humidity was selected because this is the
global average ambient humidity level of air above sea and so, if used offshore with seawater,
air would not have to be pre-humidified before entering the electrolyser. Post-electrolysis, air
and oxygen leave the PEM cell at the anode and nitrogen and hydrogen leave the cell at the
cathode. The use of photovoltaics (PVs) to provide electricity to the electrolyser was also

investigated in this work.

The system was tested using both deionised water vapour and seawater vapour. It was shown
that the current density stayed relatively stable at around 10 mA/cm? for both feedstocks for

over 40 h. It was also found that increasing the flowrate of feedstock gases to the electrolyser
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cell increased the maximum current density that could be achieved. This is because the polymer
membrane material, Nafion®, only maintains its high ionic conductivity when hydrated to a
certain level; increasing the flowrate of humidified air increases the flowrate of water vapour
and therefore the ionic conductivity of the polymer. The system was tested using air at various
humidity levels to determine the impact on electrolyser performance. Intuitively, the maximum

current density achieved also increased with increasing relative humidity.

Although this proposed technique benefits from being relatively simple with few stages, the
product gases that are produced exit the electrolyser mixed with other gases, as opposed to the
previous systems where they were either mixed with water or a liquid alkaline solution. This
will make separation of the product gases more difficult.

2.2 Seawater Electrolysis Using Membrane-less Devices
The use of an electrolyser cell without a membrane presents many benefits. Reactor lifetime is
increased because the issue of membrane pores becoming clogged is removed. The simplicity
of the design of membrane-less electrolysers means manufacturing becomes simpler; many
researchers have seen success in creating 3D-printed prototype membrane-less electrolysers.
Furthermore, costs are reduced significantly, due to the fact that commonly used membrane
materials, such as Nafion®, tend to be costly. Additionally, liquid electrolytes have ionic
conductivities that surpass those of solid polymer electrolytes, which leads to higher efficiency

of the cell.

Research conducted into this field showed that most membrane-less electrolysers currently
being investigated are microfluidic devices. This is mainly because by minimising the electrode
separation distance, solution resistance is also minimised and electrolysis efficiency increases.
Microfluidic devices are roughly defined as having a channel diameter that is in the micron

range whereas millifluidic channels are in the millimetre range [41].

A novel, membrane-less electrolyser design was proposed by Hashemi et al in 2015 [42]. This
electrolyser consists of a microchannel (105 pm electrode distance) with parallel electrodes
upstream of a T-junction which separates products, as shown in Figure 9. The separation of
products in this device is achieved through closely controlling the fluid mechanic forces in the
channel by taking advantage of the Segré-Silberberg effect. Experimental testing of the device
showed that a current density of over 300 mA/cm? was achieved at a voltage of 2.6 V when
using 1 M H2SOg4 as an electrolyte. Additionally, product cross-over was as low as 0.4% when
using an electrolyte flowrate of 14 mL/h at a current density of 71.5 mA/cm?. However, for

202052237



MECHANICAL & AEROSPACE ENGINEERING 17

flowrates of less than 11 mL/h, the cross-over experienced surpassed the acceptable limit; the
maximum threshold for oxygen in hydrogen is 4% - anything above this becomes hazardous
[43]. The research group found that higher flowrates yielded better separation of products, due

to less coalescence of gas bubbles occurring.

Figure 9 - Depiction of membrane-less electrolyser device designed and tested by Hashemi et al [42].

Although only tested at a lab-scale, this device could be scaled up for industrial production by
stacking large parallel plates on top of each other, all with the same inter-electrode distance.
However, this particular study only tested the device using fresh water plus electrolyte as the
input, so further testing would be required to determine its performance when using seawater.

A patent was filed for this electrolyser in 2015 and approved in 2021 [44].

Another concept for a membrane-less electrolyser was developed in 2015 by Gillespie et al
[45]. This electrolyser was constructed with an inter-electrode gap of 2.5 mm, making it a
millifluidic device. The divergent electrode-flow-through (DEFT) design features two circular
mesh electrodes opposite and parallel to each other, through which electrolyte flows. Gas
produced at surface of electrode is swept into corresponding stream by the electrolytic flow,
creating separation of the products. The device was tested under various conditions and it was
found that lower flow velocities resulted in lower efficiencies due to gas meniscuses forming
on the cathode and anode, which increased the resistance of the solution. Therefore, a flowrate
between 0.075 ms? and 1.5 ms? was recommended to optimise between efficiency and
pumping power. Furthermore, it was concluded that for lower velocities, a smaller electrode
gap is preferred as this increases field intensity and therefore electrical efficiency but for higher

velocities, a larger electrode gap is required due to the formation of bubbles in the flow.
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Figure 10 - Diagram of membrane-less electrolyser designed by Gillespie et al, showing material flows
[45].

Tests carried out on this device showed that a hydrogen purity as high as 99.83% could be
achieved under certain conditions. A current density of 474.4 mA/cm? was reached at a cell
voltage of 2 V. It was also shown that this technology can accommodate fluctuating power
sources and would therefore be compatible with renewable, intermittent power sources such as
wind and solar power. However, the device was tested as an alkaline electrolyser using 30 wt%
KOH as the electrolyte and so the performance of this device when electrolysing seawater is

unknown. An international patent for this device was granted in 2013 [46].

In 2016, a paper was published by O’Neil et al detailing an electrolyser cell design also with
mesh flow-through electrodes [47]. Whereas in the previously discussed devices the electrodes
were either parallel or perpendicular to the flow, this device contains electrodes that are at an
oblique angle to the flow. This provides benefits in comparison to other devices as angular
electrodes may be more easily integrated into a single-component device. Furthermore, because
this device uses a rectangular channel, it is claimed that scaling up the device will be easier
than it would with a device which uses circular electrodes with annular flow. However, using
a rectangular channel creates a more complicated flow pattern, in which some of the fluid can
potentially remain stagnant [48]. This makes the tube walls more susceptible to corrosion and

build-up of contaminants.

Negatively charged ions in the electrolyte flow are attracted to the anode where oxygen gas is

produced and positively charged ions are attracted to the cathode where hydrogen gas is
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produced. There is a thin divider placed between the anode effluent and the cathode effluent to

separate the product gases. A drawing of the device is given in Figure 11.
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Figure 11 - Two-dimensional depiction of membrane-less device created by O'Neil et al showing flow
direction of materials [47].

This angle of separation between electrodes was varied from 30° to 180° throughout testing so
that its impact on electrolyser performance could be evaluated, but channel width was kept
constant throughout. Increasing the angle of separation was found to increase the solution
resistance and therefore efficiency. The absolute current was found to decrease with increasing
angle of separation, but the current density remained the same due to the change in electrode
area. The highest current density was achieved using 1 M KOH (~220 mA/cm? at 2.5 V) but
was also found for 0.5 M H2SO4 (~150 mA/cm? at 2.5 V). The maximum product cross-over
experienced was 2.8% at a current density of 100 mA/cm? and a flow velocity of 26.5 cm/s.
The cross-over was only tested at an electrode separation angle of 30°, but this was expected
to be when the highest cross-over was experienced due to the acute angles. It was found that
high current densities and moderate flowrates can help to minimise dissolution of products in

the aqueous phase.

The same research group published released further research on a similar device in 2017 [49].
The device, pictured in Figure 12, differs to the previous device in that electrodes are positioned
perpendicular to the flow. Furthermore, a pH gradient is induced in the channel when
electrolysing brine, which creates an alkaline cathode effluent containing hydrogen gas bubbles
and an acidic anode effluent containing oxygen gas bubbles. The device was tested using
various electrolytes and it was found that using brine as an electrolyte created a greater
overpotential, and therefore a lower voltage efficiency, in comparison to other electrolytes. The
electrical input required to the device was found to be 40 kWh/kmol of product formed at a
current density of 100 mA/cm? and the current utilisation (also referred to as Faradaic

efficiency) varied between 50% and 87%.
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Figure 12 - Diagram showing electrolyser device designed by O'Neil et al which shows operating
principles and product streams [49].

This research found that the use of a flowing electrolyte is essential when using this device, as
stagnant flow creates a higher product cross-over. Furthermore, the flowrate of the electrolyte
is critical because the rate of dilution of the products depends on it. It was also found that, by
varying the current density and voltage applied to the electrolyser, the pH of each effluent
stream could be controlled, shown in Figure. A patent was filed in 2016 for the devices
discussed shown in Figures 11 and 12. The patent, which was filed by Esposito and O’Neil,
was approved in 2020 and describes the many possible functions and architectures of the

device.

In 2017, Rarotra et al presented three different configurations of a simple membrane-less
electrolyser design which separate gaseous products from electrolysis [50]. These
configurations are shown in Figure 13. The first is a straight-channelled device without a
separator, the second a straight-channelled device but with a separator and the third a Y-shaped
device with a separator. Again, the devices are all microfluidic (channel diameter was 50 um).
In this case, the electrode gap tested was 10 mm but field intensity and therefore efficiency
could potentially be improved by decreasing this. The device was tested using seawater and it
was found that hydrogen bubbles began to form at an applied potential of around 2 V. The
volume of hydrogen produced was found to increase almost linearly with applied voltage and
with flowrate of electrolyte into the device. Separation efficiency also increased (and therefore
product cross-over decreased) with increasing voltage. However, there was little information
given regarding current densities and cell voltages achieved when testing the device. A patent
was filed for this device in 2017 and approved in 2021.
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Figure 13 - Two configurations of the electrolyser design proposed by Rarotra et al for electrolysis of
seawater [50].

A system in which a floating, membrane-less electrolyser was used in conjunction with PV
panels was proposed in 2018 by Dauvis et al [51]. The electrolyser used in this design was like
previous devices in that it contained mesh, flow-through electrodes, but differed in that the
electrodes were positioned vertically rather than horizontally. The electrodes are asymmetrical,
in that they are only coated in electrocatalyst material on one side, which is intended to
minimise product cross-over by constraining gas nucleation to the outer face of the electrode.
These electrodes induce the formation of hydrogen and oxygen gas bubbles which are then
separated into two collection chambers based on buoyancy. It is proposed that floating PV
panels are fitted above these collection chambers which can then provide electricity to power
the electrolysis. The design is shown in Figure 14.

Vent to é H, storage
atmosphere €° €" reservoir

Figure 14 - Design proposed by Davis et al for electrolysing seawater using asymmetric electrodes
[51].
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Also in contrast to previously described devices, this device was intended for use with a
stagnant electrolyte rather than flowing and could therefore be submerged directly into
seawater with no pumping of electrolyte required, reducing overall energy requirements of the
system. On testing the impact of using asymmetrical electrodes, it was found that this
configuration gave lower product cross-over as expected (1% compared to 7% for symmetrical
at 100 mA/cm?). However, symmetrical electrodes gave a slighting higher electrolysis
efficiency (53.4% compared to 50.6% for asymmetrical electrodes at 100 mA/cm?); this is due
to there being a larger active surface area available for reaction in the symmetrical electrodes.

The angle of separation between electrodes was varied so that the impact of this parameter
could be determined. It was found that by increasing the separation angle and therefore the
electrode separation distance, electrolysis efficiency decreased due to the increase in solution
resistance. However, product cross-over was found to decrease on increasing the angle of
separation, due to there being a greater spatial separation between the products. Furthermore,
increasing current density also decreased product cross-over, because there is a lower incidence
of gases dissolving into the aqueous phase than there is with lower current densities. This
device was tested using saline water (0.6 M NaCl) as the electrolyte and as with other devices,
it was found that this required a greater overpotential than when using other electrolytes (3.68
V at 100 mA/cm? compared to 2.44 V when using 0.5 M H,SO4 as the electrolyte). Because
this device was only tested using NaCl solution and not seawater, it is difficult to predict

whether other ions present in seawater would have an impact on the performance.

A 3D-printed millifluidic electrolyser cell was presented in 2019 by Hashemi et al [52]. A
photo of the prototype electrolyser is given in Figure 15. The device consists of a single
electrolyte stream with a cathode and anode which are parallel to the flow and a Y-junction
separator. Product gas bubbles form on the electrode surface and are swept into the
corresponding channel by the flowing electrolyte. Inertial fluidic forces within the device are
manipulated to control flow within the device and product separation. The formation and
coalescence of bubbles during electrolysis in membrane-less electrolyser designs can inhibit
performance of the cell by creating violent flow regimes, which is why microfluidic channels
are normally preferential. However, this study investigates the use of a millifluidic device with

a channel diameter of 1 mm at Reynolds numbers of up to 312.
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Figure 15 - Illustration of electrolyser device designed by Hashemi et al with photo of 3D printed
prototype in top left corner [52].

The electrolyser was tested using 20 wt% NaCl as an electrolyte, which is almost 6 times the
salinity of seawater and therefore more conductive. Therefore, the results produced when using
seawater could not be expected to be as positive as those found using this brine as an electrolyte.
Current densities of up to 706 mA/cm? were achieved at a voltage of 3.25 V, which the authors
claim to be similar to the performance of an industrial membraned electrolyser. However, as
stated in Table 1, some electrolysers are capable of achieving current densities of up to 2000
mA/cm? at a cell voltage of only 2.2 V [9]. The current density was found to increase to 706
mA/cm? from 593 mA/cm? by increasing the flowrate of electrolyte from 300 mL/h to 1200
mL/h. This is because by increasing the flowrate, larger drag forces are exerted on the product
bubbles which are formed on the electrode, meaning that they are detached from the electrode

and moved upstream at a smaller bubble size.

A patent was filed in 2014 for a portable water electrolysis device that claims to be able to
electrolyse undistilled water without using a liquid electrolyte [53]. The device, pictured in
Figure 16, splits water into hydrogen and oxygen through a series of anode rods and hexagonal
cathode matrices. The hydrogen gas produced is separated from oxygen by passing through
tube walls which are permeable to hydrogen but not oxygen. The inventor claims benefits of
this electrolyser such as it being portable but also scalable for industrial applications. This
electrolyser is being commercialised by Gilman Industries as Evolve™ C-37 and it is claimed
by their website that the device is able to work with tap water, wastewater and seawater. Purity
tests by Rensselaer Polytechnic Institute - Center for Future Energy Systems found that when
electrolysing tap water, hydrogen purity of up 99.32% was observed [54]. However, other than
this, there is little information available on the performance of the electrolyser cell in terms of

efficiencies or current densities.
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Figure 16 - lllustration showing components of interior of Evolve™ C-37 Electrolyse patented by
Gilman Industries, taken from [55].

The simple but effective design of all of these membrane-less electrolyser cells make them
promising technologies for direct seawater electrolysis. However, these have mostly only
been tested at a lab-scale and are not yet ready for mass deployment. Furthermore, they must
be tested using real seawater as opposed to simulated seawater to prove their performance
ability; real seawater will contain many more contaminants other than dissolved ions that can

inhibit performance of the electrolyser through scaling and biofouling.

2.3 Electrocatalysts for Seawater Electrolysis
Due to the possibility of chlorine forming during seawater electrolysis, a major focus area in
the field is developing electrocatalysts which promote OER over the competing CIER.
Furthermore, due to the high salinity content of seawater, electrocatalysts are required that can
withstand the harsh environment without being corroded or without precipitation of harmful

compounds occurring on the electrode.

A review of the literature available on ‘recent advances in seawater electrolysis’ was recently
conducted by Mohammed-Ibrahim and Moussab [17]. They found that highly OER selective
electrocatalysts include transition metal hexacyanometallates based electrocatalysts, transition
metal nitride and layered double hydroxide (LDH) integrated with transition metal sulfide, with

some proving long term stability of over 600 hours. They also investigated electrocatalyst
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materials which improve HER. A summary of the findings on OER selective electrocatalysts

is given in Table 3.

Table 3 - Results on stability and durability of various OER electrocatalysts, recreated from [17].

OER Catalysts Electrolyte Durability Remark after stability = Reference

(h) test
Cellular 1M KOH + 110 Negligible decay at 40 [56]
stainless steel 0.6 M NaCl mA/cm?
NiCo Seawater ~40 98.83% retention at [57]
overpotential of 270 mV
PtPd Seawater ~12 Negligible decay [58]
PtFe Seawater 12 Reasonable stability [58]
PtCo Seawater ~11 Reasonable stability [58]
PtNi Seawater ~10 Negligible decay [58]
CoFe LDH Simulated 8 ~86% retention at [59]
seawater overpotential of 560 mV
NiFe LDH/C 0.1 M KOH + 2 Reasonable stability at 10 [11]
0.5 M NaCl mA/cm?

Although a review on seawater electrolysis for hydrogen production, the paper by Mohammed-
Ibrahim and Moussab differed to this one in that it focussed primarily on advances in
electrocatalyst materials and did not cover novel technologies or processes for electrolysing
seawater. Because this paper already gives a highly detailed review on this subject, the
information given on electrocatalysts in this paper will be limited to this section.

2.4 Software Review
Various software packages were investigated to assess their applicability for analysing
seawater electrolysis processes. Aspen Plus from Aspen Technology™ was identified as being
suitable due to its capabilities in simulating chemical processes and creating custom unit
operation models. This feature could have been utilised for processes featuring non-standard
electrolysers, such as the membrane-less electrolysers described previously. Furthermore, the

author was already familiar with this software which made it more appealing.

Although the software was available through the University of Strathclyde server, technical
issues meant that the package was not able to be accessed when using a PC off campus. Due to
the ongoing COVID-19 pandemic, it was not possible to use a PC on campus. Therefore, the

decision was made to explore other software programs.

ChemCAD from Chemstations™, another chemical process simulation software, was

investigated due to its similarity to Aspen [60]. However, it was discovered that this program
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was not available to download for student access. Another process simulation software package
from the CAPE-OPEN project called COCO was identified [61]. Although this program was
free to download and easy to use, its capabilities were limited and seemed to be more focused
on oil and gas applications, as the only chemical components that could be simulated were

mostly hydrocarbons, making it unsuitable for this project.

It was therefore decided that any calculations involved in the analysis section of this project
would be carried out using Microsoft Excel. This would allow for more flexibility in adjusting
certain parameters throughout the project and a better understanding of the numerical aspect of

the analysis.

3.0 Methodology

The following sections detail the procedure carried out to achieve the aims that were set out in
Section 1.3.

3.1 Processes for Hydrogen Production from Seawater
Four different methods for producing hydrogen using seawater electrolysis were identified
based on processes that were discussed in Sections 2.1 and 2.2. Process flow diagrams, mass
balances and energy balances were created for each of the four processes. Power consumption
of equipment involved in the processes such as compressors or pumps was also taken into

consideration.
The four processes selected were as follows:

1. Alkaline electrolysis of with NaCl precipitation

2. PEM electrolysis using SW vapour

3. PEM electrolysis with HDH-based desalination

4. Membrane-less electrolysis with solid SiO2 and Mg(OH). as by-products

The processes will henceforth be referred to as Process 1 (Alkaline), Process 2 (PEM 1),
Process 3 (PEM 2) and Process 4 (Membrane-less), respectively. Seawater (SW) was used as

the feed for all four processes and the assumed composition is given in Table 4.
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Table 4 - Typical concentrations of various ions found in seawater [33].

lon MW (g/mol) Concentration Concentration
(mg/L) (mol/L)
Chloride, CI’ 35.453 18980 0.535
Sodium, Na* 22.990 10556 0.459
Sulfate, SO4> 96.060 2649 0.028
Magnesium, Mg?* 24.305 1262 0.052
Calcium, Ca® 40.078 400 0.010
Potassium, K* 39.098 380 0.010
Bicarbonate, HCO* 61.017 140 0.002
Strontium, Sr?* 87.620 13 0.000
Bromide, Br 79.904 65 0.001
Borate, BOs> 58.810 26 0.000
Total dissolved solids (TDS) 34471

For the purpose of this project, it is assumed that the processes will be used to produce hydrogen
from seawater on an offshore unit in the North Sea of Scotland. Therefore, the temperature of
the seawater feed was assumed to be 5°C, based on a minimum average temperature
experienced in this sea [62]. The minimum temperature was chosen so that the calculated
thermal input to the processes would be a maximum. The temperature of the air above the sea

was also assumed to be 5°C [63].

3.2 Process Descriptions and Flow Diagrams

A full description of the operation of each of the four processes identified is given in the

following sections, along with a process flow diagram for each.

3.2.1 Process 1 (Alkaline) Process Description
The process flow diagram for this process given in Figure 18 was created based on the method
devised by Amikam et al which was discussed in Section 2.1.1. [13]. Seawater enters S100 and
is pumped through centrifugal pump CP-100 where it is increased in pressure from atmosphere
pressure (1.01 bara) to 15.01 bara in preparation for entering the nanofiltration (NF) unit, F-
100. The stream is passed through heat exchanger HX-100 and raised in temperature to 25°C
from 5°C using low pressure (LP) steam. The operating temperature and trans-membrane
pressure of F-100 (25°C and 14 bar) were selected based on work done by Telzhensky et al

[64]. Stream S200 contains ions rejected during the NF process such as Mg?* and Ca?* and
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90% of the water input to the unit (based on 10% water recovery [13]). The remaining 10% of

the water and most of the Na* and ClI" ions are exit F-100 at atmospheric pressure in S300.

200
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200

150

MaCl solubility (g/kgH.0)

o0

50
100 150 200 250 300 350 400

MaOH concentration (g/kgH,0)

Figure 17 - Graph showing NaCl solubility in water as a function of NaOH concentration at varying
temperatures, taken from [13].

The stream then enters settling tank T-100 where precipitation of NaCl salt occurs based on
Equation 11. The principle of this reaction is based on the common ion effect; the sodium
hydroxide (NaOH) concentration and temperature are maintained so that the solubility of NaCl
in water is low and therefore the salt begins to precipitate. A temperature of 25°C and a NaOH
concentration of 400 g/kgH-O were selected so that maximum precipitation can occur without
having to cool the stream post-nanofiltration. The solubility of NaCl in these conditions are

shown in Figure 17.
Na*(aq) + Cl~(aq) — NacCl(s) (11)

Solid NaCl is rejected in S400 and an alkaline solution exits T-100 in S500. This stream then
enters the electrolyser AE-100 where it is electrolysed into gaseous oxygen and hydrogen based
on the reaction in Equation 7. Oxygen exits in S700 and is compressed to 200 bar in C-100
before being storage in T-200 and hydrogen is compressed to 350 bar in C-200 then stored in
T-300. The alkaline solution which is unused during the electrolysis process exits AE-100 in
S600, where it is cooled back to 25°C before being recycled to T-100.
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Figure 18 - Process flow diagram for Process 1 (Alkaline).
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3.2.2 Process 2 (PEM 1) Process Description
This process was partly based on the process described by Kumari et al discussed in Section
2.1.2 with an added pressure swing adsorption (PSA) unit to separate hydrogen gas from
nitrogen. Although the process by Kumari et al operates with air at RH80, it was decided to
humidify the air to RH100 to ensure that the polymer membrane of the PEM electrolyser stays
sufficiently hydrated and therefore maximise efficiency [40]. A process flow diagram is given
in Figure 19. Seawater enters S100 and is pumped using centrifugal pump CP-100 into H-100
where it is used to humidify air feed stream S120. This stream enters H-100 at 80% relative
humidity (RH80) and is humidified to RH100 and heated to 80°C within H-100. The humified
air leaves at atmospheric pressure in S300 and enters electrolyser PEM-100 at the anode.
Excess SW leaves H-100 in S200 and is mixed with recycled, unreacted water stream S510 to
restore salinity to its initial value in S100. This mixed stream is then cooled in HX-100 to a

minimum of 8°C (maximum AT = 3°C, inlet T = 5°C) before being discharged back to the sea.

Dry nitrogen gas (RHO) enters PEM-100 at the cathode in S400 as a carrier gas. Seawater
vapour is electrolysed in PEM-100 based on Equation 10. Air, oxygen gas and unreacted water
leave PEM-100 in S500 before being separated in phase separator FD-100. The water exits in
S510 and is mixed with S200. Air and oxygen gas leave FD-100 in S520 are expelled to the
environment. Nitrogen and hydrogen leave PEM-100 in S600 before entering a PSA unit for
separation. The pressure in adsorption columns AC-100 and AC-200 alternates between 30 bar
and atmospheric pressure depending on whether they are in adsorption or desorption mode.
When the column is operating at 30 bar, i.e. in adsorption mode, gaseous nitrogen is adsorbed
by the adsorption material and pure hydrogen leaves the column in S800 before being
compressed in C-200 to 350 bar and stored in T-300. While one column is in adsorption mode,
flow is restricted to the other column which operates at atmospheric pressure, so that nitrogen
is desorbed and exits in S400 before being recycled back to PEM-100.
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Figure 19 - Process flow diagram for Process 2 (PEM 1).
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3.2.3 Process 3 (PEM 2) Process Description
This process is based on a simplified version of the process proposed and analysed by
Delpisheh et al [36] which was discussed in Section 2.1.2. Seawater is desalinated using a HDH

unit and the pure water is then used in PEM electrolysis.

Seawater enters S100 and is pumped into humidifier H-100 using centrifugal pump CP-100.
Dry air (RHO) enters H-100 via S400 and is humidified to RH100. Saturated air leaves H-100
in S300 at atmospheric pressure and 80°C [65]. Seawater with increased salinity leaves H-100
in S200. Saturated air then enters dehumidification unit DH-100 in S300 before being
dehumidified to RHO and recycled back to H-100 in S400. The condensed water from DH-100
leaves in S500 at 80°C and atmospheric pressure and is mixed with recycled post-electrolysis
desalinated water to form stream S600. This stream then enters PEM-100 and is electrolysed
into product gases hydrogen and oxygen based on Equation 10. Dry hydrogen leaves in S700
at 30 bar and 70°C and is then compressed in C-100 to storage pressure 350 bar before being
stored in T-100.

Oxygen gas leaves PEM-100 in S800 along with any unreacted water. The liquid water and
gaseous oxygen are then separated in phase separator FD-100. Dry oxygen leaves in S900
before being compressed to 200 bar in C-200 and stored in T-200. The stream of pure water
leaving FD-100, S920, is partially recycled back in to be mixed with brine stream S200 so that
the salinity of this stream is returned back to initial levels before being discharged to the sea.
These two streams combine to form S1000, which is then cooled back to a minimum of 8°C
before being discharged. The remainder of S920 is recycled in S930 and mixed with S500 to
increase the mass of water entering PEM-100 for electrolysis and therefore increase the mass

of product gases formed.
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Figure 20 - Process flow diagram for Process 3 (PEM 2).
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3.2.4 Process 4 (Membrane-less) Process Description
This process is based on a process which was presented in confidential material provided by
sHYp and the membrane-less electrolyser cell discussed in Section 2.2. Two membrane-less
electrolysers are used in a direct SW electrolysis system that produces hydrogen, oxygen,

magnesium hydroxide (Mg(OH)2) and silicon dioxide (SiO>).

Seawater is pumped into the system via S100 using centrifugal pump CP-100 before being
heated to 20°C in HX-100. The stream then enters F-100 where suspended solids such as
seaweed and sand are removed and rejected in S200. Seawater exits F-100 in S300 and enters
MT-100 where it is mixed with recycled alkaline stream S1100 to stimulate precipitation of
Mg(OH), based on Equation 12. The enthalpy of formation of Mg(OH). is -925 kJ/mol. Solid
Mg(OH). and water exit MT-100 in S400 and enter rotary drum filter F-200 where solids are
removed and rejected in S500. The demineralised water exits in S600 and is split into S700 and
S800: S700 proceeds to the first electrolyser, ME-100, and S800 is sent to neutralisation tank
MT-200 to control the pH of S1900 which is discharged back to the sea.

Mg**(aq) + 20H™ (aq) - Mg(OH),(s) (12)

In ME-100, the demineralised SW is split into an alkaline cathode effluent, S900, and an acidic
anode effluent, S1200, both leaving ME-100 at atmospheric pressure and 50°C. The reaction
occurring in ME-100 is given in Equation 13 and the enthalpy change associated with this
reaction is 95.9 kJ/mol. The pH of streams S900 and S1200 are 13.2 and 0.8, respectively. A
portion of the alkaline stream is sent to the second electrolyser ME-200 in S1000 and the
remainder of the stream is recycled back to MT-100. Before entering ME-200, S1000 is
pressurised in CP-200 to 10 bar from atmospheric pressure. In ME-200, direct alkaline SW
electrolysis occurs based on Equation 7 and produces two streams, one with hydrogen gas and
alkali (S1600) and another with oxygen gas and alkali (S1300). Both streams leave at 10 bar
and 80°C. The hydrogen gas is separated from the alkali in phase separator FD-100 before
being compressed in C-200 to 200 bar and stored in storage tank T-200. Oxygen gas is removed
from the alkaline solution in FD-200, exits in S1400 and is then compressed to 350 bar in C-
100 before being stored in T-100.

H,0(l) » OH™ (aq) + H*(aq) (13)
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The alkaline streams exiting both phase separators, S1500 and S1700, are sent to neutralisation
tank MT-200 to be neutralised by excess acid. Forsterite, Mg2SiOs, enters in S1210 and is
mixed with acidic stream S1200 in mixing tank MT-300. This stimulates the precipitation of
solid SiO2 and neutralises the stream based on Equation 14. The overall enthalpy of this
reaction is -70.7 kJ/mol. Solid SiO- is then removed in F-300 and rejected in stream S1230.
The reaction that occurs in MT-300 also restores the concentration of Mg?* ions to that of input
stream S100. The acidic fluid leaves F-300 in S1240 and is sent to MT-200 for neutralisation.
Post-neutralisation, water leaves MT-200 in S1900 with the same composition as S100.

Mg,Si04(aq) + 4H* (aq) - 2Mg** (aq) + Si0y(s) + 2H,0(1) (14)

Finally, S1900 is cooled in HX-200 to a maximum of 8°C before being discharged to the sea
in S2000.
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Figure 21 - Process flow diagram for Process 4 (Membrane-less).
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3.3 Mass and Energy Balances
Using the process flow diagrams given in Sections 3.2.1 to 3.2.4, mass and energy balances on
were carried out based on 1 kg of H2 being produced per hour. When carrying out the mass and

energy balances, the following assumptions were made:

e The process is operating at steady state.

e Each heating/cooling or pressurising/depressurising process operates over one single
unit.

e Heating and cooling occurs isobarically.

e Pressurisation and depressurisation of liquids occurs isothermally.

e For alkaline electrolysis, the electrolyser used is the A150 Model Alkaline Electrolyser
by Nel and the operating conditions are given in Table 5.

e For PEM electrolysis, the electrolyser used is the M2000 Model PEM Electrolyser by
Nel and the operating conditions are given in Table 5.

e For the membrane-less electrolyser process, the electrolyser used is the device designed
and patented by Esposito and O’Neil [66].

e Heating and pressurising occurs internally within the electrolysers, except in the case
of the membrane-less electrolyser, where the stream is pressurised before entry. The
energy consumptions stated in Table 5 are assumed to account for the energy required
for heating and pressurising.

e LP steam (1.01 bar, 100°C) is available on site for heating.

e Seawater is used for any cooling and therefore relevant heat exchangers and pipelines
are constructed using corrosion resistant materials.

e Seawater feed to each process is pH neutral and 5°C, based on the process plants being
located offshore in the North Sea of Scotland.

e The storage pressures for gaseous hydrogen and oxygen are 350 bar and 200 bar,
respectively.

e No heat or pressure is lost in pipelines.
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Table 5 - Specifications for two types of electrolysers from Nel: the Alkaline A150 Model and the
PEM M2000 Model.

Specification Nel Electrolyser
Type of electrolyser Alkaline PEM
Model name A150 M2000
Operating temperature 70°C 70°C
Power consumption 3.8-4.4KkWh/m®*H, 4.5 kWh/m3H,
Output pressure 1 - 200 barg 30 barg
Product purity 99.9% Ha, 99.5% O3 99.9995%
O2in H2 2 ppm 1 ppm
Hzin O2 2 ppm 5 ppm
Water consumption?! 1.1 kgH20/m3H; 1.4 kgH20/m*H;

The energy of each stream, Q, was calculated using Equation 15:

Q =m'Cy(T — Trey) (15)

Where Q = energy of stream (kW), m’ = mass flowrate (kg/s), Cp = heat capacity of stream

(kJ/kg.K), T = temperature of stream (K) and Trer = reference temperature (273.15 K). In

instances when two streams are mixed, the temperature of the mixed stream was calculated

based on Equation 16.

(m'1Cp Ty +m'5Cp 2 T,)
(m'1Cp1 +m'3Cp )

T4 = (16)

The specific heat capacity of each stream, C,, was found based on a weighted average of the
stream apart from in the case of SW or brine, where an online calculator was used to find the
heat capacity based on salinity [67].

The area required for heat transfer in heat exchangers is calculated using Equation 17:

Q

A=
UAT,

(17)

Where A = heat transfer area (m?), U = overall heat transfer coefficient (W/m2.K) and ATiwm

= log mean temperature difference, which is calculated using Equation 18:

1 Water consumption was not provided for these models and so was calculated based on an average water
consumption of other alkaline/PEM electrolysers.
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) &

Where AT1 = hot stream temperature in minus cold stream temperature out and AT = hot
stream temperature out minus cold stream temperature in. The values used for U for water-to-
water and steam-to-water heat exchange were 370 W/m?.K and 1050 W/m?2.K respectively
based on mild steel being used as the transmission surface material [68].

The thermal input required by each unit can be calculated based on the law of conservation of
energy using Equation 19.

Accumulation = In — Out + Generation — Consumption (19)

This can be rewritten as shown in Equation 20:

d
d_f = Qin — Qout + Qr (20)

Where Z—f is the accumulation of energy over time (kJ/s or kW), Qin is the collective energy of

streams entering a unit (kW), Qin is the collective energy of streams exiting a unit (kW) and
Qr is the energy consumed or generated by any reactions taking place (kW) in the unit. If the
reaction is endothermic, it will consume heat and Qr will be positive and if it’s exothermic, it

will generate heat Qr will be negative. The processes are all operating at steady state,

meaning that in each individual unit the energy within the unit should be constant, i.e. %
should be equal to zero. If it is found using the energy balance that Qin — Qout + Qr is not
equal to zero, then the resulting value from this equation is the amount of thermal input that is
required to the unit. Negative values correspond to cooling and positive values correspond to

heating.

3.3.1 Process 1 (Alkaline) Mass and Energy Balance
As well as the assumptions stated in Section 3.2, the following assumptions were made when

constructing the mass and energy balances of this process:

e Rejection of ions present in seawater from F-100 occurs based on the values in Table
6. For ions not included in this table, it was assumed they are 100% removed due to the
negligible concentrations that are present (Table 4).

e The operating temperature and trans-membrane pressure of F-100 are 25°C and 14 bar

respectively, based on [64].
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Water recovery in F-100 is 10% based on [13].

e The concentration of NaOH in T-100 is 40 wt% and the temperature in T-100 is 25°C
based on the experiments carried out by Amikam et al [13].

e The solubility of NaCl in T-100 is 90 g/kg H20 based on Figure 17.

e T-100 is sized so that it can hold 1 kg of water; therefore, the mass of precipitated NaCl
is the mass of NaCl in S300 minus 90 g.

e Any dissolved NaCl does not precipitate anywhere other than T-100.

e The oxygen and hydrogen leaving AE-100 in S700 and S800 are both dry and the only
impurities are Oz in Hz and Hz in Oa.

Table 6 - lon rejection rate for various ions during nanofiltration process.

lon Rejection rate (%0)

Crl 28.4
Na* 43
Ca?* 100
Mg?* 100
K* 32.7
HCOs 37.7

The flowrate of heat transfer fluid into each heat exchanger was found so that this could aid in
assessing the feasibility of the processes. The required flowrate of steam through HX-100 was
found by first using the energy balance to find the heat input required between S110 and S120.

The mass flowrate could then be found using Equation 21:

Qs110-5120
Cp,s130 X (Ts130 — Ts140)

m'si30 = (21)

The specific heat capacity, Cp, of LP steam was taken to be 4.18 kJ/kg.K and the outlet
temperature was set to 26°C. This temperature was selected to create the maximum possible
temperature difference in the steam so that the flowrate required would be minimised. In HX-
300, the temperature difference was fixed at 3°C as this is the maximum temperature difference
that seawater can be discharged to the sea at [69]. The flowrates of S620 and S630 were then
found using Equation 21.

To find the mass flows of oxygen and hydrogen leaving the electrolyser (5700 and S800
leaving AE-100) the reaction conversion was calculated. The water consumption value from

Table 5 was used to find the reaction conversion in the electrolyser, which is defined as the
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fraction of water which passes through the electrolyser which is reacted. To produce 1 m® of

H2, 1.1 kg of H20 is required. Using Equation 22, this can be converted to a mass of Ha:

My = Pu2Viz (22)

Where m = mass (kg), p = density (kg/m®) and V = volume (m®). Based on an operating
temperature of 70°C and density of 0.0706 kg/m? at this temperature, the mass of Hz produced

from 1.1 kg of water is found:
m = 0.0706 kg/m3 x 1 m3
= 0.0706 kg

As shown previously in Equation 22, during electrolysis, one mole of water reacts to produce
one mole of Hz and 0.5 moles of O. Therefore, assuming 100% conversion and knowing that
the molecular weights of water, hydrogen and oxygen are 18.02 g/mol, 2.02 g/mol and 31.99
g/mol respectively:

18.02 g H,0 — 2.02 g H, + 15.995 g 0, (23)
Based on this, the theoretical mass of reactants from 1.1 kg of water can be found:
1.100 kg H,0 - 0.123 kg H, + 0.976 kg 0, (24)

The reaction conversion, €, is then found by dividing the actual mass of hydrogen produced by

the theoretical mass, as shown in Equation 25.

Actual mass (kgH,)

= 2
¢ Theoretical mass (kgH,) (25)

_0.0706
"~ 0.1230

= 0.574

Therefore, for every 1 mol of water that passes through the electrolyser, 0.574 mol of H> will

be produced.

The heat produced by the exothermic reactions occurring in T-100 and AE-100 was found
using Equation 26.

Qr = n'Ahg (26)
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Where Qr = heat produced by reaction (kW), n” = molar flowrate of reactant (mol/s) and Ahg
= enthalpy of reaction (kJ/mol). For the precipitation reaction given in Equation 11, Ahg = -
411.1 kJ/mol. For the electrolysis reaction occurring in AE-100 which is given in Equation 7,
Ahg = -285.8 kJ/mol.

The impurities in the streams leaving the electrolyser are given in parts per million (ppm) on a
volumetric basis. Therefore, to find the composition of S700 and S800, the mass flows were
converted to volumetric flows using the densities of the product gases at 70°C (pn2 at 70°C =
0.0706 kg/m® and poz = 1.121 kg/m?).

The temperature of S710 and S810 were found when calculating compressor work in Section
3.4 using Equation 30 and 31.

3.3.2 Process 2 (PEM 1) Mass and Energy Balance
As well as the assumptions stated in Section 3.2, the following assumptions were made when

constructing the mass and energy balance for this process:

e The air entering humidifier H-100 is at 80% relative humidity, which is the global
average air humidity directly above sea [40].

e The composition of S120 is as given in Table 7.

e The volumetric flowrate of nitrogen entering in S430 is half of that of the air entering
in S300 [40].

e The PSA unit produces hydrogen that is 100% pure; this is based on PSA systems being
known to produce hydrogen of a purity up to 99.999% [70].

e The separation efficiency of FD-100 is 100%, which is known to be achievable [71].

e The PSA unit operates isothermally.

e Nitrogen and hydrogen gas leaving PEM-100 in S600 are dry (RHO) and the only
impurity is oxygen.

e Heating occurs internally within the humidifier H-100.

e H-100 operates at 80°C and atmospheric pressure [65].
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Table 7 - Composition of dry air entering process in S120 [72].

Component  Mole Fraction  Mass (g/mol of air)

02 20.95% 6.70
N2 78.08% 21.87
CO2 0.04% 0.02
Ar 0.93% 0.37

Total 28.97

The flowrate of feed seawater (S100) is determined by the flowrate of water being recycled
back from the electrolyser in S510 so that the salinity of S210 is equal to S100. The mass of
water in S300 is based on the moisture content of air at RH100 and 80°C (551.04 g H20 per kg
of dry air), which was found using a psychrometric chart. In S120, which is at RH80 and 5°C,
the water content is 4.33 g H.O/kg dry air.

The reaction conversion was calculated as described in Section 3.2.0; water consumption for
the PEM electrolyser was assumed to be 1.4 kg H,O/m*H, and the conversion was found to be
0.407. Therefore, for every 1 mol of H»O that passes through the electrolyser, 0.407 mol of H>
is produced. Impurities in S700 and S800 were calculated on a volumetric basis using the same
densities as stated in Section 3.2.0.

The only chemical reaction occurring in Process 2 is the electrolysis reaction which takes place
in PEM-100 based on Equation 10. The heat of this reaction was calculated using Equation 26

and the value for enthalpy of formation of water as stated in Section 3.3.1.

3.3.3 Process 3 (PEM 2) Mass and Energy Balance
As well as the assumptions stated in Section 3.2, the following assumptions were made when

constructing the mass and energy balances for this process:

e The HDH unit is 100% efficient in saturating/drying the air stream passing through H-
100 and DH-100.

e The operating conditions of the HDH unit are as given by Belessiotis et al in [65]: 1.01
bar and 80°C.

e Heating occurs internally within the HDH unit.

e The composition of dry air (S400) is as stated in Table 7.

e The separation efficiency of vapour-liquid separator FD-100 is 100%.

e Hydrogen leaving PEM-100 in S700 is dry and the only impurity is oxygen (1 ppm

vIv).
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e The mass flowrates of S930 and S940 are set so that S1000 has the same salinity and

composition as S100.

The flowrate of cooling water (seawater) that flows through HX-100 was calculated based on
Equation 19. The temperature difference was set to 3K to ensure that discharged water was at
an acceptable temperature. The same specifications were used for the PEM electrolyser as were
used in Process 2 (PEM 1) and so the reaction conversion was the same as given in Section
3.2.1(0.407).

The heat of the water electrolysis reaction occurring in PEM-100 was calculated in the same

way as described in Section 3.3.1.

Impurities in S700 and S800 were calculated on a volumetric basis using the same densities as
stated in Section 3.2.0. The water content of S300 was found to be 551.04 g H>O/kg dry air
using a psychrometric chart (RH100 and 80°C).

3.3.4 Process 4 (Membrane-less) Mass and Energy Balance
As well as the assumptions stated in Section 3.2, the following assumptions were made when

constructing the mass and energy balances for this process:

e The mass flowrate of S200 will vary so it is not included in the mass balance. However,
it is assumed that 100% of suspended solids are removed in F-100.

e Due to its low solubility in water (solubility product, Ksp, is 5.61 x 102 [73]), the
amount of Mg(OH). present in the stream post precipitation in MT-100 and filtration
in F-200 is negligible.

e Filtration units F-200 and F-300 are both 100% effective at removing the precipitated
solids.

e The conversion of the reaction occurring in MT-300 given in Equation 14 is 100%.

e The concentration of Mg?* ions post F-200 is negligible.

e Phase separators FD-100 and FD-200 operate at 100% separation efficiency.

e No dissolved ions other than Mg?* are involved in chemical or electrochemical
reactions.

e Cl is never oxidised in either ME-100 or ME-200 based on the electrocatalysts that are
used.

e Mass flowrate of water into ME-200 is controlled so that the salinity of S1000 is limited
to 5%.
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e The reactions occurring in MT-100, MT-200 and MT-300 are not temperature

dependent and so the operating temperatures are not fixed.

The mass balance was partially constructed based on known pH levels of the streams. For
example, in alkaline stream S900, the pH was known to be 13.2. Therefore, the concentration
of OH" ions in that stream was calculated based on Equation 27.

—log[OH™] = 14 — pH (27)

[OH™] =107°8

= 0.158 mol/L
The outlet temperatures of MT-100, MT-200 and MT-300 were calculated by varying the outlet
temperature and therefore the heat of the outlet stream, Qout, until the steady state energy change

was equal to zero based on Equation 20.

The reaction conversion in electrolysers ME-100 and ME-200 was based on values for mass
flowrates of product streams provided by sHYp.

The heat of the reactions given in Equations 12, 13 and 14 were found as described in Section
3.4.1 using Equation 26. The enthalpy of reaction for Equations 12, 13 and 14 was -925 kJ/mol,
95.9 kJ/mol and -70.7 kJ/mol, respectively.

3.4 Electrical Power Consumption
The electrical power consumed by equipment in all processes was calculated to find the overall
energy demand of the process. It was assumed that the only power-consuming units were
pumps, compressors and electrolysers. The power consumption of centrifugal pumps was
calculated based on Equation 28.

!

AP
P, = x 100 (28)
Ncp

Where Pe = electrical power (W), AP = change in pressure (Pa), V’ = volumetric flowrate (m®/s)

and ncp = pump efficiency, which was assumed to be 90% for all pumps [74].
The power consumed in gas compressors was calculated based on Equation 29.

P, = m’CP (Tout - Tin) (29)
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Where m’ = mass flowrate (kg/s), Tout = temperature of compressor outlet stream (K) and Tin
= temperature of compressor inlet stream (K). The isentropic temperature of the outlet stream,

Tout” Was calculated using Equation 30.

P
Tlout =Tin X (}t)).ut>
i

r=1
Y

(30)

Where Pout = pressure of compressor outlet stream (bar), Pin = pressure of compressor inlet
stream (bar) and v is specific heat ratio, i.e. Cp/Cy. The values for y are given in Table 8. The

real temperature of the outlet stream was then calculated using Equation 31.

T . —T;
Tour = out l +Tin (31)
Ne

Where nc = isentropic efficiency of compressor, which was taken to be 85% for all compressors
[75].

Table 8 - Values for specific heat capacity at constant pressure, specific heat capacity at constant
volume and specific heat ratio for oxygen and hydrogen gas.

Gas Ce (kJ/kg.K)  Cv (kJ/kg.K) Y
Oxygen 0.919 0.659 1.395
Hydrogen 14.320 10.160 1.409

The power consumption of the alkaline and PEM electrolysers was given in Table 5 based on
the volumetric flowrate of hydrogen gas produced. The energy consumption of membrane-less
electrolysers in Process 4, ME-100 and ME-200, were provided by sHYp as 0.5 kWh/kgH> and
59 kWh/kgHz, respectively.

3.4.1 Process 1 (Alkaline) Power Consumption
Power-consuming equipment in Process 1 included centrifugal pump CP-100, alkaline

electrolyser AE-100 and two compressors, C-100 and C-200.

The volumetric flowrate through the pump was found by converting mass flowrate from kg/h
to kg/s and using Equation 22. The electrical power consumption was then found using

Equation 32.

(Ps110 — Ps100) X V's100
Pe,cp-100 = x 100 (32)

Ncp-100
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(1,501,325 — 101,325 Pa) x 2.5 x 10~>m3/s
Pecp-100 = 0.9 x 100

=3.93 kW

The process produces 1 kg Hz per hour so the electrical consumption of CP-100 can be stated
as 3.93 kwWh/kgH..

The maximum electrical consumption for AE-100 is 4.4 kWh/m3 H, (Table 5). This is the
electricity consumption of the electrolyser stack only. Dividing by the density of hydrogen gas
at 70°C (0.0706 kg/m?®) converts this value into 62.32 kWh/kg Ho.

The electrical power input to C-100, which compresses oxygen, was found by first finding the
isentropic temperature of S710 using Equation 33.

y—1
’ PS710 v
T's710 = Ts700 X (P ) (33)
S700
1.395-1
343.15 K (200 bar) o
= : X
30 bar
= 687.61K
The real temperature of S710 was then calculated using Equation 34.
T,S710 - TS700
Ts710 = ——— *+ Ts700 (34)

Nc-100

_ 687.61 — 343.15

343.15
0.85 +

=74840K

This value could then be used to calculate to electrical power consumed by C-100 during this

compression process using Equation 35.

Pe,C—lOO = m,S700CP,S7OO(TS710 - TS700) (35)
7.93 kTg k]
= L | x0.919—.K x (748.40 — 343.15)
3600 kg

= 0.82 kWh/kgH,
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The power consumed by the hydrogen compression process in C-200 was found using the same
method with temperature and pressure values corresponding to S800 and S810. The total
electrical power consumption of the process was found by summing the values for all the

individual components.

3.4.2 Process 2 (PEM 1) Power Consumption
The power-consuming components in Process 2 were identified as centrifugal pump CP-100,
PEM electrolyser PEM-100 and hydrogen compressor C-200. The electrical power consumed

by these units was calculated using the same methods as described in Section 3.4.1.

3.4.3 Process 3 (PEM 2) Power Consumption
Four units which consume electrical power were identified in Process 3: centrifugal pump CP-
100, PEM electrolyser PEM-100 and two compressors, C-100 and C-200. Again, the electrical
power consumed per kg of Hz was calculated using methods described in Section 3.4.1.

3.4.4 Process 4 (Membrane-less) Power Consumption
Centrifugal pumps CP-100 and CP-200, membrane-less electrolysers ME-100 and ME-200
and compressors C-100 and C-200 were all identified as being electricity consuming units.
The electrical power consumed was calculated using methods described in Section 3.4.1 with

the electrolyser consumption values provided by sHYp.

3.5 Comparison of Membrane-less Technologies

For each of the devices discussed in Section 2.2, the following parameters were obtained:
e Maximum current density
e Onset potential
e Flowrate or flow velocity
e Channel diameter
e Product cross-over
o Electrode separation distance
e Cell voltage at a current density of 100 mA/cm?
These values were then used to find the voltage efficiency and the Gibbs’ free energy efficiency

of each membrane-less device. The voltage efficiency was measured using the cell voltage at

202052237



MECHANICAL & AEROSPACE ENGINEERING 49

a current density of 100 mA/cm? for each device to ensure consistency. The voltage efficiency,
nv, was calculated using Equation 36, with the standard cell potential of water electrolysis,
ECcen, being 1.229 V.

— Egell
Eco(@ 100 mA/cm?)

Ul% (36)

The cell voltages of the electrolyser devices were found from J-V graphs (Appendix 2) given
in the relevant research papers unless the voltage at 100 mA/cm? was stated in the text. The
efficiency based on the higher heating value (HHV) of hydrogen, nunv, was found using
Equation 37, where the HHV value of Hz was 285.8 kJ/mol and AG is the Gibbs’ free energy
of the formation of water (237.2 kJ/mol).

X HHV,
Ny H2 (37)

NaHY =
AGE 20

As well as efficiency, the Reynolds’ number of the flow in the main channel of each

electrolyser cell was calculated using Equation 38.

du
Re = (38)
U

Where d = diameter of the channel (m), u = velocity of flow in the channel (m/s), p = density
of the fluid in the channel (kg/m®) and p = dynamic viscosity of the fluid in the channel
(kg/m.s). This value was calculated so that it could be determined whether there was any
correlation between Reynolds’ number within the fluid channel and efficiency of the
electrolyser device, based on hypotheses made by Hashemi et al regarding the relationship

between flow regime and performance of electrolyser cells discussed in Section 2.2 [52].

The Evolve™ C-37 electrolyser was not included in this analysis due to the lack of available

information on this device.

4.0 Results and Discussion

4.1 Mass and Energy Balance Results
From the mass and energy balances for each process (given in Appendix 1), it was possible to
determine the overall throughput of seawater in the electrolysis system. In this context, this
includes seawater used as a feedstock and for cooling in heat exchangers but does not include
seawater that may be used for cooling in any equipment such as electrolysers. The results are
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given in Table 9. For comparison, producing hydrogen using water electrolysis has been shown
in previous studies to consume anywhere between 8,820 and 223,390 kg of water per kg of

hydrogen produced [76].

Processes 2 and 4 (PEM 1 and Membrane-less) used significantly more water than the other
processes (311,751 and 376,305 kg SW/kg H2 respectively). For Process 2, a relatively high
flowrate of seawater was required as feed so that the unreacted water from the electrolysis stage
would be sufficient to return this stream to its original salinity. In Process 4, a high throughput
of feed water is required because a large proportion of the water that passes through the first
electrolyser (~98%) is recycled back to the mixing tank to stimulate Mg(OH)2 precipitation.
An alternative process design which incorporates a membrane-less electrolyser but does not
produce Mg(OH)2 as a by-product could potentially have a reduced seawater throughput in
comparison to the process analysed here, but it is unknown what impact the harmful Mg?* ions

would have on the performance of the membrane-less electrolyser.

Table 9 — Mass of seawater used in each process for feedstock and for cooling.

Water Throughput (kgSW/kgH20)

Process Feed Cooling Total
1 (Alkaline) 91 610 701
2 (PEM 1) 12,371 299,379 311,751
3 (PEM 2) 34 781 814

4 (Membrane-less) 22,613 353,891 376,305

As a knock-on effect of large feed streams, the flowrate of seawater used to cool streams in
Processes 2 and 4 was also relatively high, leading to a higher overall throughput of water.
Processes 1 (Alkaline) and 3 (PEM 2) used similar flowrates of water (701 and 814 kg SW/kg
H>, respectively). It should be noted that a significant portion (up to 96%) of the water
throughput for every process was used for cooling, due to the maximum allowable temperature
difference between the inlet and outlet streams being 3°C. This suggests that perhaps for these
systems, a different cooling method should be adopted rather than using seawater; a passive
approach in which discharged water was stored in tanks and allowed to cool naturally would

use less energy and therefore improve the efficiency of the systems.

The mass flowrates of certain streams were optimised so that any water discharged to the sea
was rejected at its initial salinity. Therefore, an increased seawater throughput should not
increase the danger of harming sea life or destabilising the local oceanic environment.

Furthermore, as these processes are intended for offshore hydrogen production, seawater
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availability will not be an issue. However, there are still negative impacts associated with a
large water throughput. Based on Equation 28, an increase in seawater throughput of the system
correlates to a greater electrical power requirement of centrifugal pumps. This will therefore
decrease the overall energy efficiency of the system based on 1 kg of H2 being produced.
Furthermore, the larger the flowrate of fluid through any equipment, the larger the equipment
will have to be. This applies to pumps, heat exchangers, pipelines and any processing units
involved in the system. For most components of these systems, there is a direct correlation
between size and cost of equipment. Therefore, an increased liquid flowrate results in a greater

overall capital cost of the system.

In addition to this, due to its high salinity, seawater is extremely corrosive. Processing
equipment used in marine environments is subject to several different types of corrosion such
as uniform corrosion, galvanic corrosion and biofouling [77]. The higher the flowrate of
seawater, the more susceptible pipelines and equipment will be to corrosion. Corrosion-
resistant coatings can be used to minimise the issue, but there will still be increased
maintenance required so ensure corrosion is kept to a minimum [78]. Increased maintenance

will result in an increase in annual operation and maintenance (O&M) costs of the system.

Table 10 - Thermal input required for each process for both heating and cooling.

Thermal Input (kWh/kgH?2)

Process Heating Cooling
1 (Alkaline) 2 -43
2 (PEM 1) 1031 -1037
3 (PEM 2) 3 -42
4 (Membrane-less) 377 -1271

Another parameter of the processes that was considered was the thermal input required for both
heating and cooling. The results are given in Table 10. All of the processes required more
energy for cooling than they did for heating, due to the exothermic reactions taking place in
the electrolysers. In Process 4 (Membrane-less), an endothermic reaction occurs in the first
electrolyser. However, because the temperature of the entering stream was raised by the
exothermic precipitation reaction, this electrolyser still requires cooling to maintain the
operating temperature of 50°C. Process 2 (PEM 1) required the greatest level of thermal input
(2068 kWh/kgH: in total), due to the high volume of fluid that is heated in humidifier H-100
and then cooled in HX-100 before being discharged to the sea. Process 4 requires a relatively

high cooling input (1037 kWh/kg H); however, as previously mentioned, a passive system
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could reduce this. Processes 1 and 3 required similar thermal inputs for both heating and

cooling (45 kWh/kg H: total for each process).

An increase in thermal input will increase the total energy input required to produce 1 kg of H>
and therefore reduce the energy efficiency of the whole system. Furthermore, increased heating
and cooling requirements will increase the volume of fluid that is pumped through the system
to transfer heat, which will further increase the total energy input to the system.

The total thermal input to each process can be reduced through better utilisation of any waste
heat that is produced. This could be achieved by performing a pinch analysis, in which units or
streams that need to gain heat are matched with those that need to lose heat. For example, in
Process 2 (PEM 1), the heating input almost exactly matches the cooling input (1031 versus
1037 kWh/kgH>), meaning there is a lot of potential for stream matching; the excess heat in
streams S500 and S600 leaving the electrolyser could be used to heat the fluid in humidifier H-
100 instead of using steam which will require a boiler on site. Additionally, excess heat
produced in any compression stages in the processes could be used to heat other streams. For
example, in Process 1 (Alkaline), waste heat from compressors C-100 or C-200 which are used
to compress hydrogen and oxygen could be used to heat stream S110 in heat exchanger HX-
100.

4.2 Electrical Power Consumption Results

Using the methods stated in Section 3.4, the electrical power consumed by each pump,
compressor and electrolyser in each process was calculated. The results are given in Table 11.
In each process apart from Process 4 (Membrane-less), the electrolyser was the biggest power-
consuming component. The PEM electrolyser consumed slightly more power than the other
two types of electrolysers. As a stand-alone unit, the membrane-less electrolyser consumed the
least electrical power of all the electrolysers (0.5 kWh/kg Hz in ME-100 and 59.0 kWh/kg H>
in ME-200).

Table 11 - Electrical power consumed in each process by pumps, compressors and electrolysers.

Electrical Power Consumption (kWh/kgH2)

Process Pumps Compressors Electrolysers  Total
1 (Alkaline) 3.83 2.25 62.32 68.40
2 (PEM 1) 36.67 1.67 63.74 102.09
3 (PEM 2) 0.10 4.50 63.74 68.34
4 (Membrane-less) 75.01 7.24 59.50 141.75
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Process 4 (Membrane-less) was found to consume the most electrical power per kg of Hz out
of all the processes. However, it is important to note that this process was the only one in which
it was necessary to raise the pressure of the stream entering the electrolyser to its operating
pressure. This assumption was made based on the flow diagram provided by sHYp. For the
PEM and alkaline electrolysers, it was assumed based on the specification sheets that
pressurisation occurred internally within the electrolyser and was therefore already accounted
for in the total electrical power consumption value provided by the manufacturers. If this
assumption had not been made, the electrical power consumption attributed to pumps in the
other processes would be greater. With this being said, most of the pumping power in Process
4 (Membrane-less) came from the feed pump, CP-100 (67.04 kWh/kgHz), and not the
electrolyser pump, CP-200 (7.97 kWh/kg H>), so the electrical consumption was still high in
comparison to the other processes.

Process 2 (PEM 1) also required a relatively high level of pumping power (37.68 kWh/kgH>).
This is due to the high volumetric flowrate passing through the pump, CP-100. As stated
previously, increased power consumption not only reduces the overall energy efficiency of the

process but it also drives up the costs associated with producing hydrogen.

The electrical power consumption discussed in this section is only meant to provide a
comparison relative to the other processes and does not cover all of the power consuming
elements. For example, some of the filtration units such as F-100 in Process 1 (Alkaline) will
also consume electrical power. If there had not been limitations with the software that was
available to use to simulate these processes (discussed in Section 2.4), a more detailed analysis
could have been given. Therefore, the values given in this section should not be taken as

absolute.

4.3 Overall Comparison of Processes
Based on the total power consumption (electrical and thermal) of each process and the HHV
of hydrogen gas (39.4 kWh/kg), the overall energy efficiency of each process was calculated.
The results are given in Table 12. These efficiencies are similar to those found by Demir and
Dincer and Delpisheh et al when analysing processes for producing hydrogen from seawater
[35] [36]. Processes 1 and 3 had similar efficiencies and were the most efficient overall, which
was expected based on both their thermal inputs and electricity consumptions discussed in
Sections 4.1 and 4.2. Processes 2 and 4 also show similar overall efficiencies (~2%), with the

membrane-less process being marginally more efficient. However, it is emphasised that this is
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based on only one particular set-up involving a membrane-less device; the same electrolyser
used within a different process design may yield better results than the other processes. The
membrane-less electrolyser on its own is more efficient than either the PEM or the alkaline
electrolyser.

Table 12 - Total (electrical and thermal) power consumption of each process based on production of 1

kg of hydrogen gas and the overall energy efficiency of the process based on this value and the HHV of
hydrogen.

Total power Efficiency

Process consumption (based on
(kWh/kgH?2) HHV)
1 (Alkaline) 113.3 34.8%
2 (PEM 1) 2170.0 1.8%
3 (PEM 2) 113.6 34.7%
4 (Membrane-less) 1790.0 2.2%

As well as being the least efficient and having one of the highest seawater throughputs, Process
2 (PEM 1) was also found to be practically unfeasible for various other reasons. Firstly, it is
the only process in which there is only one product formed (Table 13). This means that there
is less product to sell, which leads to less profits and a longer return on any capital investment
which was made. The process also required nitrogen gas as a feedstock whereas most of the
other processes only used seawater which would further drive up the costs of this process.
Furthermore, because the hydrogen gas exits the electrolyser mixed with another gas as
opposed to the other processes in which hydrogen is mixed with a liquid, separation of the
product gas becomes more complex and costly. The PSA unit used for gas separation requires
an adsorbent such as a molecular sieve which will need replaced periodically, increasing the

overall costs of the process [79].

Table 13 - Mass flowrates of hydrogen gas and any other valuable by-products from all 4 processes
being evaluated.

Product Flowrates (kg/h)

Process H2 02  Mg(OH)2 SiO2
1 (Alkaline) 1.0 7.9 - -
2 (PEM 1) 1.0 - - -
3 (PEM 2) 1.0 7.9 - -
4 (Membrane-less) 1.0 8.1 64.7 33.6
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The area required for any heat exchangers involved in the processes was estimated using
Equation 17 to help assess the feasibility. Heat exchanger HX-200 in Process 4 (Membrane-
less) was found to be the largest at 199.6 m?, which is not viable due to the excessively large
area that would be needed to accommodate this. In Process 2 (PEM 1), the heat transfer area
required for HX-100 was also unreasonably large at 124.1 m?. These could be reduced in size
by performing the heat transfer over several stages instead of one unit or by using an alternative
heat transfer fluid rather than seawater so that the temperature difference doesn’t need to be
kept to 3°C. Any other heat exchangers involved in the processes were found to require a heat

transfer area less than 10 m? and so were deemed viable.

In all of the compression stages present in the processes, hydrogen and oxygen are compressed
from either atmospheric pressure or 30 bar to their respective storage pressures in a single step.
In every case, this exceeds the maximum pressure ratio that is possible in a compressor [75].
Therefore, these compression processes would not be feasible in a single stage and would have

to occur across multiple stages which would increase the total power consumption.

Although Process 4 (Membrane-less) was the most complex of the systems and had the most
components (Figures 19 to 22), it also produced the greatest mass of valuable by-products as
seen in Table 13. The market for Mg(OH)2 has been driven up recently by the desire to find an
environmentally friendly flame-retardant additive [80]. There is also a growing demand for
SiO2 in the construction industry, making these both profitable by-products [81]. This,
combined with the simple membrane-less design of the electrolyser, increases the economic
feasibility of this process and will reduce the overall price of producing hydrogen in
comparison to the other processes. Furthermore, the use of PEM or alkaline electrolysers with
more components than a membrane-less electrolyser means that components will need replaced
more regularly and will be more subject to degradation, which will increase the annual O&M

Costs.

As previously mentioned in Sections 2.1 and 2.2, most of these processes are currently only in
the research and development stage and have not been tested using real seawater. During
research that Process 1 (Alkaline) was based on, the system was only tested using an NaCl
solution as the electrolyte. Process 3 (PEM 2) was based on a study involving only simulated
experiments; however, HDH has been proven to be a feasible option for seawater desalination
[82]. Process 2 (PEM 1), in which seawater vapour was electrolysed, was in fact tested using

real seawater and a commercially available PEM electrolyser, making it more feasible for real-
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life, scaled up applications. In any research that Process 4 (Membrane-less) was based on, the

only seawater tested was ‘synthetic seawater’, i.e. 0.6M NaCl solution.
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Figure 22 - Bar chart showing how each process scored relative to one another in the categories of
economics, feasibility, energy efficiency and seawater usage.

A weighted decision matrix was created in which the four processes were evaluated based on
economics, feasibility, efficiency and seawater usage. These factors are listed in order of
deemed importance and were weighted accordingly. The resultant scores are displayed in
Figure 22. Process 4 (Membrane-less) scored the highest due to its attractive economic benefits,
whereas Process 2 (PEM 1) scored the lowest due to having the lowest efficiency, undesirable
economics and a high throughput of seawater. Processes 2 and 3 came in closely behind Process
4 and therefore show good promise for being feasible options for producing hydrogen from

seawater.

4.4 Comparison of Membrane-less Technologies
Information extracted from relevant research papers regarding performance of each of the
identified membrane-less electrolysers is given in Table 14. Higher current densities are
desirable as this correlates to the rate of hydrogen production [83]. The device presented by
Gillespie et al reached the highest current density of all the devices at around 4000 mA/cm?.
However, this was achieved at a cell voltage of 3.5 V, which results in a voltage efficiency of
only 35% and a HHV efficiency of 42%. The second device presented by Hashemi et al (Device
No. 7) exhibited the second highest maximum current density of 720 mA/cm?, which was
achieved at a cell voltage of 3.25 V, but in this research the device was configured to produce

chlorine gas rather than the more desirable oxygen.
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Table 14 - List of membrane-less devices identified along with inventors, electrolyte tested in research,
electrolysis products, maximum current density achieved using the device, tested flow velocity, diameter
of main channel and product cross-over experienced.

Membrane- . Max Flow Channel Product
i Electrolysis Current . .
less Device  Inventors Electrolyte ; Velocity Diameter Cross-
No Products Density (m/s) (um) Over (%)
' (mA/cm?) H
1 :
Hashemiet yy1150, Hpand0, 300  0.449 105 0.4
al [42]
2 Gillespieet 30 wt%
al [45] KOH H> and O2 4000 0.200 2500 -
3 1.3cmx5
O'Neil et al 05M cm
[47] HoSO4 H> and O2 150 0.132 (rectangular 2.8
channel)
4 1.3cmx5
O'Neil et al cm
[49] 1 MH2SOs Hzand O 105 0.006 (rectangular -
channel)
5 Seawater
Rarotraet  and saline
al [50] water (0.6 H> and O> - 0.340 500 -
g/L)
6 Da‘%sl‘]at Al 96MNaCl  Hyand O 300 N/A N/A 1
7 Hashemiet 20 wt%
al [44] NaCl H> and CI 706 0.424 1000 -

The total resistance experienced in an electrolyser cell is given in Equation 39:

Rtotal = Ranode + ROZ(g) + Relectrolyte + Rmembrane + Rcathode + RHz(g) (39)

Where Ranode is the resistance related to OER, Rozg) is the resistance associated with void
formation on the anode when oxygen gas is formed, Reiectrolyte IS the resistance of the electrolyte
solution, Rmembrane IS the resistance of the membrane or diaphragm, Recathode IS the resistance
related to HER and Rnz(g) is the resistance associated with gas formation on the cathode [45].
Removing the membrane of the electrolyser therefore reduces the total resistance experienced
and should theoretically allow for higher current densities to be achieved. However, the
maximum current density reached by the majority of the devices shown in Table 14 fell short
of the current densities that are achieved by commercially available electrolysers (Table 1).
This highlights that there is still a lot of further research and development required in this
subject area before membrane-less electrolysers are likely to become competitive with alkaline

and PEM electrolysers.
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Table 15 - Calculated parameters of seven membrane-less electrolysers regarding efficiency and flow
regime.

Membrane- Cell voltage  Electrode

less Device  Inventors at ~100 separation E\f/f?;:lgg Eﬁl}'clg'e\éc Nuf;eber
No. mA/cm? (V) (mm) y y

1 Hashemi et 2.50 0.11 49.2% 59.2% 52.2
al

2 Gillespie et 1.75 2.5 70.2% 84.6% 0.1
al

3 O'Neil etal 2.30 13 53.4% 64.4% 891.0

4 O'Neil et al 2.00 13 61.5% 74.0% 45.5

5 Rarotra et Unknown 10 - - 187.1
al

6 Davis et al 2.50 2.5 49.2% 59.2% N/A

7 Hashemi et 2.40 1.0 51.2% 61.7% 269.0
al

Furthermore, based on Equation 39, it was hypothesised that electrolysers with a smaller
electrode separation should be able to reach higher current densities at lower voltages because
the resistance associated with the electrolyte solution is reduced. This hypothesis was proven
to be true when the angle of separation and therefore distance between the electrodes in an
electrolyser device was varied in work by Davis et al [51]. However, on inspection of the values
given in Table 15, there does not appear to be any strong link between electrode separation and
voltage efficiency. When the electrode separation of each device in Table 15 was plotted
against voltage efficiency, the general trend was found to be that efficiency increased with
decreasing electrode separation, although this was a very weak correlation; the R? value of the

trendline was 0.0522. This graph can be found in Appendix 3.

In work by Hashemi et al [52], it was suggested that higher Reynolds’ numbers induced by
more turbulent flow regimes can have a negative impact on the performance of electrolyser
cells due to the higher prevalence and coalescence of gas bubbles. Gas bubbles increase the
total electrolysis resistance. This limits the scalability of these devices as increased channel
diameter makes it increasingly difficult to maintain the flow as laminar, based on Equation
38. For this reason, the relationship between Reynolds’ number and efficiency was
investigated. The values for these two parameters for each of the devices are given in Table
15. Based on this, there does not appear to be any strong correlation between Reynolds’

number and cell efficiency. When these values were plotted against each other in a graph
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with a line of best fit, another weak relationship was found in which HHV efficiency

increases with decreasing Reynolds’ number. This graph can be found in Appendix 3.

Although there was no strong correlation found between these parameters when analysing
these seven different membrane-less devices, it is important to note that there are vast
differences between all these designs and the pool of data available was limited. Should
similar evaluations be carried out on a single device in which flow regime and electrode

separation are varied, it is expected that a different conclusion would be reached.
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5.0 Conclusions

In conclusion, hydrogen demand is likely to increase in the future with increased integration of
renewable energy technologies. Meeting this demand using seawater electrolysis is one of the
more sustainable pathways of the options available for producing hydrogen. If this can be

achieved using membrane-less electrolysers, costs can potentially be significantly reduced.

The most common methods that appear