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� 84% efficient at 65 �C and 400 mA/

cm2. Cell voltage still below 2 V at

800 mA/cm2.

� Simplified flowplate that makes

use of spot-welding to eliminate

machining costs.

� Total material cost to build a

0.5 kW electrolyser is under 50 GBP

(70 USD).
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The performance of a six-cell zero-gap electrolyser with an active area of 300 cm2 was

analysed. The device featured a new design of flowplate that employed spot-welding in

order to eliminate machining costs. Direct resistance measurements were made, and

computer simulations performed to confirm the sub milli-ohm resistance of the flowplate

design. An electrolyser test-rig was constructed to permit performance characterisation

with various electrolytes andmembranes at varying temperatures, and versus a comparable

finite-gap design. The results were fitted to a simplified four-parameter model which

permitted quantitative comparison, and performance projection up to a 100 kW device. The

highest performance achieved was 84% efficiency with 6 M KOH at 65 �C and 400 mA/cm2,

and the cell voltage was still below 2 V at 800 mA/cm2. The total material cost to build a

0.5 kW electrolyser is under 50 GBP (70 USD).
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Introduction

The use of renewable energy to split water into hydrogen and

oxygen is a crucial part of a future de-carbonised, climate

neutral society [6,9,10]. Although various methods exist to do

this, the use of green electricity with an electrolyser is the

simplest and by far themost widespread [49]. In a conventional

Finite-Gap Electrolyser (FGE) electricity is conducted from

anode to cathode through an electrolyte fitted with a gas-

separation membrane, to produce the sequence “anode | elec-

trolyte | membrane | electrolyte | cathode” [36,41]. In a Zero-gap

Electrolyser (ZGE) this order is rearranged as far as possible to

become “electrolyte | anode | membrane | cathode | electrolyte”,

as shown in Fig. 1 [8,37,39]. As a result the ohmic losses in the

electrolyte areminimised, but at the expense that the electrode

must transport not only electrons, but also be porous to both

electrolyte and gaseous products [38]. A highly congested re-

gion is thereby created where compromises must be made,

trading off one aspect of performance against another.
Fig. 1 e FGE and ZGE Electrolyser configurations. The

diagram shows the adsorbed species typical for a 4-

electron Oxygen Evolution Reaction and 2-electron

Hydrogen Evolution Reaction in alkaline conditions. Note

that both OH¡ ions and water must pass through the

membrane.
Other reconfigurations have been investigated, for

example Divergent Electrode Flow Through (DEFT), where a

continuous flow of electrolyte is maintained through the

electrodes, so that gaseous products are swept away without

mixing, and no membrane is required [18]. Another variation

is the Rotating Electrolyser, whereby rotating disks induce

‘wall jets’ that maintain product separation, also without the

need for a membrane [26]. However, these configurations

remain the exception rather than the rule, and a gas-

separation membrane is an important part of nearly all

modern electrolysers.

Alkaline zero-gap electrolysers have achieved impressive

results, some of which are comparable with proton-exchange

membrane based on an acidic environment. In 2017 Phillips

et al. achieved a cell voltage of 3.05 V at 500 mA cm�2 with 1 M

NaOH at laboratory temperature, with electrodes made of 40

tpi woven stainless-steel mesh with no catalytic coating [38].

The device had an active area of 10 cm2, and used a Zirfon

membrane. Haverkort et al. achieved a voltage of 2.5 V at

1 A cm�2 with 6 M KOH at 300 K, with electrodes made of

perforated metal with Ru and nickel oxide catalysts [24]. The

device had an active area of 10 cm2, and used a Zirfon mem-

brane. Schalenbach et al. measured a cell voltage of 1.85 V at

2 A cm�2 with 30 wt% KOH at 80 �C, using nickel mesh elec-

trodes manufactured using metallurgical hot dip galva-

nisation [45]. The device had an active area of 9 cm2, milled

solid nickel flow fields, and a polyethersulfone membrane. No

performance variation with temperature was investigated.

Studies into the performance of electrolyser design typi-

cally involve an active area of a few square centimetres [45].

Whilst this is enough to obtain indicative and often impres-

sive results, it is wrong to assume that such results can be

scaled. This study aims to investigate this scalability using a

device with an active area of 300 cm2. One problem is the

amount of gas produced at high current densities. An elec-

trolyser passing 1 A cm�2 at atmospheric pressure is awash

with evolved gas, and the larger the surface area, the more

problematic this becomes. It is known that the resistivity of an

electrolyte increases as a function of the void fraction of gas

within it, in accordance with the Bruggeman equation r ¼
r0ð1� fÞ�3=2, where f is the void fraction and r0 is the quiescent

electrolyte resistivity [27,32,48]. Since gas is evolved at an

almost constant rate across the face of the electrode, the

quantity of gas increases in the direction of electrolyte travel.

As a result, at the point where the current density is sufficient

to fill 50% of the electrolyte with bubbles, the resistivity of the

electrolyte is tripled. Similarly, the greater the stack length, the

more the issue of gas discharge is compounded, based on the

assumption that the gas must exit from the ends of the stack.

As a result, studies that analyse the performance of electro-

lysers with larger areas and stack lengths are useful additions

to the literature.

A zero-gap electrolyser has the advantage that there are no

bubble curtains between the electrodes, however gas is still

evolved within the microscopic structure of the porous elec-

trodes, and nanobubbles can form inside the membrane [21].

In fact, some authors go further and state that much of the

surface of the electrode facing the membrane is inactive due

to gas coverage, and that a gap of 0.2 mm should be
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1 Source: https://www.engineeringtoolbox.com/machinability-
metals-d_1450.html viewed May 2022.
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deliberately introduced to mitigate this, thereby suggesting

that optimumzero-gap electrolysis is not achievedwith a zero

gap [24]. This clearly highlights the risk of creating locally

stagnant conditions, where electrolyte inflow and gas outflow

cannot meet the demands of the electrochemical reaction.

Perhaps more seriously, the constrained evolution of gas

could produce a localised overpressure, forcing gas into the

membrane and increasing gas cross-over [31].

This situation can be alleviated by operating the electro-

lyser at elevated pressure, such that the volume of gas is

reduced, and most commercial electrolysers operate between

10 and 30 bar [49]. However, there are compelling reasons not

to operate an electrolyser significantly above atmospheric

pressure. First is that it increases the cost and complexity of

electrolyser construction, since it is harder to prevent leaks.

This vulnerability is exacerbated by repeated pressure cycling,

which is an inevitable consequence of renewable energy ap-

plications. A pressurised electrolyser must be de-pressurised

during idle periods, otherwise a high-pressure explosive

mixture is generated due to the diffusion of dissolved gases

[5]. Subsequently, the start-up delay of the electrolyser during

re-pressurisation and self-test can take many minutes,

further reducing the ability to follow the peaks and troughs of

rapidly fluctuating power sources. Worse still, commercial

electrolysers specifying a maximum number of shut-down-

start-up cycles will see a drastic reduction in service life [50].

An ambient-temperature, atmospheric-pressure electrolyser

never needs to be de-pressurised, and has no start-up delay

[10].

The regulations surrounding the transport and storage of

pressurised hydrogen increase cost and complexity, which

slow the roll-out of hydrogen technology and limit its feasi-

bility [25,33,56]. Liquid Organic Hydrogen Carriers (LOHCs)

such as ammonia and Dibenzyltoluene are an alternative

method of hydrogen storage which do not involve high-

pressure gas storage [40]. However, they must contend with

other problems, such as toxicity to humans along with high

energy losses and costly catalyst decay associated with the

hydrogenation and dehydrogenation of the carrier [42]. Bat-

teries exhibit much higher electrical energy storage effi-

ciencies along with decreased system complexity, but are a

less versatile fuel source with limited long term storage ca-

pabilities [35]. In other cases adopting an immediate con-

sumption strategy with zero storage can overcome storage

complexity whilst also permitting the use of HHO, i.e. the

stoichiometric mixture of hydrogen and oxygen that is pro-

duced with no gas membranes [47].Where hydrogen gas is to

be stored, there are some advantages to doing so at a pressure

less than 0.5 bar above atmospheric. Although this uses more

volume, it is subject to fewer regulations since at least in

Europe (according to European Pressure Equipment Directive

2014/68/EU) it is not classified as a pressure vessel. For appli-

cations where size is not an issue, at this pressure each kilo-

gram of H2 occupies 8 m3, which is the same as the largest

commonly available hydrogen gas cylinder (size K) at 277 bar.

Should a leak occur, the positive pressure prevents the ingress

of atmospheric air, as well as providing drive pressure for

transportation along pipes. In addition to hydrogen sensors

[54], a passive autocatalytic recombiner (PAR) can act as a

further safeguard to eliminate as far as possible the explosion
risk [3,4]. Such a storage system is optimised to work with a

low-pressure electrolyser, since there is little point in pres-

surising the gas just to de-pressurise it again for storage.

Many studies into zero-gap electrolyser designmake use of

flow-fields which have been machined from solid metal

[38,45]. Whilst there is no doubting their performance, it is

worth questioning whether they can be produced more cost-

effectively. Notwithstanding the cost of raw material, 316-

grade stainless steel is a difficult material to machine,

achieving an American Iron and Steel Institute (AISI)

Machinability Rating of just 45%.1 This is one of the lowest

ratings for any steel that isn't a tool steel, i.e. a steel that is

used to cut steel. As such, the machining of flow-fields adds

significant cost, both in terms of time and tool degradation.
Materials and method

Leakage currents

Electrical power is more easily transported at higher voltage

and lower current. This minimises not just ohmic losses, but

also the expense of high current electrical conductors, safety

equipment and switch gear. The standard output of a com-

mercial wind turbine is 690 V [17], which derives from the

operating voltage in Europe (400 V 3-phase) multiplied by the

square root of three. After rectification, this is still much

higher than the typical input voltage of an electrolyser. A bi-

polar electrolyser is able to partially bridge this gap, since it

operates at higher voltage and lower current than a unipolar

design. However, a serious disadvantage of a bipolar design is

that leakage currents flow wherever cells operating at

differing voltages are connected via side-channels [28,44]. The

leakage currents do not just reduce the efficiency of the

electrolyser, but can lead to polarity inversion, whereby a

portion of an anode becomes cathodic or vice versa [29]. This in

turn leads to greater corrosion and electrode damage, but also

to potentially explosive gas-mixing. It is theorised that such

mixing could have been a contributory factor to the lethal

explosion of an electrolyser in 1975 [29].

The six cell design here presented is a development of a

previous single-cell design that achieved a voltage of 2.47 V at

500 mA cm�2 with 1 M NaOH at 70 �C. It was constructed using

unconductive laser-engraved acrylic flowfields and a Zirfon

membrane. The Faradaic efficiency was confirmed to be at

least 98%, and the crossover of O2 into H2 with 0.5 M NaOH at

250 mA cm�2 was 1.24% [14]. The new six-cell design features

three independent routes through the stack for inlet and

outlet electrolyte flows. As such, nowhere are more than two

adjacent cells joined by the shortest side-channels of the

lowest-resistance. For widely-separated cells, the connecting

route via the ends of the stack is of much greater length, and

thus the leakage currents reduced. This is shown diagram-

matically in Fig. 2.

Fig. 2(a) shows a six-cell zero-gap electrolyser with two

channels straight through the stack for the electrolyte inlet and

outlet (for simplicity, only the hydrogen circuit is shown). The
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Fig. 2 e Leakage currents in a six-cell bipolar zero-gap

electrolyser. By altering the design to incorporate multiple

parallel paths, leakage currents can be reduced.

2 source: https://www.thoughtco.com/table-of-electrical-
resistivity-conductivity-608499 viewed May 2022.
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red lines show some of the many possible leakage current

paths, which will exist between any two metal surfaces with

potentials that differ by more than 1.23 V. Even though the

cross-sectional area of the channels is small, the potential

difference across them is high (i.e. more than 12 V). Therefore,

since electrical heat dissipation is equal to V2/R, a modest

amount of conductance can produce a significant loss of per-

formance. The losses are realised as self-heating, not as Fara-

daic inefficiency, and cause slightly more hydrogen to be

evolved at the cathodic end of the stack than at the anodic end.

Fig. 2(b) shows the same electrolyser redesigned to incor-

porate 3 parallel circuits through the stack, each serving two

adjacent cells. Note in practice that the circuits are not stacked

vertically as shown, but spread across the top and bottom sur-

faces of the electrolyser (see the SI for scale drawings).With the

new design, the conductive path between electrodes with

widely differing potentials can occur only via the galleries at

each endof the stack. Since a longer pathhas greater resistance,

leakage currents are reduced. The more complex design adds
little to the total cost of the electrolyser, and has the additional

benefit that electrolyte pumping resistance is reduced.

The currents can be calculated using Kirchoff's laws, and in

general show that percentage losses increase linearly with the

number of cells [28]. Thus, for any mitigation scheme it is

expected that a maximum stack-length will be reached where

the losses are too great. For the design here presented it is

estimated this will occur somewhere between 25 and 50 cells.

For greater stack lengths, inlet and outlet electrolyte flows can

be designed to incorporate air-gaps.

Flowplate

The task of the flowplate is to support the electrodes in con-

tact with the gas-separation membrane, with a mixture of

electrolyte and gas behind. The electrical resistance of the

flowplate is critical to the performance of the electrolyser,

since at a current density of 1 A cm�2 a resistance of just

0.1 U cm2 (per side) results in an additional voltage of 200 mV

per cell. This alone is sufficient to reduce the voltage efficiency

of the electrolyser by 12%. For the electrolyser design here

presented, which has an active area of 50.8 cm2, this equates

to a maximum permissible resistance of just 2 mU per side,

and ideally much less.

The metal components of the electrolyser were constructed

using 316-grade stainless steel, since it is a widely available,

relatively low-cost material, and has high chemical resistance.

A perforated version with 3 mm holes was chosen for the

backing plate, which sits immediately behind the electrodes.

The 0.9 mm mid-plate had a measured electrical resistance of

0.6 mU per square, which tallies with the published bulk re-

sistivity of 6.9 � 10�7 U m, fromwhich a figure of 0.77 mU/, is

predicted.2 By contrast, the perforated sheet had a measured

resistance of 2 mU/,. Based on the maximum permissible

resistance above, it was clear that the flowplate had to be

designed such that no part of it presented an electrical resis-

tance of ‘more than one square’ of the perforated sheet.

It is difficult to envisage this in practice, therefore an

experiment was conducted to directly measure the conduc-

tance of the flowplate. This was performed using a Circuit-

Specialists.eu CSI 3060SW 60 A power-supply, plus a

multimeter. A single-sided flowplate, backed by an 8 mm

mild-steel plate was attached to one terminal of the power-

supply and multimeter. The other terminal was bolted

~5 mm from the corner of a piece of 0.9 mm 316-grade

stainless-steel sheet. It was discovered that it was not

possible to produce a reliable contact using pressure alone.

However, with the power-supply set almost to zero, it was

found that touching the corner of the sheet to the surface of

the flowplatewould cause it to be temporarily welded in place.

The current could then be increased to 10 A to obtain a voltage

reading from the multimeter. At this current a resistance of

1 mU generates a voltage of 10 mV, which is within the

measurable range of a standard multimeter.

In addition, a model was built of the flowplate in Solid-

Works™, which is a 3D CAD software package with finite

element analysis, with heat-flow being used to model the

https://www.thoughtco.com/table-of-electrical-resistivity-conductivity-608499
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electrical resistance. This works because the steady-state so-

lution of the heat equation is completely analogous to Ohm's
law, a situation that is well understood and even known to

apply to transient phenomena [53]. The arrival and departure

of the heat flux was constrained to specific areas of the flow-

plate using two cylindrical rods of diameter 6 mm, which

therefore emulated the point-to-point resistance measure-

ment that is obtained using a multimeter. In this way it was

possible tomap how the electrical resistance varied across the

surface of the flowplate, and thus to determine where im-

provements could be made. The results obtained are as pre-

sented in Section Flowplate resistance simulation.

In practice, measuring the point-to-point resistance of the

flowplate does not accurately represent its performance. This

is because the current is constrained to flow down each of the

metal spacers, which act as bottle-necks. As a result, some of

the current will take the shorter, but higher resistance route

directly through the electrolyte, thereby partially performing

more like a finite-gap electrolyser. Neither is the current

available at each point on the electrode unconstrained, since

it is dependent on the supply and removal of chemical species

to the catalytic reaction surfaces. These in turn are utilised in

accordance with the non-linear Butler-Volmer dependence of

the rate of reaction on the voltage at each point of the elec-

trode. The only accurate method to model each of these in-

teractions is with a multi-physics simulation, however this

was felt to be beyond the scope of this study.

Electrodes

The electrodes were constructed of 40 thread-per-inch woven

304-grade stainless-steel mesh. This was chosen to present a

low-cost framework thatwas strong and could be spot-welded

into place. The spot-welder chosen was a battery powered

USB-rechargeable device with a maximum output current of

649 A. The spot-welder can apply two spot-welds every 1.5 s,

and approximately 200 small spot-welds were used per elec-

trode. After assembly, a Raney 2.0 catalytic coating was

applied to the electrodes, as described in previous publica-

tions [12,13,15]. The same catalyst was used for both anode

and cathode, since the coating is an acceptable bifunctional

catalyst. To further reduce costs, the coating could be omitted

from the anodes, since stainless-steel is known to operate as

an efficient electrocatalyst by itself [55].

Membrane

Two different membrane materials were tested, those being

Zirfon™ and Polyethersulphone (PES). Zirfon is a hydrophilic

membrane constructed of zirconium oxide powder stabilised

onto a polysulphone matrix. The stability of the ZrO2 to

extreme alkaline and high temperature conditions makes it a

reliable choice, howevermore recentmembranematerials are

able to outperform it in terms of electrical resistance, for

example Sustainion [34], Fumasep [30] and IMET [20]. How-

ever, these materials remain prohibitively expensive, and can

be subject to non-commercial use agreements. Surprisingly,

an even cheaper but still effective material is woven stainless
steel mesh [16], but as an electrically conductive material is

unsuitable for zero-gap electrolysis without modification.

The PES membrane (Sterlitech PES022005) is a commer-

cially available filtration material with a pore size of 0.2 mm. It

is known to be stable for use in alkaline electrolysis [45]. It has

been modified for use as an anion exchange membrane [52].

The hydrophobic nature of unmodified PESmaymake it a poor

choice for gas-separation, which would need to be confirmed

in future experiments that assess gas-mixing.

Direct measurements of the membrane area resistance

were made using a separate two-electrode test-cell con-

structed from laser-cut acrylic. Measurements were taken

with and without the membrane, and the resistance calcu-

lated as the difference of the two. The electrodes were made

from 316-grade stainless steel, the exposed area of the mem-

brane was 36 cm2, and the electrolyte was 30 wt% KOH at

laboratory temperature. All impedances weremeasured using

Electrochemical Impedance Spectroscopy between 0.1 Hz and

10 kHz at 100 mV on an Ivium n-Stat potentiostat. The resis-

tance of the cell was calculated from the projected intercept of

the Nyquist plot with the x-axis at high frequency.

Construction

The most widespread method of joining stainless steel is

welding, although soldering and brazing are possible [2].

However, stainless steel is regarded as a challengingmaterial to

weld, distorting easily when heated, and conducting less heat

away than regular steel. More seriously welding and brazing

can introduce unwanted elements, such as copper, and sol-

dering introduces tin, which dissolves in NaOH/KOH. Copper is

leached out by electrolysis and deposited on the cathode,

thereby potentially inhibiting the hydrogen evolution catalyst

[12]. Nevertheless, it is possible to weld stainless steel without

introducing foreign material using electrical spot-welding.

The spot-welder chosen was a Sealey SR123 capable of

delivering up to 6300 A. Although spot-welding works best

when restricted to joining two parallel pieces of sheetmetal, it

was discovered that it is possible to join up to three pieces of

metal at right angles, i.e. to form two butt welds. This was

achieved by filing 2 mm-wide grooves into the ends of the

copper prongs of the spot-welder. It was therefore possible to

construct a flowplate with sizeable 2 mm ribs to keep elec-

trical resistance down. A metal frame was required to prevent

large amounts of distortion. In addition, to maintain planarity

of the flowplate the ribs and backing plates were filed by hand

after each step. The finished design of flowplate is as shown in

Fig. 3(a), and as described in greater detail in the SI.

Electrolyser Test Station

In order to test the electrolyser over a range of temperatures

and flow-rates, a test-station was constructed, as shown in

Fig. 3(b). A pair of multi-layer heat-exchangers were used to

heat the electrolyte, themselves heated by hot-water (not

shown). This was sufficient to heat the electrolyte to ~70 �C
without boiling the heating water. The temperature was

measured using temperature loggers (Elitech RC-4), with

https://doi.org/10.1016/j.ijhydene.2022.07.040
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Fig. 3 e Flowplate and Test Station. Images produced using

OpenScad.

Table 1 e Resistancemeasurements of the Zirfon and PES
membranes.

Membrane None Zirfon PES

Electrode Gap (mm) 26.24 26.87 26.40

Resistance Intercept (U) 0.163 0.177 0.364

Net Resistance (U) e 0.013 0.201

Area Resistance (mU m2) e 47 724

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 7 ( 2 0 2 2 ) 3 0 3 4 7e3 0 3 5 830352
external probes inserted directly into the inlet and outlet

galleries of the electrolyser. The recorded temperature was an

average of the two readings, to compensate for self-heating.

Two separate bodies of electrolyte were maintained, with

no external mixing, although levels were free to equalise

through the membranes. This was primarily to prevent cross-

contamination from anode to cathode and vice versa as has

been observed [11], although it has been shown this can lead

to hydroxide ion depletion of the anolyte [22,23]. Electrolyte

circulation was controlled using two brushless d.c. pumps,

and measured using Hall-effect inline flowmeters (model

DN15), which generate one pulse for each 2.25 ml of flow, the

pulses being counted and timed by an Arduino. The flowrate

for each body of electrolyte was typically around 24 ml s�1

The mixture of gas and liquid leaving the electrolyser was

treated using a vortex separator, constructed using laser-cut

acrylic components. This reduced the total volume of electro-

lyte, making it less time-consuming to change temperature.

The evolved gases were vented to the atmosphere, how-

ever in future versions it would be beneficial to measure the

volumes produced. This is particularly relevant at low current

densities where the stack voltage falls far below the
thermoneutral voltage 8.88 V. This occurs because the cells

progressively ‘switch off’, with current conduction occurring

via side-channels, an effect which could be assessed by

measuring the Faradaic efficiency.
Results

Membrane resistance measurement

The area resistance of the Zirfon and PES membranes was

measured using the procedure described in Section

Membrane, with the results as presented in Table 1. The re-

sults show that at high frequency the PES membrane pre-

sented an area resistance of 724 mUm2, whereas the resistance

of the Zirfon membrane was much lower at 47 mU m2. How-

ever, these results should be treated with caution, since an

electrolyser operateswith direct current and a high-frequency

resistance measurement is not necessarily applicable.

Nevertheless, they do serve to highlight the high level of

porosity of the Zirfon membrane, as previously studied [51].

Flowplate resistance measurement

The resistance of the flowplate was measured using the pro-

cedure described in Section Flowplate. A total of 16 point

readings were taken. Many potential sources of inaccuracy

existed, therefore the results were not expected to be more

than ‘confirmatory’. One notable problemwas that thewelded

connectionwas not repeatable. Anotherwas that the corner of

the plate was gradually burnt away, such that the distance

between the multimeter probe and the flowplate surface

gradually reduced. This made it impossible to obtain accurate

sub milli-ohm resistance readings. Nevertheless, the results

were sufficient to confirm that the resistance of the plate

appeared to be ‘about 1 mU’. It was therefore decided to

simulate the resistance using software.

Flowplate resistance simulation

The results of the simulation in SolidWorks™ of the flowplate

electrical resistance were as presented in Fig. 4. A total of 24

simulations were conducted at different points within one

quadrant of the backing plate. Using symmetry, these were

then reflected to generate 96 datapoints, and interpolation

employed to generate an image.

The results show that the calculated resistance varied be-

tween 0.29 and 0.97 mU, which therefore comfortably ach-

ieved the desirable design criterion of ‘no more than 2 mU per
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Fig. 5 e Performance comparisons of ZGE vs FGE, with two

different electrolytes.
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side’ (see Section Flowplate). The average resistance was

0.58 mU, which equates to 0.29 mU per side, although elec-

trolyser performance is not expected to be as good as this due

to congestion effects. The lowest electrical resistance

occurred above the spacing ribs, since these provide the most

direct electrical connection. Likewise the highest resistance

occurred on the top and bottom edges, providing valuable

guidance to inform future design iterations.

Zero-gap versus finite-gap

The results of a direct comparison between the performance

of the Finite-gap (FGE) and Zero-gap (ZGE) electrolysers are as

shown in Fig. 5.

The results show that the ZGE outperformed the FGE in all

circumstances, producing a reduction in stack voltage of up to

4 V, which is sufficient to increase the efficiency of the stack

from 55% to 73% at 400 mA cm�2. At the highest temperature,

and a current density of 800 mA cm�2 (i.e. 40 A) the voltage

was still below 12 V, which is 2 V per cell. This is an acceptable

value for a device of such low-cost scaled up to dissipate

0.5 kW, and constitutes a voltage efficiency of 75%. At 20 A the

efficiency was 84%.

Counter-intuitively, the performance gap between FGE and

ZGE was lower with 1 M NaOH than with 6 M KOH, although

still obeyed the overall trend. This is surprising, since it might

be expected that minimising the gap between electrodes

would have more of an effect with lower-conductivity elec-

trolyte. It is possible this is due to the surprisingly high

impedance of the gas-separation membrane in less-

concentrated electrolyte, an effect which has been observed

before [16].

To further investigate this, the effect produced by changing

just the membrane from PES to Zirfon was analysed, with the

results as presented in Fig. 6(a). The results show that the PES

membrane produced a voltage reduction of up to 1.27 V at the

highest current density and temperature, although the slope

of the IeV curve, which is an indication of the conductivity,

was very similar. This reduction was sufficient to reduce the

losses due to inefficiency by 23%, rising at 400 mA cm�2 to a

loss reduction of 31%.
Fig. 4 e Resistance simulation (double-sided).
Model fitting

In an effort to gain further insight into the performance of the

ZGE, the results presented in Fig. 5 were fitted to a simple

empirical model, as previously described [14]. The model as-

sumes that the electrolyser voltage can be expressed as the

sum of three contributions:

Velect ¼ Vtherm þ Vact þ Vohmic (1)

where Vtherm ¼ V0 (2)

Vact ¼ blogðjÞ (3)

Vohmic ¼ j
ðT� T0Þk0 (4)

where Vtherm is a fixed voltage V0 that represents the thermo-

dynamics, Vact is related to the activation energy and identical

in form to the Tafel equation, and Vohmic represents the Ohmic

losses. The Ohmic conductance k ¼ (T � T0)k0 is assumed to be

linear with temperature, and to fall to zero at some notional

temperature T0. This is a form observed to be obeyed by

electrolytes such as KOH and NaOH [14], and is a first-order

simplification of the six variable mixed equation proposed
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Fig. 6 e a) Performance comparison of PES Membrane

versus Zirfon. Configuration: ZGE, Electrolyte: 6 M KOH. b)

Model fitting results. Configuration: ZGE, Electrolyte: 1 M

NaOH.

Table 2 e Best-fit model parameters for the FGE and ZGE,
with two different electrolytes. The values marked with
an * have been artificially constrained.

Parameter 1 M NaOH 6 M KOH

FGE ZGE FGE ZGE ZGE

Zirfon PES Zirfon PES Zirfon

A (cm2) 49.1 50.8 49.1 50.8 50.8

V0 (V) 8.58 7.03 8.52 6.57 7.19

b (V dec�1) 0.9* 0.9* 0.9* 0.9* 0.9*

k0 (S K�1 m�2) 9.3 14.7 21.8 60.4 51.1

T0 (K) 259 265 253 271 261

V0 per cell (V) 1.43 1.17 1.42 1.10 1.20

k @ 50 �C (S m�2) 596 859 1520 3160 3190

Note that in all cases the values below 50 mA cm�2 were excluded

from the fitting dataset, since the high level of curvature in this

region is not explained by the Tafel equation, but instead by some

of the cells switching off at low current densities. In practice, this

made it difficult to determine the value of parameter b, therefore it

was decided to artificially constrain this to 0.9 V dec�1. This equates

to 150 mV dec�1 per cell, which is the sum of the typical anodic and

cathodic Tafel slopes which are expected from theory [46]. A pre-

cise value for b is not required, since electrolyser performance

above 50 mA cm�2 is dominated by the values of the other three

parameters.
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by Gilliam et al. and which is acceptably accurate over a

limited temperature range [19]. When the model fitting was

performed, using traditional gradient descent, the values for

the FGE and ZGE were as presented in Table 2.

The table also shows parameter V0 divided by six to obtain

the ‘thermodynamic voltage per cell’. This varies between 1.10

and 1.20 V for the ZGE, and between 1.42 and 1.43 V for the

FGE. In practice, this suggests that the gradient descent has

identified that the ZGE produces voltages which are about

0.25 V per cell lower than the FGE, all other things being equal.

The values of T0 imply that the Ohmic conductance of the

electrolyser reaches zero at a temperature somewhere below

zero celsius. This is not to be taken literally, but is instead a

compromise figure that takes into account the temperature

dependence of various contributions.

The values of k0 and T0 can be considered together by

comparing the projected conductance at 50 �C, as is presented
in the bottom row of the table. This shows quantitatively how

the conductivity of the electrolyser increases both by chang-

ing from finite-gap to zero-gap, and by increasing the con-

centration of the electrolyte. However, as was confirmed

already in Fig. 5, it is notable that the relative increase in
performance from FGE to ZGE is not as great in 1 M NaOH as it

is in 6 M KOH.

The last two columns are a direct comparison of the PES

and Zirfon membranes. They show largely similar figures, but

a slight reduction in V0, which reflects the performance

improvement shown in Fig. 6(a). These results are surprising

given that themembrane resistancemeasurements presented

in Section Membrane resistance measurement showed that

PES had a much higher area resistance at high frequency than

Zirfon. It therefore appears that a high-frequency membrane

resistance measurement cannot be used to predict the per-

formance of an electrolyser operating at direct current. How-

ever, the results do support the findings of Schalenbach et al.

who achieved impressive results using PES [45].

An example of the predictions of the model are as shown

by the dashed lines in Fig. 6(b).

The dashed lines constitute a reasonable fit to the

measured values, but from inspection it is clear that the

variation with temperature at lower current densities is

greater than that predicted by the model. This implies that

some effect is occurring which is not proportional to the cur-

rent density, and therefore cannot be expressed as an Ohmic

conductance. For example, this could be due to a reduction in

the viscosity of the electrolyte at higher temperatures, but

such an effect is not included in the model.

The most important aspect of the model fitting is that it

permits different electrolysers to be objectively compared.

There is not much (within reason) that can be done to reduce

Vtherm and Vact, since they are determined by the laws of

physics and the water-splitting reactions at work. But the

Ohmic conductance of an electrolyser can be increased by

careful design. However, since this is temperature dependent,

it is best measured at a common baseline temperature, for

example 50 �C. Similarly, since the conductance is inversely
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Fig. 7 e Electrochemical Impedance Spectroscopy (EIS)

results for comparable finite-gap and zero-gap

electrolysers. Configuration: 6-cells, bipolar. Electrolyte: 6 M

KOH. Bias voltage: 0 V. Temperature: 293 K.

Table 3 e EIS measurements corresponding to the results
in Fig. 7.

Configuration Resistance Capacitance Area Resistance
mU mF U cm2 cell�1

Finite-gap 599 0.6 4.9

Zero-gap 53 40 0.45
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proportional to the number of cells NC, it should be multiplied

by NC. Therefore, the area and cell-specific conductance of the

ZGE here presented in 6 M KOH is:

NCðT� T0Þk0 ¼ 6� ð323� 271Þ � 60:4
¼ 18970S cellm�2

¼ 0:53U cm2 cell�1

The comparable value for the FGEwas 1.1U cm2 cell�1, thus

the FGE presented approximately double the resistance of the

equivalent zero-gap design. This formula can be used to pre-

dict that a ZGE with an active area of 46 cm � 21 cm with

24 cells would present a resistance of

0.53 ÷ 46 ÷ 21 � 24 ¼ 13 mU.

With a Zirfon membrane the conductivity figure is slightly

higher at 19 140 S cellm�2, although this does not indicate that

the membrane is a better material, since the total electrolyser

voltage was higher. At 80 �C this equates to a resistivity of

0.35U cm2 cell�1, which is in agreementwith figures published

by de Groot et al. [21]. It is more difficult to compare with the

figure of 0.19 U cm2 cell�1 published by Haverkort et al., since

the authors have separated the area resistance into two

components, one of which scales with electrolyte resistivity.

Electrochemical Impedance Spectroscopy

The Finite and Zero-gap electrolysers were analysed using

Electrochemical Impedance Spectroscopy (EIS), with the re-

sults as presented in Fig. 7.

The impedance of the electrolyser comprises resistive

contributions from the ohmic components (e.g. the metal-

work and wiring) and from the electrolyte, as well as capaci-

tive contributions chiefly from the electrodes. The resistance

can be determined by measuring or extrapolating the point of

intercept of a Nyquist plot with the horizontal axis [7,43], and

the capacitance by performing a best-fit with the Bode plot.

When this procedure was applied, the values measured were

as presented in Table 3.

The results show that the ZGE presented a series ohmic

resistance which was 11 times smaller than for the equivalent

FGE. This is far greater than the factor of two observed in

Section Model fitting, and should be treated with some

caution. Using Equation (4) it is possible to use the model

fitting parameters from Table 2 to state that:

Rohmic ¼ dVohmic

dI
where I ¼ jA (5)

∴ Rohmic ¼ 1
AðT� T0Þk0 (6)

thus for the ZGE with 6 M KOH at 20 �C the ohmic resistance

should be 1 ÷ (0.00508 � (293 � 271) � 60.4) ¼ 146 m[, or

1.23 U cm2 cell�1 (not to be confused with the figure of

0.35 U cm2 cell�1 from Section Model fitting, which was

calculated for 80 �C). The ZGE resistancemeasured using EIS at

0 V is therefore two to three times smaller than that observed

during chronopotentiometry at currents above 20 A. It is

possible this could be due to the significant congestion caused

by the zero-gap configuration, such that liquid reactants and

gaseous products must compete to arrive and depart on the
same side of each electrode, thereby leading to an effective

increase in resistance, which is consistent with previous

theories [21]. One way to test this hypothesis would be to in-

crease the pressure inside the ZGE, although it has been stated

this has little effect on resistance [21,56], and in fact their

overall efficiency can be slightly worse [1]. In any case, the

test-station was not designed with this in mind.

For the FGE the situation is reversed, since the ohmic

resistance predicted by Equation (6) is just 235 mU, whereas

the figuremeasured by EIS at 0 Vwas 599mU. It is possible this
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is because the surfaces of the plain 316SS electrodes had

passivated sufficiently to become effectively open-circuit at

the typical low voltages and currents employed during EIS. A

further confounding factor is that the FGE is designed with

four electrolyte side-channels that pass directly through the

stack, and are thus able to provide a short-circuit at low cur-

rent densities. This short-circuit disappears at high current

densities, since the side-channels are unable to pass any-

where near the same amount of current as the electrodes.

The most striking feature of the EIS results is the large

disparity between the frequency responses shown in Fig. 7(b).

It is true that a higher capacitance should be expected for a

ZGE, since the electrodes are only separated by the width of

the membrane, however taking a magnitude of 2 U as a

baseline the difference was in excess of 9 octaves. In retro-

spect, it is likely this is further evidence of the passivated

nature of the plain 316SS electrodes in the FGE, since it implies

they were able to change potential rapidly without the need to

pass much electrical charge, which is indicative of electrical

isolation.
3 Source: IMF https://blogs.imf.org/2022/01/28/viewed May
2022.

4 Source: European Central Bank https://tinyurl.com/p4ue3zh2
viewed May 2022.
Conclusions

The objective of this study is to provide sufficient information

to guide design choices surrounding zero-gap electrolyser

design. Not all electrolysers can be operated using the most

conductive electrolyte, due to concerns surrounding safety

and long-term corrosion resistance. Likewise, neither can all

electrolysers be operated at temperatures above ambient,

particularly if connected to intermittent renewable energy

sources, where the cost of external heating is unjustifiable.

Nevertheless, a virtuous circle exists whereby a less efficient

electrolyser at low temperatures can be optimised to self-heat,

and thus improve its own efficiency. It is for this reason that

measurements at higher temperatures are included, since

they inform self-heating electrolyser design.

Similarly, the quantitative electrolyser model presented in

Section Model fitting permits the results from one size and

shape of electrolyser to be projected onto another. With just

three parameters (plus one fixed) the model is able to repre-

sent a sufficiently accurate simulation, at least at commer-

cially significant current densities. This model is therefore

adequate to guide electrolyser design given target efficiency

and power capacity goals.

The effect of changing the membrane from Zirfon to PES

was to introduce a voltage improvement of approximately

200 mV per cell. This is significant, since it occurred even at

the highest current density, and with the most conductive

electrolyte. However, since it is known that PES is a hydro-

phobic membrane, further work would be required to confirm

that this extra performance did not come at the cost of

increased gas mixing, specifically at the kind of lower current

densities which can be typical of renewable energy

applications.

Crucial to the performance of any zero-gap electrolyser is

the design of the membrane electrode assembly, and specif-

ically its electrical resistance. The design here presented is

one of the cheapest and simplest it is possible to produce. The

flowplate consists of off-the-shelf stainless steel materials,
which are spot-welded together, and shaped largely using

basic workshop tools. Similarly, the electrodes consist of

woven stainless-steel mesh, onto which a simple two-stage

Raney nickel coating is electrodeposited.

Even though stainless-steel is not the cheapest of metals, it

is estimated that the materials for the six-cell electrolyser

here presented could be purchased for less than 50 GBP (70

USD), and its construction involves zero machining costs. A

version scaled up to 100 kW and an efficiency of 84% would

have 24 plates and cost 3000 GBP (4000 USD). Should an effi-

ciency of 75% prove acceptable, then the cost is halved. At a

time when fossil fuel prices almost doubled in just 12months,

driving high levels of inflation,3 and the prospect of war is

forcing countries to regard dependence on fossil fuel as a

threat to their national security,4 it is clear that the case for

renewable energy storage as hydrogen has never been

stronger.
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