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Electricity systems require energy storage on all time scales to accommodate the variations in output of solar and wind power when those sources of electricity constitute most, or all, of the generation on the system. This paper builds on recent research into nickel-iron battery-electrolysers or “battolysers” as both short-term and long-term energy storage. For short-term cycling as a battery, the internal resistances and time constants have been measured, including the component values of resistors and capacitors in equivalent circuits. The dependence of these values on state-of-charge and temperature have also been measured. The results confirm that a nickel-iron cell can hold 25% more than its nominal charge. However, this increased capacity disappears at temperatures of 60°C and may be dissipated quickly by self-discharge. When operating as an electrolyser for long-term energy storage, the experiments have established the importance of a separation gap between each electrode and the membrane for gas evolution and established the optimum size of this gap as approximately 1.25 mm. The nickel-iron cell has acceptable performance as an electrolyser for Power-to-X energy conversion but its large internal resistance limits voltage efficiency to 75% at 5-h charge and discharge rate, with or without a bubble separation membrane.
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INTRODUCTION
Energy storage is becoming an increasingly critical component of low-carbon energy systems at all scales, from national networks down to micro-grids. At the smaller end of this range, batteries are routinely used at the heart of household or community-level energy supply networks, typically powered by solar photovoltaics and wind turbines, especially in remote and Developing World applications. However, it is often the battery that is the weakest part of a stand-alone mini-grid as it is the most vulnerable, and yet most expensive, element of the system (Wiemann et al., 2011; Innovation Energie Développement (IED), 2013; Crossland et al., 2015; Danish Energy Management, 2019). Industrialised nations also are installing batteries, in their national grids, for the purposes of frequency response and peak lopping.
Just one battery chemistry, nickel-iron (Ni-Fe), stands out from the rest for its durability and robustness. Lead-acid batteries are degraded by high temperatures and by being stored in a partially discharged state (Ruetschi 2004). Lithium-ion batteries are more expensive and are degraded by high temperatures, deep cycling and by being stored at a high state-of-charge (SOC) (Ecker et al., 2014). Ni-Fe batteries are also more expensive than lead-acid, and have several drawbacks, for example a low round-trip efficiency of 50%–80%, and a high self-discharge rate of 1%–2% per day at 25°C and much faster at higher temperatures (Chakkaravarthy et al., 1991; Shukla et al., 1994). Nevertheless, Ni-Fe batteries continue to occupy a niche in the battery market where ultra-reliability and long cycle life are required (Dougherty et al., 1995). The service life can be 20 or 25 years (Chakkaravarthy et al., 1991) and there are examples of Ni-Fe batteries lasting for 40 years (Soutar, 2018). Research in Ni-Fe batteries has continued (Hariprakash et al., 2005; Gaffor et al., 2010; Kong et al., 2020) including an innovation to improve the power density (Wang et al., 2012).
Wind and solar power outputs vary on all timescales, as does energy demand. Batteries are practical for storing and delivering energy over diurnal cycles, but weekly patterns of demand, weather-related variation over several days or weeks, and seasonal variations are more difficult to cope with. Hydrogen has long been proposed as a long-term energy storage medium for such cases (Borgschulte, 2016). Such hydrogen production is an example of Power-to-X in its own right and an input for sustainable production of synthetic fuels such as methanol, methane and ammonia.
Recently, there has been renewed interest in using Ni-Fe technology as a combined battery and electrolyser, a so-called “battolyser” (Mulder and Weninger, 2016; Mulder et al., 2017). As well as being potentially well suited to the mini-grid applications discussed above, such a device might also be scaled up for large-capacity energy storage on national-scale energy networks.
While the focus of Mulder et al. (2017) was to verify that the Ni-Fe device can operate as both a battery and an electrolyser, the present paper explores how it might perform under a wider envelope of temperatures and charge rates and discharge rates in the real world, and considers some of the design parameters of a practical device. The present paper also measures the transient response of a Ni-Fe cell and thereby establishes an equivalent circuit that will be useful when designing a battolyser or Ni-Fe cell.
The aim of the experiment was to simulate the operation of a battolyser where the maximum power input as an electrolyser is much greater than the power input or output as a battery. This design philosophy maximises the value of the capital investment by maximising the useful energy throughput.
It is anticipated that such a battolyser will produce hydrogen for high-power and high-energy loads such as cooking and water heating, while also storing electrical power for lower power and lower energy loads such as lighting, mobile phone charging, televisions, radios and computers. The intended application is in mini-grids for communities in the developing world that are not connected to the national grid. The hydrogen will provide a sustainable alternative to liquefied petroleum gas as a cooking gas, and an alternative to biogas for communities without sufficient biological feedstocks. Clean cooking fuels are an essential part of achieving the UN Sustainable Development Goals (SDG), especially SDG 7 (United Nations 2019).
Materials and Methods describes the experiments performed. Results shows the results and discusses them. Discussion describes the next steps and the design modifications necessary in a practical, commercial device.
MATERIALS AND METHODS
Experiments were conducted at small laboratory scale and the apparatus was similar to that of Mulder et al. (2017) as described below.
Electrodes
The present experiments used electrodes extracted from a commercially sold Ni-Fe cell, manufactured by the Sichuan Changhong Battery Co., Ltd. The cell was the smallest size available, with a nominal capacity of 10 Ah and voltage of 1.2 V. The cell consisted of pocket-plate electrodes of alternating polarity. Three negative (iron containing) anode plates were interspersed between with four positive (nickel containing) cathode plates. This cell was chosen because it was readily available and provided plates of an appropriate size for benchtop experimentation. The construction of a battolyser cell using components from a commercial battery offers an easier route to market than the construction of components within house.
In order to convert the cell from a battery to a battolyser, it was necessary to insert a bubble separation membrane between the plates and to collect gas produced by electrolysis. For simplicity, just one electrode plate of each type was used in the present experiments. Since just two out of the seven original plates were used, the new cell capacity was estimated as 3 Ah. The physical size of each electrode was 7 cm by 7 cm, and therefore the maximum current density achievable was just over 200 mA cm−2 using a 10 A power supply.
Electrolyte
This assembly was placed in potassium hydroxide solution at 30% concentration by weight. Unlike the experiments of Mulder et al. (2017), the electrolyte did not include any sodium hydroxide or lithium hydroxide. Only potassium hydroxide solution was used, because it is easier to obtain and more similar to the electrolyte used in an alkaline electrolyser (Hydrogenics, 2013; NEL Hydrogen, 2020; Keçebaş et al., 2019). In future tests, the long-term durability of the battolyser may be improved by the addition of lithium hydroxide to protect the positive electrode against migrated ferric hydroxide (Shukla et al., 1994).
Membrane
The bubble separation membrane was the same material as used by Mulder et al. (2017): Zirfon-Perl-UTP500 from Agfa Speciality Products. This was chosen because it is an available, low-cost asbestos free membrane material.
Data Acquisition
Currents and voltages were measured using handheld meters. Gases were collected over water using measuring beakers. The temperature of the cell was measured using a k-type thermocouple probe. A diagram of the experimental set-up is shown in Figure 1. The voltmeter was placed directly on the cell terminals to minimise the effect of contact resistances.
[image: Figure 1]FIGURE 1 | Experimental setup.
It was not possible to determine whether the cell capacity was limited by the positive or negative electrodes since no reference electrode was available and electrode voltages were not measured relative to a reference voltage.
Experiments
The experiments were designed to test the battolyser at low and high current densities to simulate the intended application in mini-grids. Electrical charging and discharging were conducted at currents of 0.6 A (C/5 rate) and 1.5 A (C/2 rate). Electrolysis tests were conducted at up to 10 A (3.3C rate).
The experiments were conducted in 2 phases. In the first phase, the gap between the electrodes and membrane was varied and its effect on cell electrical efficiency and electrolysis efficiency were measured. This was done to establish the optimum gap, which is a trade-off between length of electrical conduction path and the ability of bubbles to escape during electrolysis.
In the second phase, the experimental cell was rebuilt to enable gas collection. The temperature, charge rate and discharge rate were varied, to explore the effects of high ambient temperature and high renewable energy input rates that might be encountered in a larger battery as part of a practical energy storage system. Experiments at 20°C were carried out with no temperature control other than the room thermostat. Experiments at 40 and 60°C were carried out with the cell in a thermostatically controlled water bath. The heat dissipated inside the cell during charging and discharging was 3 W or less. The heat dissipated during electrolysis was 30 W or less for a much shorter period. The thermal mass of the cell and the large, uninsulated surface area were such that the temperature rise of the experimental cell due to self-heating was negligible, as confirmed by the temperature probe inside the cell.
In phase 2, the additional cell capacity observed by Mulder et al. (2017) and electrolysis gas volumes were measured to establish the real cell capacity and total energy efficiency.
Measurements Taken
Electrical measurements were used to measure the total charge entering and leaving the cell and voltage as a function of time and charge level. Thus, as the cell was cycled, the charge efficiency (Coulombic efficiency) and overall energetic efficiency were measured.
Cell Equivalent Circuit and Interruption Tests
During the cell cycling, the charging and discharging was periodically interrupted to establish the transient response of the cell (Stroe et al., 2016). From this, the component values of an equivalent circuit with two RC networks (Tian et al., 2014; Zhang C et al., 2018) were calculated, as shown in Figure 2. In order to fully model the transient characteristics of the cell, an equivalent circuit with two resistor-capacitor pairs was chosen and found to be a good fit to the data. With this model, it will be possible to calculate the ability of a Ni-Fe battery to meet transient loads of various sizes and durations.
[image: Figure 2]FIGURE 2 | Equivalent circuit of the Ni-Fe cell.
Each of the parameters was calculated from measurements and in some cases found to be functions of state-of-charge (SOC), temperature and cell construction. Open circuit voltage (VOC) also exhibits hysteresis between charging and discharging.
Interruption tests were used to calculate the component values of the equivalent circuit. Data was measured every 10 s for 5 min as shown in the enlarged insets of Figure 3 curve was fitted to the data as a sum of two decaying exponential terms, Eqs 1–7.
[image: image]
Constants τ1 and τ2 are the time constants of the resistor-capacitor circuits:
[image: image]
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Taking the example of an interruption during charging, the voltage before interruption (time t = 0) is V0. In a fully stabilised cell, the capacitors have zero current flowing through them, and therefore:
[image: image]
The initial values of the curve-fit functions are found by extrapolation of the components [image: image] and [image: image] back to time t = 0, the instant of current interruption. Thus:
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When resistances R1 and R2 have been established, the capacitances can also be calculated using Eqs 2 and 3:
[image: image]
[image: Figure 3]FIGURE 3 |  Cell voltages during (A) charging test at 1.5 A, 40°C and (B) discharging test at 0.6 A, 40°C. Each test includes five interruption tests of 5 min each. An example interruption is shown in each, enlarged and inset.
The components of the equivalent circuit can also be calculated from the recovery period after interruption. However, the method is not as easy, or as accurate, for the following reasons:
(1) After just 5 min of interruption, the capacitances of the equivalent circuit have not fully discharged. The conditions at the time of reconnection are not fully known and therefore, a curve fit of data over the following 5 min would not be as accurate.
(2) When recovering to a state of charging or discharging, the open-circuit voltage of the cell, VOC, is continuously changing. There is no fixed asymptote to which the cell recovers.
Electrolysis Tests
When fully charged, and also when not fully charged, the cell was tested as an electrolyser by increasing the applied voltage. The voltage was increased from 1.5 V in steps of 0.05–3.0 V or until a current of just over 10 A was achieved. These tests simulate periods surpluses of power in a mini-grid, caused for example by an increase in wind turbine power or midday solar PV power.
Where possible, the volume of hydrogen was measured separately from the volume of oxygen. However, there was an inadequate seal between the two halves of the cell and only a total volume of gas could be measured.
Measurements of Cell Electrical Capacity
The capacity of the cell was measured during discharge by Coulomb counting, i.e., an integration of current drawn from the cell between full and empty. The starting point for discharge was a high SOC, soon after the end of charging. This “full” SOC has no clear markers, other than the point during charging at which the cell voltage plateaus and stops rising. An indefinite amount of charge can still be inserted into the fully-charged cell, but no longer results in the storage of more electrical charge. Instead, energy is consumed in hydrogen production and a much smaller amount is dissipated through side reactions of the cell, Eq. 8:
[image: image]
One way to detect the fully charged condition is to wait until the cell voltage has not increased by more than 1 mV in 5 min (in constant-current mode). Another way is to wait until cell current has not dropped by more than 10 mA in 5 min (constant-voltage mode). A third way is simply to leave the cell charging overnight. All these methods have been tried in the tests described here.
Discharge was not cut off at the point of voltage collapse since that event is not well defined and very dependent on the discharge rate. Discharge was continued with a terminal voltage very close to zero. A more repeatable end point for discharging can be defined as when the voltage has collapsed, the cell has been shorted out and the current has dropped to a very low level (typically below 0.15 A). At this “empty” point, the current is dropping and exponentially approaching zero. The cell always carries some residual charge, and to completely flatten it would take an unfeasibly long time. The best way to estimate this residual charge is therefore to fit an exponential function to the measured discharge current and to integrate this function, Eqs 9 and 10.
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The parameters τ3 and A3 are found by curve fitting. The residual charge was found to be relatively small compared to the total cell capacity and was added onto the cell SOC determined by coulomb counting.
RESULTS
The sections below describe the results of charging, discharging and electrolysis tests together with the calculated cell model parameter values.
Cell Voltage
As described above, charging and discharging tests were interrupted in order to measure the internal resistance of the cell. Therefore, the raw voltage measurements over time typically look like those in Figure 3 for a charging test and for a discharge test.
Excluding the interruptions and excluding the period of voltage stabilisation after each interruption test, charge and discharge curves were created. These have been plotted as a function of cumulative charge, for example Figure 4. Some noise appears on the curves, both due to the interruption tests and because in phase 1 the variable resistor required repeated adjustment to achieve constant current.
[image: Figure 4]FIGURE 4 | Cell voltages during charge and discharge excluding interruptions. The current was ± 0.6 A (C/5 rate) and the cell temperature was room temperature, about 20°C.
It appears that the capacity of the cell increased as it was cycled, and that the actual capacity was greater than the nominal 3 Ah. It can also be seen that the total internal resistance of the cell reduced on second and subsequent cycles.
Open Circuit Voltages
The open-circuit voltages, VOC, were calculated, being the asymptote of each interruption test. VOC is plotted against cumulative cell charge for tests from phase 2 in Figure 5. Phase 1 tests are excluded from Figure 5 because the corrosion of the copper wires may have affected the apparent cell voltage. VOC exhibits some scatter, reflecting uncertainty in the calculation of the asymptote of voltage. Nevertheless, some patterns do emerge:
(1) There is a hysteresis, or difference, between charging VOC and discharging VOC. Either this is a genuine difference that depends on the direction of the most recent current, or the voltage stabilisation takes longer than can be measured in a 5-min interruption test due to internal resistances.
(2) The hysteresis is larger at low SOC than high SOC.
(3) When charging at ambient temperature, VOC is higher than in other tests. However, the cell may not have fully stabilized after being rebuilt. Some discharging tests at ambient temperature were excluded from Figure 5 for this reason.
(4) There is no strong correlation of VOC with temperature.
[image: Figure 5]FIGURE 5 | Open circuit voltages (VOC) for all tests, comparing charging with discharging, and comparing the effect of cell temperatures.
Ohmic Resistance
The ohmic resistance (R0) of the cell and its electrical connections was calculated from the initial voltage rise, or fall, of an interruption test. For most tests, R0 was about 0.2 Ω. Four observations can be made:
(1) When the SOC is very low, the R0 for discharging is much higher than in other cases, up to 0.8 Ω. This is consistent with the surface area of the active chemical species, iron and nickel oxyhydroxide, being reduced as their abundance is depleted.
(2) When the cell has a membrane but no gap each side of the membrane, R0 is higher than in the other tests, up to values between 0.3 and 0.5 Ω, especially during charging and toward high SOC. This could be because of bubble blinding, where bubbles are trapped against the electrodes and unable to escape by buoyancy. These bubbles obstruct the flow of ions through the electrolyte.
(3) When the cell has a membrane and a gap of 2.5 mm each side, R0 is slightly higher than when the gaps are just 1.25 mm. This is as expected, due to the increased length of the conduction path through the electrolyte.
(4) When the cell had no membrane, R0 was not significantly reduced. The addition of a membrane does not therefore significantly impact on the function of the cell as a battery.
Time Constants and R-C Equivalent Circuit Component Values
When each of the parameters in each test were plotted against SOC, no strong trends were evident except for an increase in resistances at very low SOC; cell construction and temperature made very little difference. Therefore, average values have been given, Table 1. Each parameter was averaged across all interruptions of charging and discharging across all tests of phase 2, excluding very low values of SOC and excluding a few outlying values. The test program did not allow time for long-term cycling of the battery to see how these parameters change over time.
TABLE 1 | Time constants of interruption tests and equivalent circuit component values measured in phase 2 with a gap of 1.25 mm on each side of the membrane.
[image: Table 1]Most parameters of the equivalent circuit exhibit insignificant differences between charging and discharging, but the long time constant, τ2 is slightly larger and the larger capacitance, C2 is significantly larger during charging. This could be because bubbles of gas form inside the electrodes and act as a form of energy storage, causing the cell to temporarily perform as an alkaline fuel cell for a few minutes when the charging current is disconnected.
Cell Capacity
The approximate charge capacity of the cell can be observed from the total ampere-hours delivered in each discharge test at the point of voltage collapse, for example the discharge tests of Figures 3 and 4. However, the time of voltage collapse depends on the discharge current: a slower discharge results in later voltage collapse. Therefore, discharge was continued at very low voltage until the current also dropped to a very low level, approximately 0.1 A, while counting ampere-hours. Since current continued to fall exponentially and asymptotically, Eq. 10 was used to estimate the residual cell capacity at the end of each test. Residual capacity added only a small fraction of total charge, in most cases about 1% of capacity and never more than 3.3%.
At ambient temperatures, the total cell capacity was 3.87 ± 0.2 Ah. At 40°C, the total cell capacity was very similar at 3.79 ± 0.12 Ah. Thus, the observed total cell capacity was about 30% greater than the expected nominal value of 3 Ah, and about 25% greater at the point of voltage collapse, Figure 4. There are various reasons for this. Firstly, the cell becomes conditioned by repeated cycling. Any net oxidation of both electrodes is removed by the liberation of more oxygen than hydrogen over the first few cycles. Secondly, the measured cell capacity included a second plateau of lower voltage where further oxidation of iron electrodes takes place, Eq. 11:
[image: image]
However, the plateau, visible in Figure 3B only adds about 2% to cell capacity. Therefore, the actual cell capacity appears to be larger than nominal. The charging process behaves as a logistic function (Mulder et al., 2017). With the exception of the first two charge-discharge tests carried out, the charge inserted was much greater than the nominal capacity and was continued until the cell voltage had stopped rising, indicating that no more charge was being stored.
At 60°C, the total cell capacity was 2.46 ± 0.04 Ah, which is 18% below nominal capacity and 35% below the capacity at ambient temperature despite the inserted charge being at least as great as in tests at lower temperatures. These observed differences could be due to cell self-discharge and its dependence on both SOC and temperature. At moderate temperatures, self-discharge is slow enough for the cell to temporarily hold a full charge, whereas at elevated temperature the initial self-discharge rate is very high. However, self-discharge tests were not carried out to confirm or refute this theory. Self-discharge does not necessarily result in a high rate of energy loss, since it can result in the release of hydrogen and oxygen gases (Weninger and Mulder, 2019). The production of gases during the charging process was not measured during the long capacity tests, but was measured in the combined charging-electrolysis tests described in Charge Efficiency During Electrolysis Tests, Energy Efficiency During Full Charging and Discharging Cycles, and Energy Efficiency When Electrolysing at Full Charge.
Electrolyser Performance Comparing Different Cell Constructions
Electrolyser tests have been performed at least once with every cell configuration. The maximum current is 10 A, and the working cell area of the cell is 50 cm2, corresponding to a current density of 200 mA/cm2, which is a modest maximum for an electrolyser.
A hysteresis effect was observed: electrolysis voltage is slightly higher when stepping up the voltage than when stepping down, indicating a slightly lower resistance when decreasing voltage and current. Also, when a second, repeated electrolysis test was performed, it usually resulted in higher current at a given voltage than in the first test, indicating a further reduction in resistance. This is due to the action of the self-forming catalysts, nickel oxy-hydroxide in the oxygen evolution reaction and metallic iron in the hydrogen evolution reaction (Mulder et al., 2017) that reduce the overpotential at each electrode. A second test also resulted in less difference between the increasing and decreasing tests. Therefore, where possible, only the second electrolysis test of each cell configuration is presented and compared in subsequent analyses. The increasing and decreasing portions of each electrolysis test were then averaged to minimise hysteresis effects.
Comparing the second electrolysis tests (where available) for all the cell configurations of phase 1, Figure 6, the cell configurations can be ranked in order of performance as an electrolyser.
[image: Figure 6]FIGURE 6 | Electrolysis tests for all cell configurations of phase 1 testing. The increasing and decreasing portions of the electrolysis tests have been averaged. With the exception of the test of a membrane with no spacers, the second electrolysis test is shown. Error bars added indicate variation in test repeatability.
The cell with no gaps is the worst performing and can be discounted as a realistic option for a battolyser. With no gap on each side of the membrane, the voltage was much higher than other configurations, implying that the internal resistance was consistently higher. Therefore, it is imperative to have at least a small gap on each side of the membrane. It is thought that this is necessary to allow bubbles to escape efficiently, to avoid “bubble blinding.”
The cell with lowest resistance is the one with no membrane and just one spacer, giving a gap of 1.25 mm. This can also be discounted as a realistic option for a battolyser since the membrane is needed to separate hydrogen and oxygen gases. However, the no-membrane case can be used to estimate the electrical resistance of the membrane itself.
When a 1.25 mm spacer on each side of the membrane is compared with a 2.5 mm spacer on each side, the smaller gaps create a cell with a smaller internal resistance. Therefore, for current passing between the electrodes, the effect of reduced resistance of a shorter pathway through the electrolyte more than offsets any increase in bubble blinding due to a smaller gap, even at maximum current density.
The difference between the lines in Figure 6 can be used to estimate the electrolyte resistivity. The lines are almost linear between 4 and 10 A, where the gradients have been calculated as shown in Table 2.
TABLE 2 | Gradients and intercepts of electrolysis voltage curves, indicating ohmic resistance and voltage at which significant electrolysis first takes place.
[image: Table 2]The difference in pathway length through the electrolyte in a cell with a gap of 2.5 mm on each side and that of a cell with a gap of 1.25 mm on each side is a total of L = 2.5 mm, and the increase in resistance, R, is 0.0939 − 0.0797 = 0.0142 Ω. The working area, A, is still approximately 50 cm2, or 0.005 m2.
[image: image]
The conductivity is the inverse of this, 35.2 Sm−1, or 352 mScm−1. This corresponds reasonably well with published results of 550 mScm−1 for 35 wt.% KOH at 25°C (Allebrod et al., 2012).
Given this resistivity, it is possible to estimate the resistance that the no-membrane cell would have had if a membrane were present, as follows:
Resistance of cell with membrane and 1.25 mm gaps = 0.0797 Ω, Thickness of membrane itself = 0.45 mm, Length of pathway through electrolyte in cell with no membrane = 1.25 mm, Length of pathway through electrolyte in cell with membrane is 1.25 + 0.45 + 1.25 = 2.9 mm, Reduction in resistance due to reduced width is 0.0142 × 1.7/2.5 = 0.009656 Ω, Resistance of no-membrane cell if it had a membrane is therefore 0.0797 − 0.009656 = 0.070044 Ω, Actual resistance of no-membrane cell = 0.0594 Ω.
Therefore, added resistance of membrane itself is 0.070044 − 0.0594 = 0.0106 Ω, or just 10.6 mΩ.
Given the 50 cm2 cell area, this equates to a specific resistance of 0.53 Ωcm2 at 20°C, which agrees fairly well with the manufacturer’s stated resistance of 0.3 Ωcm2 for 30 wt.% KOH solution at 30°C.
The added resistance of membrane plus increased cell width is 20.3 mΩ, which is only 8% of average total cell internal resistance, Table 1. The internal resistance is dominated by the resistance within the electrodes themselves and the addition of a membrane is only a small efficiency or power penalty.
Electrolysis at Elevated Temperatures
In phase 2 tests, the cell had a fixed configuration of a membrane and a gap of 1.25 mm on each side. Electrolysis tests were carried out as before, increasing and decreasing the voltage in steps of 0.05 V. Tests were performed at ambient laboratory temperature of approximately 20°C, then 40°C and finally 60°C. At each temperature, electrolysis was repeated, ramping the current and voltage up and down twice.
As before, the increasing and decreasing portions of each electrolysis test have been averaged, and the second electrolysis test is used wherever one was available, Figure 7. The lower voltage gradient in the phase 1 test is due to the lower resistance of its contact wires within the cell. The results show that voltage at a given current is reduced with increasing temperature. To a good approximation, the cell voltage is uniformly reduced by 0.1 V for a temperature increase of 40°C.
[image: Figure 7]FIGURE 7 | Comparison of electrolysis tests at different temperatures and also compared with the equivalent test in phase 1, all with 1.25 mm spacers on each side of the membrane. The increasing and decreasing portions of the electrolysis tests have been averaged. With the exception of the 60°C test, the second (repeated) electrolysis test is shown.
The cell was rebuilt between phase 1 and phase 2 testing, with a new lid for gas collection and new electrical connections to the electrodes. The new electrical connections are expected to have some effect on the ohmic resistance of the cell. In phase 1, the electrode connectors were stranded copper wires that became corroded where they were exposed to the potassium hydroxide electrolyte. The wires were clamped onto the electrode with nylon nuts and bolts. The surface connection resistance may have been poor but the electrical conductivity of the wires themselves was good. Each wire had a measured resistance of 0.01 Ω. In total, the connections to both electrodes are therefore estimated to have a total resistance of at least 0.02 Ω.
In phase 2, the electrode connectors were solid stainless steel, each with a length of about 200 mm and diameter of 3 mm. The resistivities of stainless steels are between 69 and 80 μΩ-cm, (AZOMaterials, 2018; Ugur, 2018; California Fine Wire Co, 2020). Using a typical value of 75 μΩ-cm, the resistance of each wire would be 0.021  Ω, and the total resistance added to the cell would be 0.042 Ω, which is slightly larger than in phase 1. A back-to-back comparison of the electrolysis current-voltage characteristics of the cell in phase 1 and phase 2 at ambient temperature is shown in Figure 7.
The phase 2 cell obviously has a higher internal resistance, resulting in a higher gradient of voltage vs. current. In Figure 7, the cell voltage at a current of 10 A is about 0.2 V higher in phase 2 than in phase 1, indicating an apparent increase in resistance of 0.02 Ω. This is consistent with the calculated increase in resistance that should result from swapping from copper wires to stainless steel wires, and within the margin of experimental error.
The design of the experimental cell included wires to the base of each electrode so that the electrical connection did not have to pass through the gas collection pockets. Further research and design work are required to achieve a multi-cell stack with minimal electrical resistance between cells.
Gas Production Rates
The total gas production rates were measured for some of the electrolysis tests. There was too much gas cross-over from oxygen to hydrogen or vice versa to measure the volume of each gas independently, but the total gas volume was successfully measured. One important reason for the gas cross-over was the insufficient depth of gas collection pockets at the top of the cell, as the proportion of gas emerging from each of the tubes was dependent on small changes to the depth of submersion in the water collection bath. The overall sealing of the cell was also inadequate for very accurate gas volume measurements, given that some bubbles were often observed emerging from the edges of the cell lid and around the temperature probe. Lessons are learned for future cell design, including problems of electrolyte frothing at high gas production rates.
Nevertheless, total gas volumes from both collection cylinders were measured, added together and converted into the number of moles of gas using measured temperature and known atmospheric pressure on the day (Time and Date AS, 2020). The gas volume was adjusted for humidity, assuming 100% relative humidity at the temperature of the water bath (TLV A Steam Specialist Company, 2020).
To investigate the effect of SOC, some electrolysis tests took place when the cell was fully charged, whereas others took place when the cell was almost completely discharged. When the cell was fully charged, it was expected that all electrical charge would be used to make hydrogen and oxygen, but when the cell was charged rapidly from empty, the charge is divided between charging the cell and producing gases, both of which were measured.
The measured total gas production rates depended mainly on the cell voltage, regardless of the SOC, Figure 8. Gas production is negligible below a cell voltage of 1.5 V.
[image: Figure 8]FIGURE 8 | Electrolysis total gas production rates vs. cell voltage averaged over the test. Cells had 1.25 mm spacers each side of the membrane.
There is some evidence suggesting that gas production rates are higher when the cell is fully charged than when it is empty, but the data was only sufficient to show this effect at elevated temperatures, and the effect is secondary to the voltage.
Charge Efficiency During Electrolysis Tests
The charge balances of all the electrolysis tests are shown in Figures 9 and 10. They show the charge balance of electrolysis tests in units of millimoles of electrons in, and millimoles of electrons used in gas production, according to the overall chemical equation for electrolysis.
[image: image]
Using the stoichiometry, Equation 11, each 3 mol of gas requires 4 mol of electrons to make it. If the electrical charges were fully accounted for, the “charge input” and “gas output” bars of Figure 9 would be equal in height for each test. However, in practice the measured charge efficiency (Faraday efficiency) is quite variable and usually less than 100%. When starting from a full cell, the charge efficiency varies between 73% and 107% with an average of 87%. Apart from measurement error and gas leakage, possible sources of difference include temporary over-charging of the cell and leakage current.
[image: Figure 9]FIGURE 9 | Electrolysis tests starting with a fully charged cell. Charge input and equivalent gas output in terms of effective charge used and at different charge rates.
[image: Figure 10]FIGURE 10 | Electrolysis tests starting with an almost-empty cell. Charge input, charge output and equivalent gas output in terms of effective charge used and at different charge and discharge rates.
When starting with an almost-empty cell, Figure 10, the sum of “gas output” and “charge out” should be equal to the preceding “charge input” for each test, if all charge were accounted for. However, the charge efficiency is even more variable for these tests, with a minimum of 65%, a maximum of 174% and an average of 112%. In these tests, apart from all the sources of error and difference measured above, it is also difficult to know if the cell returned to the same SOC at the end of the experiment as it was at the beginning. The most commonly used methods for estimating SOC in other batteries (Zeng et al., 2018; Zhang R et al., 2018) are not available for our Ni-Fe cell. Considering each possible method in turn: Ampere-hour counting is an output of this experiment, not an input that can be used to determine SOC; VOC is too variable to be used and the time constants associated with the cell are too long; The internal impedances do not exhibit any clear relationship with SOC; An electrochemical model is not available; The equivalent circuit model does not show clear relationships with SOC; Kalman filter algorithms are not available for this cell. Upon disconnection of a load, VOC slowly returns to a plateau at about 0.7 V, and then another plateau at 1.2 V. The characteristics of the battery are not well enough known for impedance spectroscopy or modeling methods to be used. The method of estimation of residual charge described by Eq. 10 makes the reasonable assumption that short-circuit current is proportional to residual charge but may not be accurate enough.
From the charge stored in the cell when performing a short electrolysis/charge test from an almost-empty state, it appears that there is a maximum rate-of-charge for the Ni-Fe cell. Excluding tests where the charge output exceeded the charge input, and therefore focusing on tests at 40 and 60°C, it is possible to divide the charge output by the duration of the charging test to calculate an effective charging current as a function of average cell voltage, Figure 11. It appears that the maximum charge rate is limited to about 2.5 A, corresponding to 50 mAcm−2, no matter how high the voltage or the electrolysis current is. That is a charge rate of just under 1C in this 3 Ah cell.
[image: Figure 11]FIGURE 11 | Effective charge rate during electrolysis tests that start with an empty cell. Asymptotic trend line added.
Energy Efficiency During Full Charging and Discharging Cycles
During the long charge and discharge cycles, the overall energy balance is impossible to establish since the gas volumes were not measured. As seen above, as the cell approaches a fully charged state, the rate of electrolysis increases but the chemical energy associated with the hydrogen gas was not accounted for during the long charging tests. The plateau voltages, Figures 3 and 4, show the cell charging at between 1.5 and 1.8 V, then discharging between 1.3 and 0.7 V. The electrical energy efficiency was therefore about 70% when charged and discharged at 0.6 A (12 mA/cm2) and closer to 40% when charged and discharged at 1.5 A (30 mA/cm2) but these figures include the large resistances of contact wires inside the cell. the efficiency penalty due to addition of the membrane is estimated to be up to 10%. Therefore, the battolyser’s performance as a battery is compromised.
Energy Efficiency When Electrolysing at Full Charge
The higher heating value (HHV) of the chemical energy in the hydrogen gas produced has been compared with electrical energy input and integrated over the time duration of the tests, Figures 12 and 13. When starting from a fully-charged cell, Figure 12, the energy efficiency may be as high as 70% when the current is only 2 A and the cell voltage is only 1.9 V, but is less than 40% when the current is up to 10 A and the voltage is up to 3 V. The main cause of low efficiency is, again, high cell voltage, which again includes the voltage drop in the wires inside the cell of up to 0.4 V.
[image: Figure 12]FIGURE 12 | Electrolysis tests starting with a fully charged cell. Electrical energy input compared to calorific heat energy of gas output (HHV).
[image: Figure 13]FIGURE 13 | Electrolysis tests starting with an almost-empty cell. Electrical energy input compared to calorific heat energy of gas output (HHV) and electrical energy output.
When starting from an almost-empty cell, Figure 13, the energy efficiency is again much lower than the charge efficiency, Figure 10, due to the high voltage during electrolysis, especially when the current is as high as 10 A with an associated high cell voltage of up to 3 V including the resistance of wires inside the cell.
DISCUSSION
The high internal resistances of the cell, Table 1, and hysteresis of VOC, Figure 5, result in poor voltage efficiency. When the charge and discharge rate is C/5, the stabilized terminal voltages are typically 1.6 and 1.2 V respectively, resulting in a voltage efficiency of 75%. When the charge and discharge rate is C/2, the stabilized terminal voltages are typically 1.82 and 0.98 V respectively, resulting in a voltage efficiency of 54%. These voltage efficiencies are similar to but slightly lower than those observed by Mulder et al. (2017). Side reactions and poorer performance at very high or low SOC reduce electrical efficiency still further. In any case, the maximum charge rate is limited to less than 1C, Figure 11. The role of Ni-Fe batteries in electricity systems is therefore primarily for long duration storage, diurnal cycling rather than peak lopping for example.
The present experiments used only one pair of electrodes whereas a battery uses a stack of interleaved electrodes. The present experiments also added a membrane and increased the conduction path length. The relatively small increases in resistance caused by these changes, Table 2, indicate that the high internal resistance are intrinsic to the chemistry of Ni-Fe cells and that the present changes make only a small compromise to the performance of a Ni-Fe battolyser as a battery.
As an electrolyser, the energy efficiency is also relatively low at typically 50%, Figure 12. Given the thermo-neutral voltage of electrolysis at ambient pressure and temperature of 1.48 V (Mori et al., 2013), the voltage efficiency at a current density of 200 mA/cm2 and 60°C is just 55% Figure 7. The measured current density at an efficiency of 70% (or 2.11 V) is just 83 mA/cm2 compared to 500 mA/cm2 for alkaline electrolysers and 2000 mA/cm2 for PEM electrolysers (Ayers et al., 2010). The electrolysis efficiency of 80% at a current density of 100 mA/cm2 measured by Mulder et al. (2017) is slightly higher than the present result but still lower than commercial electrolysers.
Given the proposed application of using surplus renewable electricity at low capacity factors, low cost and durability are more important than efficiency. The United Kingdom retail price of Ni-Fe batteries is £440/kWh, which is lower than other batteries of long cycle life such as lithium titanate or lithium iron phosphate (Bimble Solar Ltd., 2020) but higher than deep-cycle lead acid batteries, which have shorter cycle life. The example current density of 83 mA/cm2 is equivalent to a battery charge rate of 1.4C in the tested two-electrode cell, or 2.8C if many electrodes are interleaved in a stack and operated as double-sided electrodes. If a thermal efficiency of 70% is expected, then capital cost per kW as an electrolyser is comparable or lower than that of commercial electrolysers but excludes the cost of gas collection and compression. If a lower efficiency is tolerated, then the capital cost of the stack on its own can be lower.
Further research is required to optimize the Ni-Fe battolyser for its dual role:
• Long cycle-life testing is required to establish the durability of a Ni-Fe battolyser as repeated overcharging is known to change the crystal structure of the positive electrode (Shukla et al., 1994). Damage to electrodes and partial disintegration of the electrode materials was observed but the cause was unknown.
• Existing Ni-Fe electrodes are designed to minimise hydrogen and oxygen evolution. The battolyser may therefore benefit from a different formulation of electrodes and surface coatings to enhance gas production.
• The gas collection system and balance of plant need to be engineered to be affordable yet durable.
CONCLUSIONS
The tests confirm that a Ni-Fe cell can be used as a battery-electrolyser or battolyser. It can be used for both storage of electrical energy and hydrogen production as a Power-to-X sustainable fuel.
An equivalent circuit model of a Ni-Fe cell has been constructed from interruption tests conducted during charging and discharging of the experimental cell, with approximate values of equivalent circuit components. The equivalent circuit has two R-C loops. The shorter time constant is approximately 15 s in either charging or discharging but the longer time constant is 187 s during charging and 140 s during discharging. The open-circuit voltage exhibits a hysteresis effect, depending on whether the cell is charging or discharging, especially at low states-of-charge. Alternatively, this may be evidence of an even longer time required for cell voltage stabilisation.
The total cell capacity is confirmed to be greater than the nominal cell capacity by approximately 25%. To make use of this extra capacity, the cell has to be overcharged for a significant period of time and may need to be discharged immediately after charging to avoid loss of energy by self-discharge.
Results are consistent with the Ni-Fe cell having a high self-discharge rate, and that self-discharge is increased at elevated temperature.
The bubble separation membrane increases the cell’s internal resistance by 0.53 Ω cm2 at 20°C, which is consistent with the membrane manufacturer’s specifications. Together with the required increase in separation between electrodes, the addition of a membrane results in an increase in cell resistance during electrolysis of 34%. The increase in total internal resistance of the cell as a store of electricity is only 8%. The electrical performance of a Ni-Fe battolyser is therefore almost as good as a Ni-Fe battery.
Elevated temperature reduces the measured cell capacity by a modest amount, but also reduces the voltage at which electrolysis takes place, thereby improving the efficiency of electrolysis.
There is an optimum separation gap between the cell electrodes and each side of the bubble separation membrane. This should be large enough to avoid “bubble blinding” but small enough that the extra electrolyte layer does not increase internal resistances significantly. In the cell studied, the best results were observed with gaps of 1.25 mm or 2% of cell height.
There appears to be a maximum cell charge rate of the order of 50 mA cm−2, regardless of the cell voltage.
Ni-Fe batteries appear to be a good choice for electricity storage in off-grid microgrids powered by intermittent renewable energy, especially where long battery life is required at elevated ambient temperatures. Ni-Fe battolysers appear to be a cost-effective technology of providing hydrogen for other energy uses and longer-term energy storage, provided they can be manufactured in a low-cost yet robust way.
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GLOSSARY
A1, A2 Volts Scale factors of exponential terms associated with the RC networks of the equivalent circuit
A3 Amps Scale factor of exponential decay of residual current
C/5, C/2, 1C hour−1 Hourly charge or discharge rate of the cell
C1, C2, F Polarisation capacitances of the RC networks of the equivalent circuit
mΩ Ohmic resistance
Ni-Fe Nickel-iron
R1, R2, mΩ Polarisation resistances of the RC networks of the equivalent circuit
RTOT, mΩ Total resistance of the cell. RTOT = R0 + R1 + R2
SOC, % State Of Charge of batteries or cells
V1, V2, Volts Voltages of the RC networks of the equivalent circuit
VOC, Volt Open Circuit Voltage
τ1, τ2, seconds Time constants of the RC networks of the equivalent circuit
τ3, seconds Time constant of exponential decay of residual current
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