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Abstract 

Coupling of photovoltaics (PV) with electrochemical (EC) water splitting is an established concept 
for storage of excess PV energy via production of green hydrogen. However, intermittent PV output 
presents a challenge for the stability and lifetime of EC devices in both direct coupled and power 
electronic assisted systems. The use of batteries is a viable way of smoothing out PV output 
fluctuations, which is beneficial for EC stability and ultimately lifetime. In our studies of direct 
coupled PV-EC-battery (PV-EC-B) systems, we have demonstrated self-sustaining operation of the 
device without control electronics. In addition to the expected storage function, the batteries 
stabilize the power coupling and improve the solar-to-hydrogen (STH) efficiency of the system 
despite their own power losses. This synergistic effect originates from the distribution of the daily PV 
energy over longer periods of EC operation i.e. the reduction of the EC input power and the related 
kinetic losses. This STH efficiency gain is addressed from two orthogonal viewpoints. First, we 
investigate how high the synergistic STH gain can be in the optimized system composed of high-
efficiency PV and EC components operating close to the system efficiency limit. We show that in a 
basic day-night operating cycle, an optimally coupled PV-EC system with STH efficiency of 23.0% 
can reach STH efficiency of 25.4% once battery is included. The STH efficiency increase achieved in 
the PV-EC-B system is 2.4% abs. higher than the STH efficiency in the reference PV-EC system and 
1.9% abs. higher than the theoretical STH limit of the reference system determined by the EC 
polarization curve. The second aspect is related to the downscaling of an electrolyzer facilitated by 
the reduced EC power in the system with battery. We show that the battery allows a reduction of the 
electrolyzer capacity in the PV-EC-B system by about a factor of two, while operating at the same 
efficiency as the reference PV-EC system. These results are crucial for the future design, techno-
economic and life cycle analysis of advanced PV-powered water splitting. 
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1. Introduction  

Coupling photovoltaics (PV) and energy storage is a critical step in achieving a balanced 
renewable energy system across different timescales. Storage is of paramount importance in 
situations where the grid is either unavailable or weak[1]. However, significant penetration of 
photovoltaics necessitates the use of storage for virtually any grid[2]. The short-term storage issue 
is predominantly addressed by batteries[2-5] (B) and the long-term storage is expected to be 
addressed by the electrochemical (EC) reactors producing solar fuels, particularly hydrogen[6-9]. 
Combining EC cells with battery storage in a PV-EC-B hybrid system is a technically feasible 
approach to stabilize the PV power supply[6] while the battery price reduction trend[10] promises its 
economic viability. Stable baseload provided by batteries can improve safety[11] and stability[12] of 
water splitting especially in alkaline electrolyzers. Batteries and electrolyzers are typically 
connected to photovoltaics via power electronics, with multiple DC-AC-DC conversion of electric 
power in some cases [5, 6, 8, 13-15]. However, solutions that employ direct coupling of PVs to EC 
devices [14, 16-24] or batteries[25-31] have also demonstrated the potential for efficient self-
sustained operation and the highest solar-to-hydrogen efficiencies (STH) are typically attained in 
laboratory-scale direct-coupled systems[14, 16-24]. Authors of a few papers point out that power 
electronics is not necessary when PV is coupled to battery [27, 32-36], and properly combined 
components allow efficient operation of PV-EC [16-18, 22, 37] or PV-B[25-30, 38] systems under 
realistic variations in irradiance and PV-module temperature.  

In our previous work, we have studied the interplay of PV, EC cell, and battery in the simplest 
direct-coupled PV-EC-B system and demonstrated its self-sustaining operation in idealized 
day/night operating cycles[39, 40]. In the absence of power conditioning electronics, the battery 
facilitates power coupling in the system during the day and extends the operation of the EC device 
into the night. In addition to the expected stabilizing effects, we have found theoretically [39] and 
confirmed experimentally [40] that batteries can improve the solar-to-hydrogen (STH) efficiency in 
PV-EC-B systems compared to the PV-EC reference without battery. The STH gain is achieved as the 
battery transfers some part of the daytime energy to the night, extending the operating time and thus 
reducing the operating power of the electrolyzer and therefore kinetic overpotential loss in the EC 
device. The gain is synergistic - even with additional losses in the battery, the common losses in the 
EC-B combination are lower than in the EC cell operating alone, because the total battery 
overpotential loss is subtracted from the EC overpotential loss during the night[39, 40]. This synergy 
between EC and battery in a simple direct-coupled PV-EC-B system motivates our further research 
in two main directions. The first is the stable round-the-clock hydrogen production with increased 
STH efficiency. We seek to determine how far the STH gain in the PV-EC-B system can be improved 
in a system with high efficiency components. The second aspect is related to the downscaling of the 
electrolyzer capacity achievable in the system with battery. For the same PV size and target EC 
power density, a smaller electrolyzer is required in the system with battery, which is of interest 
considering that the electrolyzer represents 30%-50% of levelized cost of hydrogen[41-43].  
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In this work, we address both aspects in well-defined experiments. In the first experiment, we 
investigate how far the STH efficiency can be increased in the system of a high-efficiency GaAs 
concentrator PV module driving an industrially relevant water-splitting electrolyzer stack combined 
with a commercial lithium-titanium oxide battery pack. We compare the optimized PV-EC-B system 
to the optimized reference system driving the same electrolyzer with the same idealized PV power 
profile to isolate the effect of the battery and accurately determine the achieved STH gain. The 
reference PV-EC system after optimization operates very close to the theoretical STH limit 
determined by reverse analysis of the EC polarization curve[44]. Then, a PV device of the same area 
and efficiency is optimally coupled to the same electrolyzer, but with the battery connected in 
parallel. The system with battery demonstrates self-sustained operation in a day/night cycle, it 
shows significant STH efficiency gain against the reference system, and notably reaches STH 
efficiency value above the theoretical STH efficiency limit of the reference PV-EC system. In the 
second set of experiments, we investigate the electrolyzer downscaling potential when coupled to a 
battery. The ratio of the PV area, APV to the EC area, AEC has been adjusted such that the electrolyzer 
capacity per unit PV area in the PV-EC-B system was twice as small as in the reference PV-EC system 
while resulting in approximately same STH efficiency. After presenting the system design 
considerations and the experimental procedure, the results are presented in two logical blocks (i) 
the experiment breaking the STH limit and (ii) downscaling of the EC capacity relative to PV. The study 
shows useful synergy in common operation of the EC cells and battery, and is a starting point for 
advanced experiments with realistic PV generation profiles. 

2. Methods 

2.1. System design and power coupling.  

Schematic diagram of a PV-EC system is illustrated in Figure 1(a) and of a PV-EC-B in Figure 1 (b). 
An idealized duty cycle is presented in Figure 1 (c) illustrating the difference in operation of both 
systems. The duty cycle consists of a light time (Tl) and dark time (Td) shown with sun and moon 
symbols respectively. In the PV-EC system, the PV current (IPV) is directly utilized in the water splitting 
reaction in the EC cell when there is sufficient irradiance, and the system is idle in the dark. For the 
PV-EC-B system, as shown Figure 1 (c), the PV current IPV during Tl is split between the EC cell and 
the battery. The EC cell current (IECl) is directly utilized for water splitting (with total charge (QH2l) and 
the battery current (IBl) accumulates in the battery to a charge (QB). During the dark time Td the battery 
discharges through the EC device with current (IECd). This leads to the production of hydrogen in the 
absence of sunlight during Td with a dark time charge (QH2d) obtained from the integration of the EC 
dark time current. For proper assessment of the STH efficiency in the PV-EC-B system it is essential 
to complete the cycle with utilization of the accumulated charge QB during the dark time so that QB 
= QH2d [45]. 
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Figure 1. (a) Schematic diagram of PV module direct coupling to electrochemical cell referred to as PV-EC. 
(b) Schematic diagram of PV module direct coupling to parallel connected electrochemical cell and battery 
referred to as PV-EC-B. (c) Illustration of duty cycle of PV-EC-B system showing current (I) and charge (Q) 
distributions over a light time and dark time shown with sun and moon symbols, respectively.  

In both cases efficient system operation relies on the proper choice of elements’ IV 
characteristics for the utilization scenario. More specifically, for the case of the direct-coupled PV-
EC system, the operating point or working point which is at the intersection of PV and EC IV 
characteristics must be as close as possible to the maximum power point of the PV device to utilize 
the full potential of the PV generator. The optimal coupling for the ideal system is formalized as  

𝑃EC =  𝑃WP = 𝑃MPP   (1). 

Where PEC is the power delivered to the EC terminals or working point power PWP and PMPP is the 
maximum power delivered by the PV device. Giving the possibility of working below the PMPP since PV 
and load/EC IV characteristics may not always intercept the PV’s PMPP (i.e. non ideal conditions), the 
issues related to optimal coupling as well as the degree of the coupling are well described in 
numerous papers [14, 16-18, 20, 22, 24, 25, 27-31, 39, 40, 44]. The coupling factor C [29, 30, 39]  or 
coupling efficiency 𝜂C[14, 30] is the ratio of the PV working point PWP to the PV maximum power PMPP 
as shown in equation (2). 

𝐶 = 𝜂C = 𝑃WP 𝑃MPP⁄    (2). 

The first step towards maximizing the coupling efficiency 𝜂𝐶  of the direct-coupled system is to 
define the power requirement of the load. A plot for power versus voltage can be generated for the 
load. In this work, we start the system design from the electrolyzer. The characteristic power versus 
voltage plot for the electrolyzer is shown in Figure 2 (a) with solid blue line. The electrolyzer is made 
up of a stack of 3 EC cells connected in series. Considering an industrial relevant working voltage of 
1.8V per EC cell in the stack [46, 47], the required stack voltage sums up to 5.4 V (VEC) which 
corresponds to a power value of 14.3 W. Therefore, a PV with power of 14.3 W is required. This power 
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requirement is shown with red line labeled as PWP in Figure 2 (a) which intercepts the EC power curve 
at 5.4 V shown with gray circle. After the target coupling power and voltage are determined, the 
respective target current can be determined by considering the current voltage characteristics of the 
elements. The EC polarization curve is plotted in Figure 2 (b) with a solid blue line. The horizontal 
constant power line presented in Figure 2 (a) turns to a reciprocal curve in Figure 2 (b) representing 
all possible maximum power points of any PV device with PMPP = 14.3 W. The intersection of this 
reciprocal line with the EC polarization curve gives the current and voltage coordinate for MPP of a 
PV device optimally coupled to the electrolyzer in question. Using the determined current and 
voltage of the target MPP we can select or adjust the PV device to ensure optimal coupling in the PV-
EC system. The example of the required PV IV characteristic is shown with solid black line in Figure 
2 (b). 

 

Figure 2. (a) Blue line is the power versus voltage characteristics for the used electrolyzer. Red line indicates 
the power requirement or working point power PWP to run the electrolyzer at recommended voltage. Blue 
dotted lines are the combined EC and battery power versus voltage characteristics at 50% and 90% battery 
state of charge (SOC). (b) Red line is the MPP trace for GaAs PV module for the power requirement of the 
electrolyzer using solar concentration of 17.3 suns and a PV efficiency of 34.5%. Solid black line is the PV IV 
corresponding to maximum coupling for the planned PV-EC experiment. Solid blue line is the EC polarization 
curve at a scan rate of 50 mV/min. Dotted black line is the PV IV corresponding to maximum coupling for the 
planned PV-EC-B experiment. Dotted blue lines are the combined EC and battery IV characteristic at 50% and 
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90% battery SOC, respectively. Red solid circles are the points of maximum coupling for both PV-EC and PV-
EC-B experiments. 

 

The required PV IV characteristic is a result of scaling and interconnecting the basic PV elements 
that are either cells or modules.  The logic behind the adjustment is introduced in the following. 

The current 𝐼PV of a PV cell can be expressed via the cell current density JPV as  

𝐼PV =   𝐽PV 𝐴PVcell 𝜒⁄   (3), 

where APVcell is the PV cell area and χ is the solar irradiance concentration ratio for the case of 
concentrator PV devices. 

Considering the given single-cell PV module, with known efficiency, the next step is to define the 
area of the PV element required to generate the power requirement of the load. For the case with 
solar concentration, we define the PV area APV as the area of the solar 
concentrator/receiver/aperture (Aconcentrator) as expressed in equation (4)[48]: 

𝐴PV = 𝐴concentrator =   𝐴PVcell . 𝜒  (4) 

The required PV device area for a given EC power requirement can therefore be calculated using the 
following equation: 

𝐺𝐴PV𝜂PV = 𝑃EC =  𝐼EC𝑉EC  (5), 

where G is the solar irradiance, APV is the PV device area, ηPV is the PV power conversion efficiency, 
PEC the power requirement of the EC element, IEC the EC current and VEC the EC voltage. Once the PV 
device area is set, we need to determine the number of PV cells NcPV to be connected in series to 
achieve the required maximum power point voltage as. 

𝑁cPV =  𝑉EC 𝑉MPP Cell⁄   (6), 

where VMPP Cell is the maximum power point voltage of the characterized PV cell. Commonly, for an 
electrolyzer stack with an arbitrary number of EC cells NcEC, the EC voltage is a product NcEC and VEC 

Cell. The problem can be generalized with a cell ratio CR, the ratio of PV to EC cells resulting in proper 
voltage matching via the target operating EC cell voltage VECcell and PV cell MPP voltage VMPP 

𝐶R = 𝑁cPV 𝑁cEC⁄ = 𝑉EC Cell 𝑉MPP Cell⁄   (7). 

Note that any practical size system with more than one EC cell and one PV cell can result in fractional 
CR, for optimal coupling[49]. In practical applications, the required number of the components is 
achieved by an interconnection of cells of different size and number which allows smooth tuning of 
both current and voltage to achieve proper power coupling [17, 21, 50-57]. However, the lab scale 
experiments are severely constrained in the fine tuning of coupling due to the small number of cells 
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involved in the system and subsequently very coarse voltage steps. In this work we overcome this 
limitation by using hardware PV emulator – an SMU controlled by a dedicated software reproducing 
any required PV IV characteristics with accuracy and precision on par with AAA Class solar simulator 
[58].  Note that the PV emulation reproduces IV and emulates direct coupling to PV module without 
MPPT tracking. This approach provides necessary flexibility in planning and reproducibility in 
conducting of the experiment. So, we can reproduce the operation of a PV module with fractional 
number of cells when one or only few EC cells are available for laboratory testing. For example, if the 
target operating voltage of the water splitting cell is 1.8V and the maximum power point voltage of a 
PV cell is 0.5V the optimal coupling is achieved in practice when a stack of 5 EC cells is connected 
to a PV module of 18 PV cells. This yields a CR of 3.6. To realize these conditions for a single EC cell 
we can take a single PV cell IV, multiply its voltage scale values by the CR to achieve the emulated IV 
voltage VePV: 

𝑉ePV = 𝑉PV𝐶R  (8). 

At the same time, we must divide the current values of the original PV IV characteristic by CR to 
ensure operating at the same target PV power and area. Therefore, for the PV device with JV 
characteristics JPV(VPV), where J is current density and the required PV area APV, the emulated IV 
current 𝐼ePV is given by 

𝐼ePV = 𝐽PV𝐴PV 𝐶R⁄   (9). 

The resulting dataset IePV(VePV) is loaded into the emulator program and the required operating 
conditions are achieved at the lab scale with  a single or few cells EC device. The resulting black solid 
PV line in Figure 2 (b) represents the emulated IePV(VePV) used in the PV-EC experiment. 

The constant PV power reciprocal red line shown in Figure 2 (b) was calculated according to 
the PV efficiency ηPV equation [21, 39, 57, 59] 

𝜂PV =  𝑃MPP 𝐺𝐴PV⁄ =  𝐼MPP 𝑉MPP 𝐺𝐴PV⁄   (10). 

and represents a GaAs type PV device with ηPV =34.5%, under concentrated light with G = 17.3 suns 
(17.3kW/m2) and APV = 415.2 cm2.  

The key idea of the first experiment is to compare the reference PV-EC system to the equivalent 
PV-EC-B system in the same working cycle and isolate the effect of the battery on the solar-to-
hydrogen efficiency. To ensure that the difference in the performance is solely related to the battery, 
both the PV-EC and the PV-EC-B systems must have same, ideally maximal coupling factor. In 
directly connected systems this requirement is not automatically fulfilled when the same PV and EC 
devices are measured with and without battery, because the battery shifts the operating point of the 
device and thereby affects the coupling, [39, 40] which makes direct comparison of PV-EC and PV-
EC-B systems challenging at the highest efficiency level. In our previous experimental work 35, we 
overcame this comparison issue by designing the experiment in such a way that the operating 
voltage was above the PV MPP in the PV-EC system, while the battery shifted the operating voltage 
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below the PV MPP in the PV-EC-B system. Both systems had the same degree of coupling loss with 
C ≈ 0.93 which allowed to isolate the synergistic effect of the battery on the STH efficiency.  

The aim of the current study is to determine the STH gain achieved with a battery in a well 
optimized system with high efficient components. Therefore, in the present study we design both PV-
EC and PV-EC-B systems to have optimal coupling with coupling factor as close to unity as possible 
by using the hardware PV emulator. Therefore, when the battery is connected in parallel to the 
electrolyzer, the coupling in the system has to be reoptimized in order to ensure that the IePV(VePV) 
characteristic of the PV device match the common IV characteristics of the battery and EC systems 
[39, 40]. The EC-B combined power curves are presented with dotted blue lines in Figure 2 (a) for two 
battery states of charge (SOC) of 50% and 90%, respectively. To obtain the new IePV(VePV) curve that 
is optimally matched to EC-B combination, we follow the same procedure as described above for 
the identical PV cell and PV area. The resulting IePV(VePV) curve is presented as dotted black line in 
Figure 2 (b) with IMPP = 2.86 A, VMPP = 5.00 V, and CR of 0.65. As a target voltage, we choose 5 V which 
is the midpoint between the medium and high battery SOC. Note that the PV IV characteristic in the 
case of the PV-EC-B system (dotted black line) has it’s MPP at a lower voltage compared to the MPP 
for the  PV-EC system (solid black line) despite the maximum PV power being the same in both cases. 
This difference in MPP is the direct consequence of the power splitting between battery and EC cells 
during the daytime and the related reduction of the kinetic losses in the EC process.  

2.2. PV modules and PV emulator  

A gallium arsenide (GaAs) photovoltaic 1-cell module is characterised and used as the building 
block for the emulated PV array used in this work. The single-cell PV module with a PV cell area (APV 

cell) of 25 mm2 is characterised using a class AAA solar simulator under a solar concentration of 17.3 
suns. A Fresnel lens is used as the solar concentrator with the module yielding a short circuit current 
(ISC) of 60 mA, an open circuit voltage (VOC) of 2.84 V, a current at MPP (IMPP) of 58.3 mA, and a voltage 
at MPP (VMPP) of 2.56 V with an efficiency of 34.5%. Considering that a solar concentrator (Fresnel 
lens) is used, the area of PV (APV) in the context of this work is taking as the area of the solar 
concentrator (Aconcentrator) as previously expressed in equation (4). Where APV cell is the PV single-cell 
module area. APV during characterisation of the 1-cell module therefore has a value of 432.5 mm2. 

In this study, the PV device driving EC and EC-B combinations in the experiment is realized 
through the hardware emulation. The PV emulator provides high flexibility, reproducibility and 
temporal stability of the PV part of the system. Most of all, this approach provides flexibility to put 
EC or EC-B devices in the required scenario when fractional numbers of PV cells or smooth 
adjustment of the PV area are required as discussed in the section above. The versatility of this 
approach has resulted in the development of a number of PV emulators[60, 61]. As proposed and 
developed by Seidler et al.[58], the PV emulator in this work is based on a Python and SCPI algorithm 
that dynamically controls the output of a source measuring unit (SMU) to reproduce the IV 
characteristic of any required PV device with precision and accuracy on par with that of a class-AAA 
solar simulator. This method offers reproducibility of PV characteristics using off-the-shelf 
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equipment in typical electrochemical laboratories. Using this principle, the PV IV characteristic is 
tailored to conditions required for ideal coupling as shown with solid black line and dotted black 
lines for PV-EC and PV-EC-B systems, respectively, in Figure 2 (b). The area APV for the PV-EC and the 
PV-EC-B systems, which is the area of the concentrator, is therefore adjusted to 415.2 cm2 during 
emulation to match the power requirements of the EC cell. This yields ISC of 2.73 A, VOC of 5.98 V, IMPP 
of 2.65 A, VMPP of 5.40 V and efficiency of 34.5% with CR of 0.70 for the PV-EC experiment and ISC of 
2.95 A, VOC of 5.53 V, IMPP of 2.86 A, VMPP of 5.00 V and efficiency of 34.5% with CR of 0.65 for the PV-
EC-B experiment, respectively.  

2.3. Electrochemical cell  

An Electro-MP (Multipurpose) cell from Electrocell Europe in Denmark is used as the 
electrochemical cell for water splitting in this work. With the ability to stack more than one cell in 
series, an EC cell stack of 3 cells is operated at 80oC using an acidic electrolyte of 0.5 M H2SO4. Each 
cell in the stack has a platinum-titanium (Pt-Ti) cathode/negative terminal for the hydrogen evolution 
reaction (HER) and a ruthenium-iridium (Ru-Ir) anode/positive terminal for the oxygen evolution 
reaction (OER). The HER and OER chambers are separated by a Nafion membrane to prevent gas 
mixing within the EC cell. The image of the EC cell components for a single cell is shown in 
Supplementary_doc1 Figure S1. The active area of each electrode is 100 cm2, giving a total EC cell 
area of 300 cm2 for the stack of 3 cells. The polarisation curve at a scan rate of 50 mV/min for the EC 
cell stack is shown as the solid blue curve in Figure 2 (b). Note that each cell in the EC cell stack 
operates at 1/3 of the voltage shown in the polarisation curve, as the cell voltages add up when the 
cells are connected in series. The flow rate of the electrolyte through the EC is maintained at 300 
ml/min using a peristaltic pump. Using a water-gas displacement, the faradaic efficiency of the EC 
is analysed to be approximated to 100%. 

2.4. Batteries  

Two commercially available lithium titanium oxide (LTO) batteries connected in series are used.  
Each battery has a nominal voltage of 2.4 V and nominal capacity of 6 Ah. An image of one battery is 
shown in Supplementary_doc1 Figure S1. The charge-discharge curves for the battery at different 
charge-discharge rates/currents are shown in Supplementary_doc1 Figure S2. From the charge 
discharge curves, the battery IVs can be obtained for different SOC. The IV for the combination of the 
EC and batteries are therefore shown with dotted blue lines in Figure 2 (b) at 50% and 90% battery 
state of charge (SOC). 

2.5. Experimental procedure/ Duty cycle 

The PV-EC experiment is conducted using PV emulation, whereby the PV characteristics 
illustrated by the solid black line in Figure 2 (b) are emulated for a two-hour illumination period. The 
electrolyte flow rate is maintained at 300 ml/min and at 80°C. During this operational phase, a 
Keithley 2651 A source measuring unit (SMU) is employed to emulate the output of the PV, thereby 
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providing readings for the PV voltage and current. Furthermore, a Keithley digital multimeter (DMM) 
is employed to concurrently ascertain the voltage of the EC cell stack. 

The experiment is conducted for the PV-EC-B configuration by connecting two series-connected 
LTO batteries in parallel to the previously established PV-EC system. The PV output characteristics 
for PV IV, as illustrated by the dotted black line in Figure 2 (b), are then replicated for the same 
illumination period as the PV-EC experiment (i.e., two hours). Furthermore, additional digital 
multimeter (DMM) devices are employed to ascertain the voltage of the battery, and the voltage drop 
across a 1 mΩ sense resistor to evaluate the current received by the battery. Following the two-hour 
illumination period, the PV emulator output is turned off, with an additional four-hour run time 
permitted to facilitate the discharge of the battery by the EC cells resulting to a total of approximately 
6 hours for the PV-EC-B experiment. 

Subsequently, a reference PV-EC experiment is conducted for 2 hours, employing a resized PV-
to-EC area ratio for evaluating the relationship between the area ratios and the obtained STH 
efficiencies. In comparison to the previously conducted PV-EC and PV-EC-B experiments, the ratio 
of PV area APV to the EC area AEC is a factor of 2 higher than this reference PV-EC experiment. This 
doubling indicates that the electrolyzer capacity per unit PV area was approximately half of the one 
observed in the reference PV-EC experiment. 

3. Results 

3.1. System operation in idealized cycle 

The system parameters for the PV-EC system and the PV-EC-B system are presented in Figure 3. 
The parameters pertaining to the PV-EC system are presented in green on the left side of the figure, 
while the parameters pertaining to the PV-EC-B system are presented on the right side. The duration 
of the PV-EC experiment is two hours. In contrast, the duration of the PV-EC-B experiment is 
approximately six hours, consisting of two hours of illumination and approximately four hours of 
night/dark operation during which the battery powers the EC cell stack. 
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Figure 3. System parameters for PV-EC experiments on the left side (green) and PV-EC-B experiments (red – 
black – blue) on the right side. (a). Plot of voltage versus time. VPV is the PV voltage, VEC is the EC voltage and 
VB is the battery voltage. (b). Plot of current versus time. IPV is the PV current, IEC is the EC current and IB is the 
battery current. (c). Coupling factor versus time. C is the coupling factor (d). EC efficiency versus time. ƞEC is 
the EC efficiency (e). Power versus time. PPV is the PV power, PEC is the EC power and PB is the battery power. 

Figure 3(a) illustrates the voltage in both systems during the experimental cycle. For the PV-EC 
system (left side), the PV voltage (VPV) is nearly constant at approximately 5.49 V for an illumination 
period of 2 hours following an initial slight increase. VPV during the experiment is recorded to be 
approximately equal to the voltage of the EC system (VEC) showing no significant voltage drop across 
the electrical cables. The voltages in the PV-EC-B system are shown on the right side of Figure 3 (a). 
PV output voltage VPV is shown with red line which increases from 4.75 V to 5.18 V during the 
illumination time of 2 hours. The voltages of the electrochemical cell (VEC) and the battery (VB) shown 
with black and blue lines also follow VPV during the illumination time. The shift in voltage during 
illumination for the PV-EC-B system is related to the increase in voltage of the battery as it is charged. 
During the dark period, the PV device is idle, and EC cell stack is driven by the battery with VEC 
following VB which decreases from 5.18 V to 4.7 V as the battery discharges through the EC cells. 
Throughout the whole cycle, the PV-EC-B system operates at lower voltages than the PV-EC system 
converting same amount of PV energy. 

The currents (I) in the PV-EC and PV-EC-B systems are shown in Figure 3 (b). For the PV-EC 
system, the PV current (IPV) shown as green trace is equal to the current received by the EC cell stack 
(IEC) and stays constant at 2.56 A for the illumination time of 2 hours. For the PV-EC-B experiment, IPV 
is plotted with red line and shows a value of approximately 2.95 A at the onset of the illumination 
period, declining to approximately 2.68 A at the end of the illumination period. This behaviour 
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illustrates a decrease in PV current as the working point of the PV device shifts towards higher 
voltages exceeding VMPP at the “knee” of the PV IV characteristic. In PV-EC-B system IPV is split 
between the current of the EC cell stack (IEC)-black line and the current of the battery (IB)-blue line in 
Figure 3(b). At the onset of the illumination period, at low battery SOC, its voltage is low and more 
current flows to the battery than to the EC cell stack. With charging and increase of SOC, the battery 
voltage increases and the current distribution shifts towards the electrolyzer. In the dark, the PV 
current is absent, and EC cell stack is supplied by the battery. The battery current changes polarity 
as battery switches from charge to discharge mode. During this period, the EC current declines 
slowly as the battery discharges and its voltage decreases. 

The coupling factors (C) for both PV-EC and PV-EC-B experiments are shown in Figure 3 (c). The 
green plot shows C for PV-EC experiment which shows a constant value of about 0.98 after a slight 
decrease at the onset of the illumination period as the system’s voltage moves away from VMPP. 
However, after the stable voltage is achieved, the system maintains a fairly constant C. In 
comparison to the PV-EC-B system (black trace), C increases to from 0.96 to 1 and then drops to 
about 0.95. This change is because of the significant shift in the system’s voltage as the battery is 
charged. However, both the PV-EC system and the PV-EC-B system maintain significantly high C 
with values above 0.95 that are representative for direct comparison of their efficiencies. 

The EC efficiency (ƞEC) is shown in Figure 3 (d). The ƞEC is calculated using equation (11) expressed 
as the product of voltage efficiency (ƞV) and faradaic efficiency (ƞF) of the EC cell stack. 

𝜂EC =  𝜂V  𝜂F  (11). 

The voltage efficiency is calculated as the ratio of the minimum voltage required for water splitting 
(E° = 1.23 V) [62-64] to the actual operating voltage of the EC system. Considering the fact that there 
are 3 cells in the EC stack connected in series, the voltage efficiency is therefore calculated using 
equation (12) where E° is multiplied by the number of EC cells in series NcEC. With an approximation 
of the ƞF to be equal to 100%, ƞEC is therefore equal to ƞV. 

𝜂EC = 𝜂V =  𝑁cECEo 𝑉EC⁄   (12) 

The EC efficiencies ƞEC for the PV-EC (green plot) and PV-EC-B (black plot) in Figure 3 (d) follow 
therefore an inverse trend for the VEC. The PV-EC system shows a lesser ƞEC of about 0.67 giving the 
generally higher operating voltage of the PV-EC system in comparison to the PV-EC-B system.  The 
ƞEC for the PV-EC-B system has a decreasing trend from 0.78 to 0.71 during the illumination time 
giving the increase in voltage of the battery which shifts the system to higher voltages. In the dark, 
the system has an increasing trend for the ƞEC from 0.73 to 0.79 as the battery discharges to lower 
voltages. This trend is a synergistic effect between the battery and EC cell stack since the battery 
roundtrip potential loss is subtracted from the EC potential loss and therefore is essentially 
cancelled[39, 40]. In other words, independently on the route taken by the charge (i.e., whether 
during illumination from the PV module directly to the EC cell or during the dark from the battery to 
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the EC cell), it originates from PV potential and arrives at the reference potential E°. Therefore, as 
long as the charge is delivered to the EC cell, the voltage loss in the battery is irrelevant.  

 The power profiles of the PV-EC and PV-EC-B systems are shown in Figure 3 (e). For the PV-
EC system, the power of the PV (PPV) – green plot is approximately equal to the power received by the 
EC (PEC) given that there is a minimal voltage drop across the connecting cables. Both PV-EC and PV-
EC-B systems operate close to the same PV PMPP of 14.3 W. For the PV-EC-B system, PPV (red plot) is 
split between PEC (black plot), and the battery power (PB) (blue plot), during the illumination time. 
Similarly to the current profiles, at the start of the illumination period, a greater proportion of the 
power is directed to the battery than to the EC cell stack, as the battery charges from a lower SOC to 
a higher SOC. As the illumination period continues, the EC cell stack begins to receive a greater 
proportion of the power, as the battery reaches its maximum charge. In the absence of solar input, 
the PPV is zero, with the battery transferring its power to the EC cell stack. During this dark period, the 
battery's power output declines to lower voltages and the working point shifts to lower EC currents. 

The system parameters demonstrate that despite both systems being subjected to the same 
input solar power PPV, the power distribution and utilisation towards the production of hydrogen are 
different. In the system with battery, the EC cell has been consistently powered over the whole cycle. 
This continuity is achieved without any power electronics by utilizing the basic operation features of 
the three system elements confirming the conclusions of the previous studies [39, 40]. In contrast 
to the PV-EC system, the same PV energy is utilized at significantly lower EC power in the system 
with battery. Therefore, throughout the cycle, the EC system operates at lower voltages and lower 
overpotentials in the PV-EC-B case. In the next section we analyse the energetic implications of this 
battery effect. 

3.2. Synergistic STH gain using battery 

In order to characterize the STH efficiency in the PV-EC-B system, the total energy over the cycle 
has to be considered. To compare both systems, we integrate power over the experiment time as 
shown in Figure 4 (a) and (b). 



Figure 4. (a). Energy profiles for PV-EC experiment. EMPP is the PV energy at maximum power point. EPV is the 
actual energy of the PV device during the experiment. EEC is the energy received by the electrochemical 
cell/electrolyzer during the experiment. EH2 is the energy of produced hydrogen during the experiment. STH is 
the solar-to-hydrogen efficiency, ƞPV is the PV efficiency, ƞC is the coupling efficiency, ƞW is the wiring efficiency 
and ƞEC is the EC efficiency. (b). Energy profiles for PV-EC-B experiment. All notations retain original meanings 
as in (a) with EB representing the energy of the battery. 

 

In Figure 4 (a) and (b) the blue line represents the energy of the PV device at MPP (EMPP) according to 
equation (13) as the integral of the power at MPP (PMPP) with respect to time. All integrals were 
calculated from the dataset using rectangle rule. EMPP represents the energy that would be generated 
by the PV device assuming continuous operation at its MPP, i.e. the maximum energy extractable 
from the PV device over the illumination period.  

𝐸MPP =  ∫ 𝑃MPP . 𝑑𝑡  (13) 

EMPP (blue line) increases linearly from the onset of the illumination time for the PV-EC and PV-EC-B 
systems, reaching a maximum value of 28.7 Wh after 2 hours which is the end of the illumination 
time for both systems. Both systems exhibit the same EMPP as the PV devices has the same maximum 
power. For the PV-EC-B system, EMPP remains flat/constant after two hours as there is no solar energy 
input to the system anymore. 

 EPV represents the actual working point energy of the PV for both the PV-EC and PV-EC-B 
experiments, as illustrated by the red line in Figure 4(a) and 4(b), respectively. It corresponds to the 
integral of the actual power of the PV device with respect to time:  
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𝐸PV =  ∫ 𝑃PV . 𝑑𝑡  (14). 

EPV (red line) increases linearly from the onset of the illumination for both systems to a maximum 
value slightly less than EMPP after 2 hours. The final difference between EMPP and EPV gives the energy 
loss due to coupling. This yields an energy loss to coupling of 1.15% and 1.58% for the PV-EC and 
PV-EC-B systems, respectively. Consequently, the coupling efficiencies (ƞC) of the PV-EC and PV-
EC-B system yields values of 98.9% and 98.4%, respectively. These overall high values demonstrate 
the possibility of the directly coupled systems to function with high degree of coupling without power 
electronics for MPP tracking and aids for the comparison of efficiencies of both systems. 

 Figure 4(a) and (b) illustrate the energy received by the EC cell stack (EEC), represented by the 
black line which is defined as the integration of the power received by the EC cell stack with respect 
to time:  

𝐸EC =  ∫ 𝑃EC . 𝑑𝑡  (15). 

In the case of the PV-EC experiment, the trend observed in EEC is consistent with that of EPV, reflecting 
the instantaneous transfer of energy from the PV to the EC system over the illumination period. In 
the case of the PV-EC-B system, EEC increases in line with the magnitude of the energy transfer to the 
EC cell stack, given that the energy from the PV device is divided between the EC system and the 
battery. Consequently, EEC, even after the illumination period for the PV-EC-B system, continues to 
rise to a value that is approximately equal to the final value of EPV, as the energy from the battery is 
transferred to the EC cell stack. The difference between EPV and EEC for both systems give the energy 
loss to wiring/contact resistances. This yields an energy loss to wiring of 0.08% and 0.83% for the 
PV-EC and PV-EC-B systems, respectively. A higher wire loss is experienced in the PV-EC-B system 
giving the use of additional cables to connect the batteries to the system. Consequently, the wiring 
efficiencies (ƞW) of the PV-EC and PV-EC-B system yields values of 99.9% and 99.2% respectively.  

 The energy of the battery is represented with the orange line in Figure 4 (b) for the PV-EC-B 
system and determined by the integration of the power of the battery with respect to time:  

𝐸B =  ∫ 𝑃B . 𝑑𝑡  (16). 

Since the energy of the PV device during illumination is split between the EC system and the battery, 
the energy of the battery rises with the proportion of the energy of the PV device it receives. After two 
hours, which is the end of the illumination period, the battery gets to a peak value of 16.7 Wh which 
begins to decrease in the absence of solar power as the battery transfers this energy to the EC 
system. At the end of the dark period, the battery is depleted and the overall cycle of energy transfer 
from the PV system to the EC system finished. 

 The energy of produced hydrogen for both systems denoted as EH2 is plotted with green in 
Figure 4 (a) and (b). The hydrogen energy is given by the integral of the product of the EC current, IEC 
and E° =1.23 V with respect to time:  



16 
 

𝐸H2 =  ∫  𝐼EC  𝑁cEC Eo . 𝑑𝑡  (17). 

For the PV-EC system, EH2 increases linearly as the current of the EC cell is fairly constant. For the 
PV-EC-B system, the development of EH2 is affected by the magnitude of current flowing to the EC 
cell stack. The final difference between the energy of the EC cell stack EEC, and energy of hydrogen 
EH2 determines the energy loss in the EC cell stack. This yields an EC efficiency (ƞEC) of 67.4% and 
75.5% for the PV-EC and PV-EC-B systems, respectively, given as the ratio of EH2 to EEC. The EC cell 
stack therefore operates at a significantly higher EC efficiency for the PV-EC-B system in comparison 
to the PV-EC system. This enhanced efficiency is mainly because of the lower operating voltage of 
the EC throughout the operating cycle for the PV-EC-B system. 

 The values of STH efficiency for both systems from the energy profiles are calculated as the 
ratio of the final EH2 to the input solar energy Ein: 

STH =  𝐸H2 𝐸in⁄   (18). 

The input solar energy Ein is given by the integration of the power received by the PV area for the 
illumination time Tl 

 𝐸in = ∫ 𝐺
𝑇l

0
𝐴PV . 𝑑𝑡   (19). 

Equation (18) therefore yields a STH efficiency for the PV-EC and PV-EC-B system as 23.0% and 
25.4% respectively. The results show a total increase of STH efficiency by 2.4% absolute from the 
PV-EC to PV-EC-B system as also highlighted in Figure 4 (a) and (b). 

The PV-EC system studied in this work with nearly perfect coupling is operating very close to the 
efficiency limit achievable with the specific set of elements. The limit of the STH efficiency the 
chosen electrolyzer can achieve with a PV device of any efficiency can be estimated by reverse 
analysis of its polarization curve according to the method presented in previous studies[44]. The limit 
is calculated as the dependence of the STH efficiency on the PV efficiency in a PV-EC system with 
ideal coupling:  

𝑆𝑇𝐻𝑙𝑖𝑚𝑖𝑡 =  𝜂PV 𝜂EC    (20). 

This relation yields the following expression for the STH efficiency limit analysis  

𝑆𝑇𝐻𝑙𝑖𝑚𝑖𝑡 =  
𝐼EC𝑉EC

𝑃𝑖𝑛
 𝜂EC                            (21). 

Hereby ƞEC is considered the maximum efficiency of the EC system on each point of its polarization 
curve. A plot to yield the STH limit can therefore be obtained for any EC cell polarization curve. 
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Figure 5. Solar-to-hydrogen efficiency versus PV efficiency showing the STH limit line in red for PV-EC 
experiment. Black star represents the PV-EC STH obtained during the experiment while blue star represents 
the STH for PV-EC-B obtained which is above the STH Limit for the PV-EC configuration. 

Considering the obtained experimental results, the STH limit for the PV-EC experiments 
corresponding to the polarization curve of the EC cell stack and the solar energy input power is 
presented with red line in Figure 5. The black star in Figure 5 represents the experimentally obtained 
STH efficiency of the PV-EC system of 23.0% at a PV efficiency of 34.5%. The vertical offset between 
the STH limit and the black star indicates the obtainable STH limit if the PV-EC system functions with 
optimal coupling of the PV efficiency value of 34.5%. The experimentally achieved value of 23.0% is 
only 0.5% absolute lower than the STH limit of 23.5%. These numbers indicate highly optimized 
system performance. As a comparison, the blue star represents STH value of 25.4% obtained using 
a battery in the PV-EC-B system. This value is 2.4% absolute above the reference value for PV-EC 
system and 1.9% absolute above the STH limit for the PV-EC system. These values illustrate that 
including a battery in the PV-EC-B system has the possibility of yielding STH values which cannot be 
achieved in the PV-EC configuration alone in the same operating cycle. The result demonstrates that 
a properly matched battery included into a PV-EC system is capable to break the intrinsic limit of its 
STH efficiency. 

3.3. EC downscaling potential 

The enhanced stability and efficiency of the PV-EC-B system can be utilized to extend the life 
cycle of the electrolyzer and to enhance hydrogen production. At the same time, relaxed EC cell 
operation conditions open an opportunity to downscale this costly element and counterbalance the 
investments related to battery installation. In the second set of experiments, we focus on this issue. 
From the data of the first set of experiment and previous studies we gained the knowledge that the 
battery can effectively reduce the EC power by a factor of approximately two. Therefore, we 
hypothesize that a reduction of the electrolyzer size by the same factor is plausible implementing 
the battery in the circuit. The EC cell size issue in a general way can be addressed via the area ratio 
AR expressed in equation (22) as the ratio of APV to the AEC. 
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𝐴R =  𝐴PV 𝐴EC⁄   (22) 

 

Figure 6. Blue line is the EC polarization curve. AR is the PV to EC area ratio given as APV / AEC. The red dotted 
line is the MPP trajectory for the GaAs PV module considering an area ratio of 0.7 used as reference, the black 
dotted line is the PV IV characteristic with an area ratio of 0.7, corresponding to the maximum coupling for the 
planned PV-EC reference experiment. Black solid line is the PV IV characteristics corresponding to the 
maximum coupling for the planned PV-EC experiment with an area ratio of 1.4, red solid line is the MPP 
trajectory for the GaAs PV module for a solar concentration of 17.3 suns and a PV efficiency of 34.5% for the 
area ratio of 1.4. 

To evaluate the relationship between the EC area (AEC), the PV area (APV), and the STH efficiency, 
a reference PV-EC experiment was conducted to yield similar STH values as those obtained in the 
previously discussed PV-EC-B experiment, while comparing the area ratios in both configurations. 
This approach resulted in an area ratio of 0.7 (APV = 207.6 cm2, and AEC = 300 cm2) for the reference 
PV-EC experiment. Figure 6 illustrates the PV IV characteristic with dotted black lines corresponding 
to the reference PV-EC configuration. The point of intersection between the PV IV curve and the EC 
polarization curve is close to optimal coupling for the specified PV area. The trajectory of the 
maximum power point (MPP) is illustrated with a dotted red line. In this configuration with AR = 0.7, 
the implication is that the EC area is larger than the PV area. For a different area ratio AR = 1.4 
(APV = 415.2 cm2, and AEC = 300 cm2), the solid black line in Figure 6 represents the PV IV 
characteristic required for a maximum coupling in the PV-EC configuration. In this configuration, the 
EC area is smaller relative to the PV area even though the actual area of the electrolyzer is the same. 
The solid red line in Figure 6 corresponds to the MPP trace at this area ratio which is the same area 
ratio used for the PV-EC-B experiment.  
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Figure 7. Efficiencies versus area ratio for the direct coupling experiments performed. 

 Efficiency and losses in the three measured systems: two PV-EC systems with AR of 0.7 and 
1.4 as well as PV-EC-B system with AR of 1.4 are presented by the stacked bar diagram in Figure 7. 
The red dotted line shows the PV efficiency of 34.5%. The STH values are presented with the yellow 
bars, the gray shade shows the coupling loss and the EC loss is shown with blue shade. The system 
parameters (VPV, IPV etc.) for the smaller AR of 0.7, are shown in Supplementary_doc1 Figure S3. 

 The first bar in Figure 7 represents the reference PV-EC experiment with an area ratio of 0.7 
which demonstrates STH = 25.0%. After doubling of the area ratio to 1.4 the PV-EC system presented 
by the second bar in Figure 7 (VPV, IPV etc. are already presented in Figure 3 above) shows a reduction 
of STH by approx. 2% absolute, down to 23%. Once the system with the area ratio of 1.4 is 
reoptimized to accommodate the battery, the full cycle STH efficiency is increased to 25.4% which 
is even higher than STH efficiecny in the reference system with twice the relative EC capacity. This is 
a solid indication that application of batteries allows reduction of the electrolyzer capacity by at least 
a factor of two. 

4. Discussion 

The first set of experiments in this study is designed to compare the operating characteristics of 
a PV-EC system and a PV-EC-B system and how batteries are beneficial to improve the STH 
efficiency.  The PV module is directly connected to the other system components (EC cells and 
batteries) without any power electronics for PV MPP tracking, which demonstrates self-sustenance 
and potential to eliminate reliability issues or costs related to tracking devices.  However, the results 
are also valid for other coupling modes with DC-DC or DC-AC-DC MPPT etc. solutions.    

Using flexibility in PV adjustment, the PV-EC system driven by a PV emulator shows a very high 
degree of power coupling resulting in STH efficiency of 23.0% which is only 0.5% absolute lower than 
its obtainable STH limit of 23.5%. The losses are related to minor coupling efficiency fluctuations 
and nonzero resistive loss in cables in the experimental system. Connecting batteries parallel to the 
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PV-EC system makes it possible to go over this limit with an STH efficiency value of 25.4% achieved 
for the PV-EC-B system. The EC cell stack and batteries operate synergistically by significantly 
improving the STH efficiency in comparison to the PV-EC system alone regardless of losses in the 
battery. The STH gain of 2.4% absolute or 10% in relative terms can noticeably increase the hydrogen 
yield of the system. In our previous work with originally reported STH efficiency gain potential, we 
anticipated that “… solar-to-hydrogen efficiency gain of 5%–10% relative is achievable with properly 
scaled battery in PV-EC-B system. …”.[39] The nearly perfectly optimized systems in the present 
work show the experimental STH efficiency gain value corresponding to the top of the anticipated 
range. In our previous experimental work, less efficient PV and EC devices, in presence of higher 
coupling losses, achieved STH gain of approx. 9% relative with battery.[40] Even though the exact 
value of STH gain depends on the operating cycle[39] we confirm here that batteries can bring STH 
gain of 5%–10%. The absolute gain will therefore depend on the reference efficiency of the PV-EC 
system. All discussed results are estimated and measured in direct coupled systems but we expect 
approximately same STH gain in systems coupled via power electronics.  

In the original work[39] a method and formula have been suggested for quick estimation of the 
STH gain that an optimized PV-EC system can achieve in a basic day/night cycle 

𝑆𝑇𝐻𝑔𝑎𝑖𝑛 =  
𝑁𝑐𝐸𝐶 Eo(𝐼PVECB−𝐼PVEC)

𝑃𝑖𝑛
                             (23) 

where IPVECB is the total daytime current (2.82 A on average) in the optimized PV-EC-B system and IPVEC 
is the daytime current in the reference PV-EC system (2.56 A). The formula is updated with NcEC to 
account for the serial connection of the EC cells (3 in this work). The result of the calculation is STH 
gain of 2.3% absolute, which is a good estimate of the accurately measured gain of 2.4% taking the 
simplicity of the calculation into account.  

On the practical side, the boost in STH efficiency even beyond the theoretical limit of PV-EC 
system, results in hydrogen production gain in first approximation. We expect the production gain to 
be of approximately same 10% relative. Simulation study of grid tied DC-DC coupled PV water 
splitting system shows potential to gain approximately 40% in annual hydrogen production with 
batteries[65]. At the same time, we demonstrate that in PV-EC-B system the electrolyzer can be 
downscaled by at least factor two while keeping the STH value of the reference PV-EC system 
without battery. It is a matter of further technoeconomic and lifecycle assessment which of the 
effects is more beneficial from environmental and financial viewpoints.   

The effect of battery related gain in efficiency and electrolyzer downscaling potential are not 
specific to the water splitting process. The performance of any PV driven electrolyzer, e.g. for CO2 
reduction, will be improved with battery under natural periodic and intermittent operating 
conditions. 

The constant solar irradiance level utilized in this study is a simplification of typical diurnal 
irradiance which is chosen to isolate and precisely quantify the effect of the battery. For the same 
reason, a relatively narrow range of battery capacity has been utilized in the experiment.  Future 
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studies must address realistic, upscaled and real outdoor scenarios of irradiance and long-term 
system operation with stronger utilization of the battery capacity.   

High STH values above 20% are achieved in this work; thanks to the high efficiency concentrator 
GaAs PV module, with PV efficiency of 34.5%. The choice is made to study the STH gain at the top 
level of practically achievable PV efficiencies. The concentrator PV is not the most common 
technology, and we expect that water splitting electrolyzers will be more likely connected to more 
typical PV modules without tracking. Nevertheless, recent developments in perovskite-Si tandem 
solar cells promise to achieve similar results[66, 67] without concentrating sunlight, which makes 
the results from this study achievable with future perovskite-Si tandem PV modules. 

5. Conclusions 

In this work we study how batteries can stabilize and improve efficiency in PV driven electrolyzer 
systems. The first system consists of a PV module directly connected to EC cells in a PV-EC 
configuration. Without batteries connected to the system, an instantaneous transfer of PV power to 
the EC cells with no dark operation of the EC cells takes place. For the same PV power as with the 
system without batteries, the second system has a battery pack connected parallel in a PV-EC-B 
configuration resulting in the splitting of the PV power between the battery and the EC cells. This 
configuration also allows for dark operation of the EC cells where battery transfers its energy to the 
EC cells in the dark. Highly efficient components, including concentrated solar irradiance at 17.3 
suns for GaAs PV modules with 34.5% efficiency and an elevated temperature of 80oC for the EC cell 
operation with industrially relevant electrodes are used. The PV module operation is achieved by 
emulation ensuring optimized coupling efficiencies for both systems.  

High solar-to-hydrogen efficiencies of 23% and 25.4% are obtained for the PV-EC and PV-EC-B 
configurations, respectively. Notably, not only is STH efficiency in PV-EC-B system 2.4% absolute 
above the optimized PV-EC reference, but it is 1.9% absolute above the theoretical STH 
maximum/limit obtainable from this specific reference PV-EC system. The gain in STH efficiency is 
synergistic and is achieved despite roundtrip potential losses in the battery. This synergistic effect 
originates from the distribution of the daily PV energy over longer periods of EC operation i.e. the 
reduction of the EC input power and the related kinetic losses. 

In the second part of the work, we study the downscaling potential of the electrolyzer since 
batteries reduce peak electrolyzer power in the PV-EC-B configuration. We have shown that in PV-
EC-B system the electrolyzer can be downscaled by at least a factor of 2 and keep the STH value of 
the reference PV-EC system without battery.  

Both aspects, the increase in STH efficiency and downscaling of the electrolyzer achieved with 
batteries are not specific to the studied water splitting process. Performance of any PV driven 
electrolyzer under periodic and intermittent irradiance can be improved. To deeper understand 
practically achieved gain with battery, future studies must address realistic and real outdoor 
scenarios of irradiance, as well as long time system operation with stronger utilization of the battery 
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capacity. Finally, the advantages of the batteries must be evaluated in environmental and financial 
terms via technoeconomic and lifecycle assessment. 
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