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Abstract 

Green H2 production using electrolyzer technology is an emerging method in the current mandate, 

utilizing renewable-based power sources integrated with electrolyzer technology. Elaborate research 

has been conducted to understand the effects of intermittent power sources on the hydrogen 

production output. However, in this context, the characteristics of the working electrolyzer behave 

differently under system-level operation. In this current study, we have investigated a 25 KW alkaline 

electrolyzer for its stack performance in terms of stack efficiency; stack current vs stack voltage 

followed by the understanding of H2 flow rate with stack current. It was found that 52 A is the best 

current to have the best system efficiency of 64% under full load operation for 1 hour. The H2 flow 

rate behaves in an exponential pattern, and it is also found that the ramp-up time for hydrogen 

generation by the electrolyzer is significantly low, thus marking it as an efficient option for producing 

green hydrogen with the input of a hybrid grid and renewable PV-based power sources. Hydrogen 

production techno-economic analysis has been conducted, and the LCOH is found to be on the higher 

side, considering the current electrolyzer under investigation. 

Keywords: Green Hydrogen; Electrolyzers; System Efficiency; LCOH  

 

Introduction 

Green hydrogen is a promising renewable energy vector for various industrial and mobility 

sectors decarbonization. The technology for making green hydrogen is known as electrolysis and is 

a mature technology; however, the electrolyzer needed for this purpose has faced the integration 

problems associated with various power sectors such as PV-arrays and grid-based electricity due to 

intermittent nature of both. The integration of renewable energy into existing grid systems also faced 

inherent challenges in terms of wind and solar variability in different geographic locations. The grid 

stability is further affected in terms of power imbalances by the changes in wind / sun / weather 

patterns or fluctuations in daily / seasonal patterns. In the case of solar insolation and wind speed, it 

causes inconsistencies in voltage and frequencies parameters, which in future needs AI powered 

central systems to supply stable grid powers and thus enhancing the efficiency of electrolyzer 

technologies to produce green hydrogen and to fulfill the required demand. Followed by this, further 

optimization is needed to integrate the electrolyzer directly with PV-array with definite sizing. In the 

case of wind-based sources, BESS systems could be the best option. 

Electrolyzer technologies are currently running with several types, and each has its own 

efficiency and cost analysis have been done. For  instance, PEM electrolyzer BOSCH 1.25MW system 

shows the highest efficiency of 80%  with ramping rate <1s but its cost is affected by the use of scare 

materials such as IrO2 / Pt and upfront cost comes at (700-1400 $/Kg)[1] while alkaline electrolyzer is 

more mature technology and cheaper (500-1000 $/Kg) but its slow ramping (min) and lower efficiency 
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(~ 65 -70%) makes it less suitable for intermittent renewables. The highest efficiency obtained is for 

SOEC (solid oxide electrolyzer) but it’s not suitable under dynamic grid conditions. The current cost 

of green H2 comes at 3.75 – 6 $/kg when compared to fossil fuel alternatives (1.5 -2 $ / kg). The 2040 

vision for green H2 cost would be around 2 $ with the scale up in production and cheaper renewable 

power availability [1]. This can be cut short with the help of recent advances in automative 

manufacturing and new materials innovation to achieve the DOE target of 1 $ / kg of hydrogen 

production by 2031.  

More studies have recently been conducted with respect to the integration of renewable energy 

with electrolyzer. For instance, Su et. Al [2] studied the optimization and analysis of a PV-coupled 

electrolyzer direct coupling system. Here, focus was put forward to effectively design and sizing the 

system to enhance hydrogen production from solar energy. The main goal of the work was to 

improve PV modules and electrolyzer to achieve high efficiency and reduced cost. The PV source 

operating point matching with that of an electrolyzer is found to be an important parameter to 

achieve a best performance. It is found that a well-designed direct coupling system can significantly 

increase energy transfer efficiency thereby offering deep insights into the efficiency challenges 

associated with power electronics. Next, Khalilnejad and Riahy studied [3] the effect of hybrid wind 

– PV based system embedded with an alkaline electrolyzer. The goal of studying this is to obtain 

stable hydrogen output throughout the year by the integration of wind turbines, PV- arrays and 

energy storage solutions. The study also emphasizes the way to reduce the effect of intermittent 

renewable energy supply by BESS based system to make a coordinated effort to make hydrogen in 

synergy with energy supply. When renewable energy generation is insufficient, the operational mode 

involves the combined input powers from both batteries and grid. This hybrid approach not only 

enhances hydrogen production but also decreases carbon emission reductions. Another PV coupled 

with alkaline electrolyzer system discussed the performance of commercial alkaline electrolyzer of 1 

nm3 / hr. capacity using actual weather data for irradiance, temperature, and wind speed [4]. The 

capacity of both PV and wind turbines are 6.8 kW and 6 kW, respectively. The main finding of the 

work is related to the application of two strategies for proper integration. They are viz. operation 

between smallest limit for brief period and addition of extra battery bank. The overall service life and 

performance of the electrolyzer increased by 63.1% in number of operational steps and increases in 

energy efficiency by 7.6%. Followed by this, another study [5] assessed the technical and economic 

viability of using photovoltaic -fuel cell battery hybrid system in Amazon region of Brazil. HOMER 

software was used to make comparative cost analysis, and it was found that the first cost was around 

$87138 and electricity cost 351$ / kWh. Besides onshore renewable energy sources, offshore wind 

firms are coupled to electrolyzer in Germany [6]. The idea is to check the economic viability in 

ancillary service markets. The best bidding approach for ancillary services and best sizing power to 

hydrogen facilities are developed as strategies and it is found that the offshore wind based H2 

production is more sustainable. It is suggested that providing subsidies like those for conventional 

offshore windfarm could reduce further costs.  

The volatile power sources significantly hamper hydrogen production. Various advanced 

control systems such as battery-hysteresis cycle, model-based scheduling and frequency response 

were developed by Alsagher and wilcken et. Al [7] to mitigate this effect. A model predictive control 

[MPC] algorithm is developed by researchers which dynamically adjust electrolyzer load to support 

a breakdown energy balance on the DC bus bar linking generation and demand. The system is 

assessed for 5 kW PEM electrolyzer and it achieves automated energy balancing for both grid 

connected and standalone systems. Key outcomes of this study are 6.3 – 7.6% improved energy 

efficiency and enhanced H2 yield under variable renewable inputs. Besides these, a few studies 

associated with the successful coupling of electrolyzer with renewable energy sources have been 

conducted in recent past [8 - 16]. Next, a bilevel optimization model is proposed by Li et. Al [17] for 

the wind-photovoltaic electrolyzer system sizing embedded with hydrogen energy storage [HESS] 

and economic performance. The volatility is addressed via source load interaction at the interface 

between wind solar as well as demand responds thus reducing cost and improving output matching. 

Followed upon this; a total annual cost (TAC) model is developed by integrating levelized cost of 

storage (LCOS) for HESS, which shows a 7.3% reduction in TAC and LCOS value drop by 10.3%. A 
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scale up project was recently developed by Sonya et. Al. [18] using an area over 10 m2 by exploring 

various PV-electrolysis combinations, which includes thermally integrated PV electrolyzer and direct 

coupling of PV modules to PEM electrolyzer. The main outcome of the so-called PECSYS project is 

to increase the solar to H2 efficiencies ranging from 4% to 13% by using bifacial PV modules which 

exceed 10% over extended periods. Similarly, a kilowatt scale solar H2 production system using an 

integrated photoelectrochemical device is recently developed by Holmes- gentle et. Al. [19]. The 

thermally integrated PEC device able to achieve solar-to hydrogen efficiency at 20% and the system 

efficiency at 5%. This makes it to further scale up lab scale to kW scale pilot facility. The research 

applies novel strategies such as managing solar irradiation, thermal integration, and electrolysis 

process to find major energy losses as well as increasing the system level efficiency. 

The operational experience, performance testing and system integration of alkaline and PEM 

electrolyzer in coupled with PV and wind based renewable sources recently discussed in NREL case 

study report [20]. The project wind-2- H2, which is a collaboration between XCel Energy and NREL, 

is a pioneering demonstration facility at NREL, specifically focused on production of hydrogen from 

renewable energy sources. The project shows the production and storage of H2 and converting it into 

electricity by the integration of wind turbines and photovoltaic arrays with electrolyzer. The key aim 

of the project was to reduce H2 costs to 2 – 3 $/kg to match the DOE target and to improve the system 

efficiency with the inclusion of power electronics. The project further employs H2 storage as an 

effective solution to meet challenges of variable renewable energy sources aiming to enhance further 

system performance and reduce the cost of renewable H2 production. The grid integration 

advancement has been incorporated in another case study [21] as it needed for balancing renewable 

energy variability and enhance grid stability. Under this study, which involves a 1.25 MW PEM 

electrolyzer project predictive modelling tools are developed which focus on performance 

characterization under diverse grid scenarios. The future direction in this case is to mitigate the 

associated challenges in communication protocols, safety compliance and grid dynamics 

management and to scale up both centralized and decentralized systems and the integration of 

technology synergies like offshore H2 island and digital twins for the hardware in the loop testing. A 

further study has been conducted for the optimization of integrated renewable energy – electrolysis 

system [22]. In this case, the main priority was to refine constructive interaction between renewable 

energy and that of grid with a balanced approach to absorb the excess energy for H2 production with 

electrolyzer. However, in this case, the cost is still highest at 5-6 $ / kg which is mostly driven by 

electrolyzer expenses and renewable energy variability. U.S. DOE H2shot program was launched 

recently to get the desired 1$/kg of H2 by 2031 to address the cost issue.  

With reference to cost analysis, a recent report published by IRENA [23] stressed the scale up of 

electrolyzer to meet the 1.5C goal. The study mentioned that the cost of H2 production is controlled 

by key components such as electricity supply, electrolyzer CAPEX and use rates. In this case, 

electricity cost ranges from 20 – 65$/ MWh depends on location and then next electrolyzer costs 

accounted for 25 – 40% upfront cost with current costing of 700-1400 $/ kWh and it is projected that 

the cost significantly reduced by 2030 through scaled manufacturing. Strategic optimization of 

approaches such as electrolyzer innovation, policy support (carbon pricing and mandates) and 

inclusion of leverageable low-cost renewables in ideal locations. Islanded H2 production with huge 

renewable energy potential serves as H2 export hubs. The cost and environmental impact of such 

systems is recently studied by Mazzoti M et. al. [24]. The researcher proposed that using hybrid 

systems combining different electricity sources offer the best economic and environmental 

performance. The main challenges met here are the associated catalysts for electrolyzer scale up due 

to materials scarcity (IrO2 and Pt used for PEM electrolyzer) and the required land for installation of 

renewable energy infrastructure. With reference to export hub, a case study was recently proposed 

by Mio et. Al [25] by considering the Trieste port with the application of different hydrogen 

production pathways to make grey, blue, green and grid based H2. The study finds that the LCOH 

for grey H2 is comparable to green and grid H2 and Green H2 has competitive disadvantage in terms 

of total cost ownership for H2 vehicle is more than the diesel equivalents.  

So far, we have discussed various integrated system and related technoeconomic associated to 

production of green H2. Now we will focus on recent progress in electrolyzer research and gap behind 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 July 2025 doi:10.20944/preprints202507.0445.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202507.0445.v1
http://creativecommons.org/licenses/by/4.0/


 4 of 11 

 

their performance integration with both renewable and grid based on electrical power followed by 

establishing objectives of the current experimental and performance study of a 25-kW alkaline 

commercial electrolyzer integrated with hybrid power supply from PV and grid. 

Electrolyzer are the primary support mechanism for grid-based electricity power management 

combined with renewable energy. The idea here is that the electrolyzer can consume the surplus 

power by converting it into hydrogen and electricity in the form of hydrogen storage. A recent review 

[26] discussed the electrolyzer based system for providing ancillary services. Electrolyzer supports 

functions like voltage and frequency control, grid balancing by using excess electricity and converting 

it into H2. One of the recent challenges faced by alkaline electrolyzer is its system efficiency when 

running under low loads < 30% capacity due to the electrical limitations imposed by fluctuating 

renewable energy sources (RES). To address this Xia et. al. [27] developed a multi-mode self-

optimization electrolysis strategy which adjusted dynamically voltage/current based on real time 

RES inputs and AWE operating states enhancing adaptability to variable power conditions. The 

approach improves efficiency from 30% - 53.21% under 15% load and expands operational range from 

30 -100% of rated capacity confirmed for both lab scale and commercial systems. The method also 

stabilizes H2 output by improving thermal management and electrical response without required 

hardware modifications. Such approaches are important to reduce energy consumption to 51-57 

kWh/kg H2 and to achieve a stack lifetime of 7-10 years. Besides dynamical adjustment, alkaline 

electrolyzer also suffers from H2 cross overs, which is a major challenge for renewable energy 

integration.   The current zero gap designs show high H2 cross over (supersaturation level: 8 – 80 

at the diaphragm electrolyte interface) due to imperfect electrode – diaphragm contact, which causes 

unstable performance under dynamic loads. A finite-gap configuration [500 m] has been designed 

by Lua Garcia Boras et. Al. [28] to mitigate this. Innovation reduces cross-over dramatically to a 

supersaturation level (2 - 4). Here, cathodes gaps proving particularly effective at lowering gas 

impurities compared to anode gaps. It enables AWE to run safely across a broad range without 

compromising efficiency. Next, the effect of operating temperature on the electrolyzer at low current 

density limitations has been reviewed by Lohman- Richters et. Al. [29]. Higher operating temperature 

[70 - 200C] reduces cell voltage requirement s thus improving energy efficiency and allowing thermal 

integration with industrial processes. It is found that material stability is still a challenge for 

components like catalysts, diaphragm, and electrode. They must be stable under corrosive molten 

hydroxides and elevated temperature. 

Recent advances show stable operation upto 150C with experimental systems achieving 200C 

as operating temperature using robust materials like porous metal oxide matrices and PTFE based 

components. However, the technology is not yet conducted for higher TRL and to be scale up it 

requires addressing the capital costs, durability (which target 7-10 years for stacks) and infrastructure 

gaps. 

From the above critical analysis of the current state of the art, the electrolyzer parameter study 

is still lacking in terms of a pilot level system integrated with grid-based electricity and PV for green 

hydrogen production. The main goal of the current work is to analyze various aspects of electrolyzer 

parameters such as stack efficiency, stack current and voltage behavior with respect to electrolyte 

temperature and balance of plant discussion in a real case scenario. Here, we have adapted protocols 

from NREL case study wind 2H2 project. But the main novelty here is to understand how hydrogen 

flow rate behaves with stack current at various time of day with integration of PV and grid-based 

hybrid power sources. We also made a correlation between stack power and hydrogen output in (Kg) 

following system efficiency, which has not been done for a commercial pilot system of KW capacity 

to the best of our knowledge. Followed by this, our next goal is to calculate the LCOH by applying 

the AGORA tools to get a rough estimate of cost of green hydrogen production and build strategy to 

further improve the condition in a reverse engineering scale from pilot scale to lab level.  

Methods  

After the generation step, the H2 generated is passed via dioxo unit and finally via a gas drying 

system fitted with heat exchanger to remove the moisture content from hydrogen gas as condensates 

which are collected later, and the output gas is 99.9% purity. The condensates mixed with generated 
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H2 and O2 gases from untreated water molecules from the electrolyte during the electrocatalytic water 

splitting process. Note that condensate removal is necessary to support the purity of product H2 as 

its application, for instance in fuel cell needs 99.999% pure form. After passing through the drying 

process, the hydrogen produced is not stored and passed via the water reservoir and to air. The aim 

of this step is to mitigate any explosion-related incidents safety scenario. 

As the above demonstration step has been conducted and it was found that electrolyzer 

continuously is able to generate H2 at the desired rate and we set up the operational protocol. Here, 

the electrolyzer is coupled with a grid-based power source provided electricity by PV array of 200 

KW capacity. It is found that during the peak solar insolation, a capacity of 200 kw has been obtained. 

Note that electrolyzer energy input is 25 KW and more power load of 10 kw needed to run different 

components of the electrolyzer such as lye fan for cooling purposes and heat exchanger to support 

the output temperature and a dryer with vacuum pump installation. The electrolyzer is constituted 

of two alkaline stacks of 10 KW capacity and is connected to the gas collection chamber and with 

more cylinder to collect the unreacted electrolyte. The collected gas is further transferred to the dryer 

to remove the condensate as described above. The oxygen gas is collected and directly vented out to 

the environment. The power electronics and associated reaction engineering balance of plant (BOP) 

is controlled by unironic based PLC system as shown in Figure 1. The electrolyzer shows a maximum 

hydrogen production rate is 4.1 nm3/hr. which is equivalent output pressure of 0.80 Barr under full 

load operation. The electrolyzer operation mode is – pressurization – generation. First the electrolyzer 

oxygen valve is open to build up the necessary pressure with the closure of hydrogen vent valve. 

Once the hydrogen generation steps into the initiation, the hydrogen valve is open and gas flows 

towards the drying chamber. 

The drying chamber was installed with more valves, which is open slowly until the gas passed 

via the various stages of drying and finally passed via distilled water and then into the air. The gas 

is not stored as the desired pressure of 3 bar is not achievable, However, the gas generated will be 

used in further power- to -X application. After each operation, O2 gases are vented out and 

condensate are drained from the drying chamber. The condensate has been drained, or it can be used 

as a recycled electrolyte. The electrolyte needed to produce 1 Kg of H2 is around nine liters of 8M 

KOH. Following this calculation, the water consumption for one ton of H2 plant would be nine 

thousand liters. 

Results and Discussion 

Here we will describe the commissioning and testing of an alkaline electrolyzer. The 25 KW 

alkaline electrolyzer (Piel M, McPhy Italia) was installed and commissioned in 2023. It is an integrated 

electrolyzer with inbuilt power electronics controller by Unitronics systems (PLC = programmable 

logic controller). The electrolyzer operation is performed by supporting the ATAC safety standard.  

The goal of the work is to understand the effect of grid-based power on its operational 

characteristics. The electrolyzer input power is provided by both PV and grid-based electricity. The 

PV array is connected to a DC-AC inverter, which supplies electricity to it in parallel to the grid load. 

The ramp-up time of the electrolyzer until the hydrogen production or generation step is around 5-

10 min. If the pressure build-up is not adequate, the electrolyzer is not in operation mode. 

Balance of Plant of the Electrolyzer and Its Reaction Engineering Discussion 

The BOP consists of electrolyzer stacks, where liquid electrolyte is fed with the help of 

centrifugal pump premixed with water with other pump, which is called as electrolyte circulation 

pump. The electrolyte temperature is kept with the help of heat exchanger and another fan as shown 

in Figure 2. The minimum voltage requirement for electrolyzer is 200 V and 17 A current from one 

stack. As the electrolyzer investigated here has two stacks so, total voltage and current requirements 

will be 400 V and 34 A. As hydrogen generation steps reach, the gas will be collected in respective 

electrolyte -gas separation Tanks. From here, it is collected into catch pots for both H2 and O2. After 

this step, it will be passed to the dioxo step, where condensates associated with both oxygen and 

hydrogen gases will be collected. The oxygen generated is vented out into air and condensates 

associated with it will be directly collected from the output valve from the rear of the electrolyzer. H2 
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generated is passed via the same step and finally collected in the drying chamber for removing the 

residual water molecule as well as condensate collection. After the drying step, the output H2 pressure 

is around 4.2 nm3/hr. giving a total of 400 g/hr., which will result in 9.6 Kg/day of the electrolyzer 

operation. After the shutdown of the electrolyzer and production target reached, the dryer is working 

by condensation using heat exchanger plates with recovery and condensate drain devices. The 

temperature is controlled by refrigerant chiller. Hydrogen constant dew point is obtained by these 

types of dryers. 

After an operational and construction overview of the electrolyzer, we will now discuss the 

various results obtained regarding electrolyzer reaction engineering perspective such as stack current 

resistance, stack efficiency and system efficiency. Also, we will study the effect of electrolyte 

temperature on the performance of the electrolyzer. We have seen and compared this result with 

well-established cases studied performed at NREL. The NREL studies focus more on total system 

installation and various outcomes of associated H2 production in both wind and solar energy 

scenarios followed by the development of advanced power electronics. The novelty of study in our 

case lies in the direct correlation of system efficiency with that of stack efficiency and maximum gas 

output volume or production rates and, we used an innovative methodology to understand the 

correlation while the NREL studies did not directly compare it with an alkaline electrolyzer. 

Following the understanding of various parameters, we have applied AGORA LCOH 

calculation tool to understand the cost of H2 produce under current operational scenario. Then we 

discussed various electrolyzer parameters along with the outlook for further improvement in 

electrolyzer performance. 

Coupling of PV Array and Grid-Based Electricity with Electrolyzer and the Effect 

of Proximity of Electrolyzer to the Power Sources 

Next, to see the effect of input power supplied from both PV-Array and grid-based powers, we 

studied the electrolyzer characteristics about its proximity to the power sources. We have seen that 

electrolyzer functions normally in terms of its stack current and the associated H2 production. We 

believe that there are no transmission losses as electrolyzer shows stable voltage operation and stack 

current. However, during cloudy conditions, when PV-array output power is limited, it has been 

observed that the stack current decreases, but the desired input power is automatically adjusted by 

the in-built power electronics of the electrolyzer with added load provided by the grid. The 

electrolyzer stable operation is made possible by the combined power input of both grid and PV 

powered electricity. 

Effect of Shut Down Action on the Operational Performance of the Electrolyzer: 

We have performed experiments related to the effect of shut down operation on the performance 

of the electrolyzer. It is worthwhile to mention that the electrolyzer shut down action causes the stack 

degradation, resulting in the decrease in stack current and thus finally affects the associated power 

needed to run the electrolyzer to achieve the desired H2 flow rate output. The shut down action leaves 

the electrolyzer both anodes and cathodes undergo spontaneous self-discharge process due to bipolar 

plates acting as a galvanic cell and thereby generating ana electromotive force. This in turn generates 

a reverse current which flows in the opposite direction of electrolysis current between anode and 

cathode until an equilibrium is reached. This condition creates a reverse redox current and thereby 

anode get reduced, and cathode gets oxidized [30 – 32]. In this case, the alkaline electrolyzer cathode 

is made of Nickel which on oxidation produces a -Ni (OH)2 according to a recent in-situ study with 

X ray spectroscopy [33]. In this case we have not noticed any observational change in current density 

on the next day of operation within one month of running the electrolyzer by following the on-off 

strategy, so degradation mechanism is momentarily ruled out. The shut-down action of the 

electrolyzer usually brings it back to the equilibrium  state and on the next day also, it has been seen 

that ramp up time to the hydrogen generation step remains same as compared to the very first day 

of operation and before each consecutive shutdown along with same magnitude of stack current. 
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There is no loss of either potential or current in this case and hence the effect of shutdown on the 

operational performance is confirmed.  

Effect of intermittency on the PV – coupled electrolyzer: Intermittency of PV- supplied 

electricity is not seen here as electrolyzer is indirectly coupled to the PV-Array. However, during the 

end of the day, when PV-panels are not producing electricity anymore, voltage step down has been 

observed during the operation of the electrolyzer. Due to reduction in stack voltage stack current also 

decreases along with output pressure. 

Stack efficiency 

Next, to understand the correlation of stack voltage [V] against stack current [I], we have plotted 

them in figure 3. From the results obtained, the trend is a linear pattern with stack voltage stays same 

with the increase in stack current in the range of 35 -55 A. It is due to the function of the Ohmic losses 

concerning the ionic resistance by the electrolyte. A similar type of observation had been Made by 

NREL study involving alkaline electrolyzer equipped with power electronics [20]. The electrolyte 

temperature does play a role in the performance of stack current as the electrolyte temperature 

influences it and that’s why it is cooled down with the help of lye fan and heat exchanger as described 

in the balance of plant. Besides electrolyte temperature overall electrolyzer system temperature 

increases from 37.8C to 51C. Above 37C; stack voltage decreases further and ultimately reaction 

engineering parameters such as output hydrogen pressure and gas flow gets affected.  

Here, temperature and pressure remain constant. The cathode and anode pressure are 

respectively 0.86 and 0.80 Barr. This value is used further to calculate the ideal stack voltage needed 

to calculate the stack efficiency according to the following equations [20]  

𝑣𝑛 = 1 ⋅ 48 +
𝑅𝑇

𝑧⋅𝐹
𝑙𝑛 [

𝑃𝑂2⋅𝑃𝐻2

𝑃𝐻2𝑂
]; 

where Vn stands for Nernst potential including the toral potential of 1.48 V at HHV. R is the Universal 

gas constant (8.341 J/ mol-K), T is the operating temperature in Kelvin, Z stands for the number of 

electrons taking part in the overall reaction. F is the Faraday constant (96485 C/mol) PH2 is the pressure 

of the cathode and PO2 is the pressure of the anode, and PH2O is the pressure of the anode feed water. 

The Nernst potential (Vn) is added here as an extra term to account for the electrochemical 

compression energy which is used to generate the cathode pressure (Hydrogen) of the cell within 

stacks. 

Stack voltage Efficiency = 
𝐼𝑑𝑒𝑎𝑙 𝑆𝑡𝑎𝑐𝑘 𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙

𝐴𝑐𝑡𝑢𝑎𝑙 𝑆𝑡𝑎𝑐𝑘 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙
 

Stack efficiency is defined as the voltage efficiency figured out by comparing the ideal stack 

potential with the actual stack potential. The measured operating voltage is always compared to this 

ideal voltage to calculate stack efficiency, as shown in Figure 4. Stack efficiency (%) is plotted against 

the stack current (A) as shown in the figure. Hereby, it is seen that stack efficiency is still at maximum 

ability when the stack is working at low current. Next, it decreases with the increase in stack current. 

It is also clear from the figure that a stack current of 50 A results in a stable stack voltage. The stack 

current also increases because of the rise in electrolyte temperature. A stack current operating in the 

range of 36-50 A results in good stack efficiency; so, it is recommended that the best stack current is 

52 A with the largest stack efficiency of 99%. Also, it is clear from the figure that 52 A gives maximum 

hydrogen output [ figure 6, as discussed below], and with a voltage of 490 V; the output power is 25 

kW, which is equivalent to the electrolyzer maximum capacity in terms of power output. Also, stack 

resistance decreases with the rise in stack current [Figure 5]. It points to the fact that the electrolyzer 

beast operatable current is 52A. 

Correlation of Hydrogen Flow Rate [nm3/hr.] with Stack Current [A] 

Hydrogen flow rate follows an exponential growth pattern with respect to the stack current and 

time stamp for a day of operation as shown in Figure 6. Here, generation Starts at 10.00 am and from 

generations step till the hydrogen flow rate saturation, it takes around 20 min from the startup of the 

hydrogen production by the electrolyzer. As can be seen from the result obtained, after 20 min till 1 

hr. period of operation, electrolyzer hydrogen flow rate stays stable. The graph obtained on fitting 

with an exponential function clearly shows an exponential growth for hydrogen flow rate with 
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respect to the stack current. This finding is novel in terms of hydrogen flow rate with respect to the 

stack current in case of an industrial pilot alkaline electrolyzer. 

We also came across other research dealing with MATLAB simulation of parameter adjustable 

dynamic mass and energy balance model of a large-scale industrial plant of 3 MW capacity [34]. The 

study also stimulates the experimental data of working electrolyzer in terms of hydrogen production 

vs. DC current but the ramp up time in this case is 7 hr. and hydrogen production rate is stable with 

respect to DC current. In this case both measured and modeled H2 production shows a linear pattern 

while in our case; it shows an exponential growth in H2 flow rate during the electrolyzer ramp up 

time.  

Correlation of Stack Power (Kw) with That of System Efficiency (%) 

System efficiency is defined as the amount of energy needed to produce 1 Kg of H2. For a system 

to be 100% efficient, an output power of 39.4 kWh/ Kg is needed [20]. Based on this, we have 

calculated the system efficiency, and it is plotted against the stack power, stack current and amount 

of H2 generates in Kg. The result obtained is shown in Figure 7. From here, it is found that the system 

efficiency is maximum when stack current is highest and here, we have seen highest hydrogen 

production capacity of 0.42kg. The system efficiency is calculated and is found to be 65%. System 

efficiency, stack power (kW) and hydrogen output (Kg) all match the same stack current, which is 52 

A, where stack resistance is still at minimum. So, we finally conclude here that 52 A is the ideal current 

to have maximum hydrogen output as well as to support the capacity of the electrolyzer which is 25 

kW. 

Technoeconomic investigation: Three key components decide the cost of green hydrogen 

production. They are viz. electricity supply, electrolyzer capex and use rates. Here, 60 -70% of the 

total production cost accounts for electricity costs, and the price is declining due to falling renewable 

energy prices related to regions with abundant solar and wind resources. Electrolyzer costs, which 

are currently at 700-1400 $/ KW, are expected to decrease by 40 - 80% in 2030 if scaled manufacturing 

and technological improvements are made currently. Further cost reduction of electrolyzer is possible 

by increasing the system efficiency, hybrid systems integration and by induction of carbon pricing 

and supportive policies. The production cost of green hydrogen is 2-3 times more than that of blue 

H2, it is mostly due to renewable electricity price fluctuation and CAPEX of the electrolyzer. The 

research gap in cost minimization balancing is mostly driven by location specific factors. Production 

cost optimization and environmental sustainability need favorable locations with high renewable 

energy ability. The current production cost of islanded green H2 production via electrolysis from solar 

and wind energy is at 3.7 – 5€/ Kg and is competitive with reference to grey H2 when natural gas 

prices are high. The current cost can be reduced further to 2$ in 2040 by adoption of renewable 

deployment scaled up and hybrid system. This can be conducted by use of cost drivers such as 

infrastructure, where “offshore island” can reduce grid cost and intermittency can be managed well 

with the integration of both wind and solar renewables. But the desalination cost can affect the price 

due to limited availability of fresh water. The final scale up of such islanded green hydrogen 

production can be conducted by the development of strategic infrastructure hybrid renewable system 

and policy support. 

AGORA data analysis: The levelized cost of H2 production (LCOH) in the current study is 

calculated using LCOH tools developed by Agora industry by using parameters as shown in Figures 

8. The LCOH is found to be at the high-end side because the system under investigation is a pilot 

plant with only 25 KW capacity alkaline electrolyzer. As described above and discussed in various 

scenarios, the scaling up of the plant will further reduce the cost. Hence, electrolyzer scale up by more 

installation will provide higher hydrogen output and along with a reduced cost by consideration of 

the same parameters as listed in Table 1.  

Conclusions 

In this study, we have conducted a detailed understanding of 25 kW alkaline electrolyzer in 

terms of its integration with a hybrid PV-Array and grid-based hybrid power sources. The balance of 

plant understanding in terms of electrochemical reaction engineering is thoroughly understood along 
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with the role of power electronics. It is found that due to the intermittent voltage fluctuations, 

electrolyzer able to run in stable conditions and output hydrogen gas flow rate is well supported. 

Next, we have analyzed the various parameters of the electrolyzer such as stack vorlage and stack 

current with respect to increase in overall temperature of the electrolyzer. It was found that stack 

voltage is stable at 37.8C with a stack current of 52 A.  

The largest Stack efficiency (65%) is obtained at 52A current, and it is correlated with particularly 

good hydrogen production as well with increased output pressure. Further optimization is needed 

to tune the electrolyzer parameters under full access control by the supplier. The electrolyzer 

performance enhancement is not hindered by any kind of shut down step as it needs a long-term 

study. It is also found that the LCOH for hydrogen production using this electrolyzer comes around 

at 21.73 $ /kg calculated using the AGORA tools. The outlook of green hydrogen cost reduction 

involves consideration key aspects of cost reduction such as combinations of BESS (Battery energy 

storage systems) and electrolyzer, PEM technologies development responsive to grid-based power 

and infrastructure development to prevent transmission losses. About the infrastructure, distributed 

power generation (e.g., rooftop solar) and policy framework for grid expansions need to be 

implemented. The next outlook will be to implement coordinated efforts in advanced controls system 

development, material research for better prospects of cheap and highly efficient electrocatalysts and 

scalable electrolyzer plant installation to match with the renewable energy demand in sustainable 

manner. 

Data Availability Statement: Data are avaialble on request. 

Conflicts of Interest: The authors declare the following financial interests/ personal relationships that may be 

considered as potential competing interests: DEBAJEET KUMAR BORA reports financial support and 

administrative support were provided by University Mohammed VI Polytechnic. DEBAJEET KUMAR BORA 

reports a relationship with University Mohammed VI Polytechnic that includes employment. The author 

declares no conflict of interest. If there are other authors, they declare that they have no known competing 

financial interests or personal relationships that could have appeared to influence the work reported in this 

article. 

Acknowledgments: The UM6P management start-up grant: the authors are grateful to 104EQPR19-1 to conduct 

this manuscript work. 

References  

1. https://pvcase.com/wp-content/uploads/2024/02/Renewable-energy-and-grid stability_-Modern-

infrastructure-challenges-and solutions.jpg?sa=X&ved=2ahUKEwj9qdn20Y-MAxVdoq8BHX8-

N_MQ_B16BAgCEAI 

2.  Su, Z., Ding, S., Gan, Z., & Yang, X. (2014). Optimization and sensitivity analysis of a photovoltaic-

electrolyzer direct-coupling system in Beijing. International Journal of Hydrogen Energy, 39(14), 7202–7215. 

https://doi.org/10.1016/j.ijhydene.2014.02.136 

3. Khalilnejad, A., & Riahy, G. H. (2014). A hybrid wind-PV system performance investigation for the purpose 

of maximum hydrogen production and storage using advanced alkaline electrolyzer. Energy Conversion and 

Management, 80, 398–406. https://doi.org/10.1016/j.enconman.2014.01.040 

4. Ursúa, A., Barrios, E. L., Pascual, J., San Martín, I., & Sanchis, P. (2016). Integration of commercial alkaline 

water electrolysers with renewable energies: Limitations and improvements. International Journal of 

Hydrogen Energy, 41(30), 12852–12861. https://doi.org/10.1016/j.ijhydene.2016.06.071 

5. Silva, S. B., Severino, M. M., & de Oliveira, M. A. G. (2013). A stand-alone hybrid photovoltaic, fuel cell and 

battery system: A case study of Tocantins, Brazil. Renewable Energy, 57, 384–389. 

https://doi.org/10.1016/j.renene.2013.02.004 

6. Scolaro, M., & Kittner, N. (2022). Optimizing hybrid offshore wind farms for cost-competitive hydrogen 

production in Germany. International Journal of Hydrogen Energy, 47(10), 6478–6493. 

https://doi.org/10.1016/j.ijhydene.2021.12.062  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 July 2025 doi:10.20944/preprints202507.0445.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202507.0445.v1
http://creativecommons.org/licenses/by/4.0/


 10 of 11 

 

7. Al-Sagheer, Y., & Steinberger-Wilckens, R. (2022). Novel control approach for integrating water 

electrolyzer into renewable energy sources. Fuel Cells, 22(6), 290–300. 

https://doi.org/10.1002/fuce.202200066 

8. C. Darras, C. Thibault, M. Muselli, P. Poggi, S. Melscoet, J. C. Hoguet, E. Pinton, F. Gailly, C. Turpin, Int. J. 

Hydrogen Energy 2010, 35,10138. 

9. C. Darras, M. Muselli, P. Poggi, C. Voyant, J.-C. Hoguet, F. Montignac, Int. J. Hydrogen Energy 2012, 

37,14015. 

10. O.-S. Parissis, E. Zoulias, E. Stamatakis, K. Sioulas, L. Alves, R. Martins, A. Tsikalakis, N. Hatziargyriou, G. 

Caralis, A. Zervos, Int. J. Hydrogen Energy 2011, 36,8143. 

11. T. Nakken, L. R. Strand, E. Frantzen, R. Rohden, P. O. Eide, Eur. Wind Energy Conf., Athens, Greece 2006, 

p.1. 

12. T. Schucan, Final Report of Subtask A: Case Studies of Integrated Hydrogen Energy System 2000, p.1. 

13. H. Barthels, Int. J. Hydrogen Energy 1998, 23,295. 

14. R. Gazey, S. K. Salman, Proc 41st Int. Univ. Power Eng. Conf., Newcastle upon Tyne, United Kingdom 

2006, p.369. 

15. R. Gammon, Ph.D. Thesis, Loughborough University (Loughborough, United Kingdom) 2006. 

16. K. Stolzenburg, J. Linnemann, R. Steinberger-Wilckens, Hydrog. Islands, Island of Brač, Croatia 2008 

17. Li, J., Zhao, J., Chen, Y., Mao, L., Qu, K., & Li, F. (2023). Optimal sizing for a wind-photovoltaic-hydrogen 

hybrid system considering levelized cost of storage and source-load interaction. International Journal of 

Hydrogen Energy, 48(11), 4129–4142. 

18. Sonya Calnan,* Rory Bagacki, Fuxi Bao, Iris Dorbandt, Erno Kemppainen, Christian Schary, Rutger 

Schlatmann, Marco Leonardi, Salvatore A. Lombardo, R. Gabriella Milazzo, Stefania M. S. Privitera, 

Fabrizio Bizzarri, Carmelo Connelli, Daniele Consoli, Cosimo Gerardi, Pierenrico Zani, Marcelo Carmo, 

Stefan Haas, Minoh Lee, Martin Mueller, Walter Zwaygardt, Johan Oscarsson, Lars Stolt, Marika Edoff, 

Tomas Edvinsson, and Ilknur Bayrak Pehlivan, Development of Various Photovoltaic-Driven Water 

Electrolysis Technologies for Green Solar Hydrogen Generation, Sol. RRL 2022, 6, 2100479 

19. Holmes-Gentle, I., Tembhurne, S., Suter, C., & Haussener, S. (2023). Kilowatt-scale solar hydrogen 

production system using a concentrated integrated photoelectrochemical device. Nature Energy, 8(6), 586–

596. https://doi.org/10.1038/s41560-023-01247-2 

20. Harrison, K. W., Martin, G. D., Ramsden, T. G., Kramer, W. E., & Novachek, F. J. NREL, (2009). The Wind-

to-Hydrogen Project: Operational Experience, Performance Testing, and Systems Integration. 

www.nrel.gov/publications. 

21. Sprik, S., Saddler, K., Nagasawa, K., Kuroki, T., Panwar, M., Hovsapian, R., Westlake, B., Medina, S., 

Collins, E., & Leighton, D. (n.d.). Hydrogen Production, Grid Integration, and Scaling for the Future. 

www.nrel.gov/publications. 

22. Eichman, J., Koleva, M., Guerra, O. J., & Mclaughlin, B. (2020). Optimizing an Integrated Renewable-

Electrolysis System. www.nrel.gov/publications. 

23. International Renewable Energy Agency, T. (2020). Green hydrogen cost reduction scaling up electrolyzer 

to meet the 1.5°C climate goal. [www.irena.org/publications] 

24. Terlouw, T., Bauer, C., McKenna, R., & Mazzotti, M. (2022). Large-scale hydrogen production via water 

electrolysis: a techno-economic and environmental assessment. Energy and Environmental Science, 15(9), 

3583–3602. 

25. Mio, A., Barbera, E., Pavan, A. M., Danielis, R., Bertucco, A., & Fermeglia, M. (2023). Analysis of the 

energetic, economic, and environmental performance of hydrogen utilization for port logistic activities. 

Applied Energy, 347. 

26. Cozzolino, R., & Bella, G. (2024). A review of electrolyzer-based systems providing grid ancillary services: 

status, market, challenges, and future directions. In Frontiers in Energy Research (Vol. 12). Frontiers Media 

SA. https://doi.org/10.3389/fenrg.2024.1358333 

27. Xia, Y., Cheng, H., He, H., & Wei, W. (2023). Efficiency and consistency enhancement for alkaline 

electrolyzers driven by renewable energy sources. Communications Engineering, 2(1). 

https://doi.org/10.1038/s44172-023-00070-7 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 July 2025 doi:10.20944/preprints202507.0445.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202507.0445.v1
http://creativecommons.org/licenses/by/4.0/


 11 of 11 

 

28. Lira Garcia Barros, R., Kraakman, J. T., Sebregts, C., van der Schaaf, J., & de Groot, M. T. (2024). Impact of 

an electrode-diaphragm gap on diffusive hydrogen crossover in alkaline water electrolysis. International 

Journal of Hydrogen Energy, 49, 886–896. https://doi.org/10.1016/j.ijhydene.2023.09.280 

29. Lohmann-Richters, F. P., Renz, S., Lehnert, W., Müller, M., & Carmo, M. (2021). Review—Challenges and 

Opportunities for Increased Current Density in Alkaline Electrolysis by Increasing the Operating 

Temperature. Journal of The Electrochemical Society, 168(11), 114501 

30. A. A. Haleem, J. Huyan, K. Nagasawa, Y. Kuroda, Y. Nishiki, A. Kato, T. Nakai, T. Araki, S. Mitsushima, J. 

Power Sources 2022, 535, 231454. 

31. S. Sebbahi, A. Assila, A. Alaoui Belghiti, S. Laasri, S. Kaya, E.l K. Hlil, S. Rachidi, A. Hajjaji, Int. J. Hydrogen 

Energy 2024, 82, 583. 

32. R. A. Marquez, M. Espinosa, E. Kalokowski, Y. J. Son, K. Kawashima, T. V. Le, C. E. Chukwuneke, C. B. 

Mullins, ACS Energy Lett. 2024, 9, 547. 

33. Guanzhi Wang, Haoyi Li, Finn Babbe, Andrw Tricker, Ethan J. Crumlin, Junko Yano, Rangachary 

Mukundan, and Xiong Peng* Probing Electrode Transformation under Dynamic Operation for Alkaline 

Water Electrolysis, Adv. Energy Mater. 2025, 250088634.  

34. Georgios Sakas, Alejandro Ib_a~nez-Rioja, Vesa Ruuskanen, Antti Kosonen, Jero Ahola, Olli Bergmann, 

Dynamic energy, and mass balance model for an industrial alkaline water electrolyzer plant process, 

International J of Hydrogen Energy 47 (2022) 4328 – 4345 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 

of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 

disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 

products referred to in the content. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 July 2025 doi:10.20944/preprints202507.0445.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202507.0445.v1
http://creativecommons.org/licenses/by/4.0/

