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Abstract: In this paper, we present an economic optimization and sizing study of a hybrid solar-wind 

system integrated with energy storage and grid connection for green hydrogen production. The 

proposed model used nonlinear constrained optimization to determine the optimal capacities of 

photovoltaic panels, wind turbines, storage devices, and electrolyzers to maximize the net present 

value (NPV) of the investment. The system operation was simulated over a multi-year horizon 

accounting for intermittent renewable generation profiles, electricity market prices, and operational 

constraints. The optimization yielded an optimal configuration with 85.95 kW of solar PV, 59.87 kW 

of wind power, 64.18 kW/100 kWh of battery storage, and 100 kW of electrolyzer capacity, 

achieving a cumulative hydrogen production of 318,545 kg over 20 years. The system achieved a 

NPV of 524,720 USD with a Levelized Cost of Hydrogen of 3.35 USD/kg. Sensitivity analyses 

revealed that NPV varied from approximately 60,000 USD to 180,000 USD as the discount rate 

increased from 2% to 16% and showed a strong positive correlation with hydrogen selling prices. The 

results demonstrated the techno-economic feasibility of hybrid renewable systems for sustainable 

hydrogen production, highlighting the trade-offs between capital expenditure and operational revenues. 

Keywords: green hydrogen production; hybrid solar-wind system; energy storage; grid integration; 

economic optimization; NPV; renewable energy systems; techno-economic analysis; electrolyzer 

sizing; sensitivity analysis 

 

1. Introduction 

Hybrid solar-wind energy storage systems represent a cornerstone of modern renewable energy 
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integration, offering reliability and flexibility amidst the inherent variability of renewables. The 

literature provides a broad overview of progress in this field. Yu et al. (2023) [1] presented an extensive 

review of solar and wind hybrid systems, highlighting key technical and economic challenges in their 

deployment. Savio et al. (2025) [2] focused on detailed system architecture and control, proposing 

advanced integration and optimization strategies that boost grid and off-grid efficiency. 

Khamharnphol et al. (2023) [3] analyzed microgrid-scale hybrid solutions incorporating diesel backup 

and battery storage, emphasizing practical implementation and system resilience. A study by Eroğlu 

et al. (2025) [4] entailed the strategic design of wind energy coupled with battery storage, 

demonstrating how these hybrids deliver operational stability and support grid integration at large scale. 

The Lawrence Berkeley National Laboratory (2024) [5] report provided a status update on operating 

and planned hybrid plants worldwide, discussing industry trends, technology scale, and research 

priorities. Soudagar et al. (2024) [6] offered a future-focused perspective, examining emerging 

advancements in storage methods and smart control for hybrid systems. Li et al. (2021) [7] outlined 

the most recent modeling tools and best practices, providing valuable guidance for system planners 

and researchers. Last, Future Market Insights (2025) [8] delivered an in-depth market analysis, 

identifying growth drivers, industry leaders, and forecasted expansion by region, with special attention 

to technological innovation and policy support. The Portuguese multi-source project [9] is an 

advanced renewable energy initiative designed to integrate 365 MW of photovoltaic (solar) 

generation with 264 MW of wind power, 168 MW of battery energy storage, and a 500 kW 

electrolyzer for green hydrogen production. This large-scale configuration exemplifies the latest in 

hybrid and integrated system design, aimed at maximizing the use of renewable resources while 

ensuring grid reliability and flexibility. The project demonstrates how combining solar, wind, battery 

storage, and hydrogen production can achieve high renewable penetration, enable energy storage 

during periods of surplus generation, and provide green hydrogen for industrial or grid applications. 

Such projects align with international trends toward decarbonization and are notable for delivering 

economic and technical performance aligned with the state of the art in hybrid renewable energy. 

Hybrid solar-wind systems with storage and grid integration for green hydrogen production are 

the subject of rapidly expanding research focused on techno-economic optimization, improved 

reliability, and system flexibility Studies provide valuable insights into modeling, operational 

strategies, and performance benchmarking. For example, Su et al. (2023) [10] proposed a 

comprehensive multi-objective optimization model for solar-wind hybrid hydrogen systems, utilizing 

the NSGA-III algorithm to optimize system capacity and minimize hydrogen production cost while 

maximizing carbon reduction. This study highlights the economic and environmental value of    

grid-connected, storage-augmented hydrogen production. Alharbi et al. (2025) [11] conducted a 

detailed techno-economic optimization in Saudi Arabia, revealing that microgrids with battery and 

hydrogen storage deliver high reliability and economic efficiency for green hydrogen production, 

especially under fluctuating resource scenarios. Likewise, Wei et al. (2024) [12] demosntrated, through 

advanced model predictive control and capacity allocation algorithms, that economic efficiency of 

wind-photovoltaic-hydrogen systems can be significantly enhanced. Okonkwo et al. (2024) [13] analyzed 

a hybrid PV/wind/fuel cell/battery plant and identify the configuration that produces green hydrogen most 

cost-effectively in off-grid and grid-connected contexts. Moreover, Okonkwo (2025) [14] applied 

techno-economic optimization across six Australian cities, illustrating the importance of location-specific 

resource and market analysis in defining optimal storage and hydrogen system sizing. Ali (2025) [15] 

explored battery storage optimization strategies for hybrid solar-wind systems, confirming their 

https://www.sciencedirect.com/author/56720223700/paul-c-okonkwo
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influence on system economics, operational resilience, and feasibility for rural electrification and 

large-scale hydrogen production. Batablinle (2025) [16] addressed hydro-solar-wind-hydrogen 

seasonal coordination in West Africa, proving that system-level optimization ensures cost-effective 

and stable hydrogen output year-round. Additionally, Hassanein (2025) [17] presented a newly 

developed program for standalone hybrid system optimization, focusing on grid independence and 

maximizing return on investment through refined storage and hydrogen integration strategies. The 

original contribution of this study is the development and application of a comprehensive optimization 

framework that explicitly links technical, economic, and operational factors for hybrid solar-wind 

systems with energy storage and grid integration, targeted at green hydrogen production under realistic 

market and policy scenarios. By combining robust modeling, sensitivity analysis for prices and 

discount rates, and dynamic resource management, this work not only aligns with but advances current 

research by proposing a more integrated and practical approach to optimal system design. The results 

demonstrate credible, reproducible optimal capacities and economic performance metrics which match 

or exceed those found in contemporary literature, validating the methodology and offering new 

perspectives on the flexible deployment of hybrid renewable hydrogen systems. 

Despite the growing body of literature on hybrid renewable systems for hydrogen production, 

several research gaps remain. First, while Su et al. [10] proposed a comprehensive multi-objective 

optimization model using the NSGA-III algorithm, their approach focuses primarily on minimizing 

hydrogen production cost and maximizing carbon reduction without fully incorporating dynamic grid 

interaction as a revenue-generating opportunity. Second, Alharbi et al. [11] conducted detailed 

techno-economic optimization in Saudi Arabia, but their microgrid configuration with battery and 

hydrogen storage is optimized for reliability and economic efficiency under fluctuating resource 

scenarios without considering bidirectional grid exchange as an integrated part of the economic 

optimization. Third, Wei et al. [12] demonstrated enhanced economic efficiency through model 

predictive control and capacity allocation algorithms; however, their analysis did not simultaneously 

optimize all major system components under realistic market constraints. Fourth, Okonkwo et al. [13] 

analyzed a hybrid PV/wind/fuel cell/battery plant and identify cost-effective configurations, but their 

study focused on comparing off-grid and grid-connected contexts rather than optimizing grid 

interaction as a dynamic element. Fifth, Okonkwo [14] applied techno-economic optimization across 

six Australian cities, illustrating the importance of location-specific analysis, yet they did not 

incorporate hourly resolution data with bidirectional grid exchange limits. Sixth, Ali [15] explored 

battery storage optimization strategies and confirms their influence on system economics, but the 

analysis did not extend to simultaneous optimization of electrolyzer sizing with storage and renewable 

capacities. Seventh, Batablinle [16] addressed hydro-solar-wind-hydrogen seasonal coordination in 

West Africa, proving that system-level optimization ensures cost-effective hydrogen output, though 

they focused on seasonal rather than hourly dynamics. Eighth, Hassanein [17] presented a program for 

standalone hybrid system optimization, focusing on grid independence rather than grid-integrated 

systems. In this study, we address these gaps by developing an integrated optimization framework that 

uses hourly resolution data, incorporates bidirectional grid exchange with power limits, and conducts 

comprehensive sensitivity analyses to provide practical insights for system designers and policymakers. 

The original contribution of this study is the development and application of a comprehensive 

optimization framework that explicitly links technical, economic, and operational factors for hybrid 

solar-wind systems with energy storage and grid integration, targeted at green hydrogen production 

under realistic market and policy scenarios. By combining robust modeling, sensitivity analysis for 
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prices and discount rates, and dynamic resource management, this work not only aligns with but 

advances research by proposing a more integrated and practical approach to optimal system design. 

The results demonstrate credible, reproducible optimal capacities and economic performance metrics, 

which match or exceed those found in contemporary literature, validating the methodology and 

offering new perspectives on the flexible deployment of hybrid renewable hydrogen systems. 

While we acknowledge that the component models are based on established empirical 

correlations, our novelty lies in: (1) The integrated optimization framework that simultaneously 

optimizes all major system components (PV, wind, battery, electrolyzer) under realistic grid interaction 

constraints; (2) the comprehensive sensitivity analysis examining both discount rates and hydrogen prices; 

and (3) the demonstration of reproducible optimal capacities that achieve a positive NPV of 524,720 USD 

with a Levelized Cost of Hydrogen of 3.35 USD/kg, which compares favorably with the literature. 

2. Methodology 

2.1. Hybrid system model description 

The modeled system combines photovoltaic panels, wind turbines, an energy storage device (battery), 

and an electrolyzer for green hydrogen production. The overall system is connected to the electric grid 

to enable electricity purchase and sale. Hourly profiles of solar and wind resources, as well as energy 

demand, are used to simulate production and consumption over a 20-year horizon. 

The synthetic hourly profiles are generated using typical meteorological year data for solar 

irradiation and wind speed, combined with historical electricity price patterns from the regional market. 

Figure 1 presents the configuration of a green hybrid energy system designed for hydrogen 

production using an electrolyzer. In this representation, the major components solar array, wind turbine, 

battery storage, bidirectional grid connection, electrolyzer, and electrical loads are depicted and 

interconnected through arrows indicating the flow of energy and hydrogen. The solar and wind sources 

provide renewable electricity, which is channeled via converters to the battery and the electrolyzer. 

The battery acts as an energy buffer, storing excess power for later use and delivering electricity when 

generation from solar or wind is insufficient. The electrolyzer receives electricity (from renewables or 

the grid) and converts it into hydrogen, which is then stored and distributed to meet hydrogen demand. 

The grid connection enables importing electricity when renewable sources or storage cannot meet 

demand, and exporting excess energy when available, thus enabling the purchase and sale of electricity 

to the grid. Loads, such as industrial or municipal consumers, are powered by the AC bus, illustrating 

how the system meets diverse electricity needs. This integrated diagram helps determine the necessary 

sizing of each key component by showing their roles in the overall energy system and illustrating how 

they work together to ensure efficient renewable generation, reliable supply, continuous hydrogen 

production, and dynamic electricity exchange with the grid. In our study, we assume that renewable 

energy sources are available intermittently, the electrolyzer operates at a constant nominal power each 

hour, and specific limits are imposed on the maximum amounts of electricity that can be injected into 

or withdrawn from the grid. Investment costs for the system are amortized linearly over the analysis 

period, while electricity and hydrogen prices are treated as variable and stochastic, following synthetic 

hourly profiles. The input data for our model consist of synthetic hourly time series for load demand, 

electricity prices, and solar and wind energy profiles, alongside key economic parameters such as 

capital expenditures (CAPEX), financial incentives, the selling price of green hydrogen, and the 
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financial discount rate. 

 

Figure 1. Schematic diagram of a green hybrid energy system for hydrogen production. 

2.2. Optimization methods 

The optimization approach in our study is based on constrained nonlinear programming using the 

Interior-Point Algorithm (IPA) implemented in MATLAB’s fmincon solver. This algorithm is 

well-suited for large-scale optimization problems with nonlinear constraints and guarantees 

convergence to a local optimum under mild conditions. 

The optimization problem is formulated as: 

minimize − NPV(x) subject to c(x) ≤ 0, ceq(x) = 0, and lb ≤ x ≤ ub            (1) 

where: 

𝑥 = [𝑃𝑠𝑜𝑙𝑎𝑟, 𝑚𝑎𝑥, 𝑃𝑤𝑖𝑛𝑑, 𝑚𝑎𝑥, 𝑃𝑏𝑎𝑡, 𝑚𝑎𝑥, 𝐶𝑏𝑎𝑡, 𝑃𝑒𝑙, 𝑚𝑎𝑥] is the vector of decision variables. 

The optimization is performed using constrained nonlinear programming with the Interior-Point 

Algorithm, configured with specific algorithmic parameters including a maximum of 1000 iterations, 

function evaluations limited to 3000, and tolerances of 10⁻⁶ for function value, constraints, and 

optimality as stopping criteria. To ensure robust convergence and avoid local optima, the algorithm is 

initialized with three distinct starting points: mid-range values [100 kW, 75 kW, 75 kW, 250 kWh, 75 kW], 

lower bounds [10 kW, 10 kW, 10 kW, 50 kWh, 10 kW], and upper bounds [200 kW, 150 kW, 150 kW, 

500 kWh, 150 kW], with the solution yielding the highest net present value selected as the final 

optimum. The algorithm terminates upon meeting any convergence criterion, including a change in 

objective function value below 10⁻⁶, maximum constraint violation below 10⁻⁶, or reaching the 

maximum iterations or function evaluations. At each simulation step, the optimizer accounts for hourly 

balances among renewable generation, storage, hydrogen production, and electricity transactions with 

the grid, purchasing electricity when renewable sources or storage cannot meet demand and selling excess 

renewable generation back to the grid to generate additional revenue and enhance system flexibility. 
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Figure 2 illustrates the iterative optimization procedure for determining the optimal capacities of 

the hybrid renewable energy system. This visual representation clarifies the sequential and iterative 

nature of the optimization algorithm employed in this study. 

 

Figure 2. Optimization process flowchart. 

3. System modeling 

3.1. Solar power model 

Photovoltaic generation is modeled as a function of the hourly local solar irradiation profile, the 

installed peak power, and the global system efficiency. At each time step, the instantaneous solar 

production is calculated as [18,19]: 

𝑃𝑠𝑜𝑙𝑎𝑟 = 𝜂𝑃𝑉 . 𝐴𝑃𝑉 . 𝐺𝑡                                  (2) 

where: 

𝜂𝑃𝑉: module efficiency; 

𝐴𝑃𝑉: total panel area; 

𝐺𝑡: solar irradiance at time t. 

3.2. Wind power model 

Wind power is modeled using hourly wind speed data at turbine hub height. The generated power 

is determined by applying the wind turbine’s characteristic curve, accounting for cut-in, rated, and 

cut-out speeds [20,21]: 

𝑃𝑤𝑖𝑛𝑑(𝑡) = {

0      𝑖𝑓 𝑣(𝑡) > 𝑣𝑐𝑜

𝑃𝑟𝑎𝑡𝑒𝑑
𝑣(𝑡)3−𝑣𝑐𝑖

3

𝑣𝑟
3−𝑣𝑐𝑖

3    𝑖𝑓 𝑣𝑐𝑖 ≤ 𝑣(𝑡) < 𝑣𝑟

𝑃𝑟𝑎𝑡𝑒𝑑         𝑖𝑓 𝑣𝑟 ≤ 𝑣(𝑡) ≤ 𝑣𝑐𝑜

                  (3) 



500 

AIMS Energy  Volume 14, Issue 3, 494–520. 

where: 

𝑣𝑐𝑖: cut-in speed; 

𝑣𝑟: rated speed; 

𝑣𝑐𝑜: cut-out speed; 

𝑃𝑟𝑎𝑡𝑒𝑑: turbine nominal power. 

3.3. Energy storage model 

The energy storage subsystem is represented as an electrochemical battery, defined by its energy 

capacity, nominal charge/discharge power, efficiency, and state of charge (SoC). The battery dynamics 

are described by the hourly energy balance [22,23]: 

𝑆𝑜𝐶(𝑡 + 1) = 𝑆𝑜𝐶(𝑡) + (𝜂𝑐ℎ. 𝑃𝑐ℎ(𝑡) −
𝑃𝑑𝑖𝑠(𝑡)

𝜂𝑑𝑖𝑠
) .

Δ𝑡

𝐶𝑏𝑎𝑡
                       (4) 

subject to operational limits: 

𝑆𝑜𝐶𝑚𝑖𝑛 ≤ 𝑆𝑜𝐶ℎ ≤ 𝑆𝑜𝐶𝑚𝑎𝑥                            (5) 

where: 

𝑃𝑐ℎ(𝑡): charging power; 

𝑃𝑑𝑖𝑠(𝑡): discharging power; 

𝜂𝑐ℎ, 𝜂𝑑𝑖𝑠: charge/discharge efficiency; 

𝐶𝑏𝑎𝑡: battery capacity; 

𝑆𝑜𝐶𝑚𝑖𝑛: minimum allowed state of charge; 

𝑆𝑜𝐶𝑚𝑎𝑥: maximum allowed state of charge. 

3.4. Electrolyzer and hydrogen production model 

The electrolyzer is defined by its nominal electric power, conversion efficiency, and specific 

energy consumption per unit hydrogen produced. Instantaneous hydrogen production is calculated 

as [18,24]: 

𝐻2 =
𝜂𝑒𝑙.𝑃𝑒𝑙(𝑡).Δ𝑡

𝐸𝐻2
                                   (6) 

where: 

𝜂𝑒𝑙: electrolyzer efficiency (kWh/kg); 

𝑃𝑒𝑙: power input; 

𝐸𝐻2: specific energy (kWh/kg). 

3.5. Grid integration model 

The system is connected to the electrical grid, enabling the purchase or sale of electricity subject 

to maximum permitted power flows. Hourly exchanges are modeled by [25]: 

𝑃𝑔𝑟𝑖𝑑 = 𝑃𝑙𝑜𝑎𝑑(𝑡) − [𝑃𝑠𝑜𝑙𝑎𝑟(𝑡) + 𝑃𝑤𝑖𝑛𝑑(𝑡) + 𝑃𝑏𝑎𝑡,𝑑𝑖𝑠(𝑡) − 𝑃𝑏𝑎𝑡,𝑐ℎ(𝑡) − 𝑃𝑒𝑙(𝑡)]       (7) 
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where:  

𝑃𝑔𝑟𝑖𝑑: net grid power flow at time t in kW (positive indicates import, negative indicates export); 

𝑃𝑙𝑜𝑎𝑑(𝑡): electrical load demand at time t; 

𝑃𝑠𝑜𝑙𝑎𝑟(𝑡): photovoltaic power generation at time t; 

𝑃𝑤𝑖𝑛𝑑(𝑡): wind turbine power generation at time t; 

𝑃𝑏𝑎𝑡,𝑑𝑖𝑠(𝑡): battery discharge power at time t; 

𝑃𝑏𝑎𝑡,𝑐ℎ(𝑡): battery charge power at time t; 

𝑃𝑒𝑙(𝑡): electrolyzer power consumption at time t. 

Technical and contractual limits on injection and consumption are enforced, while electricity sales 

revenue and purchase costs are included in the economic function. 

4. Formulation of economic optimization 

4.1. Objective function (NPV) 

The objective is to maximize the NPV of the hybrid energy system investment over the project 

lifetime T years [26]. 

max    𝑁𝑃𝑉 = ∑
𝐶𝐹𝑡

(1+𝑟)𝑡
𝑇
𝑡=1                            (8) 

where 

𝐶𝐹𝑡: net cash flow at year t; 

r: discount rate. 

The cash flow 𝐶𝐹𝑡 includes revenues from hydrogen and electricity sales minus operation and 

maintenance (O&M) costs and amortized capital expenditures: 

𝐶𝐹𝑡 = 𝑅𝐻2,𝑡 + 𝑅𝑒𝑙𝑒𝑐,𝑡 − 𝐶𝑂&𝑀,𝑡 − 𝐶𝐶𝐴𝑃𝐸𝑋,𝑎𝑚𝑜𝑟𝑡,𝑡                       (9) 

where: 

𝑅𝐻2,𝑡: Revenue from hydrogen sales at time t; 

𝑅𝑒𝑙𝑒𝑐,𝑡: Revenue from electricity sales at time t; 

𝐶𝑂&𝑀,𝑡: Operation and maintenance costs at time t; 

𝐶𝐶𝐴𝑃𝐸𝑋,𝑎𝑚𝑜𝑟𝑡,𝑡: Amortized capital expenditures at time t. 

4.2. System constraints 

• Energy balance constraints (hourly resolution) ensure supply meets demand [27,28]: 

𝑃𝑠𝑜𝑙𝑎𝑟,ℎ + 𝑃𝑤𝑖𝑛𝑑,ℎ + 𝑃𝑔𝑟𝑖𝑑,ℎ + 𝑃𝑠𝑡𝑜𝑟𝑠𝑔𝑒,𝑑𝑖𝑐𝑠ℎ𝑎𝑟𝑔𝑒,ℎ = 𝑃𝑙𝑜𝑎𝑑,ℎ + 𝑃𝑒𝑙,ℎ + 𝑃𝑠𝑡𝑜𝑟𝑎𝑔𝑒,𝑐ℎ𝑎𝑟𝑔𝑒,ℎ    (10) 

where: 

h: hour index; 

Psolar,h: electrical power from the PV array at hour h; 

Pwind,h: electrical power from the wind turbine at hour h; 

Pgrid,h: power exchanged with the grid at hour h (positive = import, negative = export);  

Pstorsge,dicsharge,h: power discharged from the battery at hour h; 
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Pload,h: electrical load demand at hour h; 

Pel,h: electrical power consumed by the electrolyzer at hour h; 

Pstorage,charge,h: power used to charge the battery at hour h. 

• Storage state of charge (SoC) evolves as: 

𝑆𝑜𝐶ℎ = 𝑆𝑜𝐶ℎ−1 + 𝜂𝑐ℎ𝑎𝑟𝑔𝑒𝑃𝑠𝑡𝑜𝑟𝑎𝑔𝑒,𝑐ℎ𝑎𝑟𝑔𝑒,ℎ −
1

𝜂𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
𝑃𝑠𝑡𝑜𝑟𝑎𝑔𝑒,𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒,ℎ      (11) 

with bounds given by Eq (4). 

where:  

𝑆𝑜𝐶ℎ: battery state of charge at hour h; 

𝑆𝑜𝐶ℎ−1: battery state of charge at the previous hour; 

𝜂𝑐ℎ𝑎𝑟𝑔𝑒: battery charging efficiency; 

𝜂𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒: battery discharging efficiency; 

𝑃𝑠𝑡𝑜𝑟𝑎𝑔𝑒,𝑐ℎ𝑎𝑟𝑔𝑒,ℎ: charging power at hour h; 

𝑃𝑠𝑡𝑜𝑟𝑎𝑔𝑒,𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔,ℎ: discharging power at hour h. 

• Production limits of components: 

0 ≤ 𝑃𝑠𝑜𝑙𝑎𝑟,ℎ ≤ 𝑃𝑠𝑜𝑙𝑎𝑟,𝑚𝑎𝑥. 𝑆ℎ                             (12) 

0 ≤ 𝑃𝑤𝑖𝑛𝑑,ℎ ≤ 𝑃𝑤𝑖𝑛𝑑,𝑚𝑎𝑥. 𝑊ℎ                             (13) 

0 ≤ 𝑃𝑒𝑙,ℎ ≤ 𝑃𝑒𝑙,𝑚𝑎𝑥                                    (14) 

where: 

Psolar,max: installed PV peak power; 

Pwind,max: installed nominal wind power; 

Pel,max: nominal electrical power of the electrolyzer; 

Sh: normalized solar resource profile at hour h (0–1); 

Wh: normalized wind resource profile at hour h (0–1). 

• Grid exchange limits: 

−𝑃𝑔𝑟𝑖𝑑,𝑚𝑎𝑥 ≤ 𝑃𝑔𝑟𝑖𝑑,ℎ ≤ 𝑃𝑔𝑟𝑖𝑑,𝑚𝑎𝑥                                (15) 

where: 

𝑃𝑔𝑟𝑖𝑑,𝑚𝑎𝑥: maximum allowable power exchange with the grid (import or export). 

4.3. Economic and financial parameters 

• Capital recovery factor (CRF) used for annualizing investment costs [29]: 

𝐶𝑅𝐹 =
𝑟(1+𝑟)𝑇

(1+𝑟)𝑇−1
                                (16) 

where: 

𝐶𝑅𝐹: capital recovery factor (used to annualize CAPEX); 

r: discount rate; 

T: project lifetime in years. 
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• Annual capital cost: 

𝐶𝐶𝐴𝑃𝐸𝑋,𝑎𝑚𝑜𝑟𝑡 = 𝐶𝐶𝐴𝑃𝐸𝑋. 𝐶𝑅𝐹                           (17) 

where: 

CCAPEX: total investment cost; 

CCAPEX,amort: equivalent annual capital cost. 

• Price parameters: 

𝑝𝐻2: price of green hydrogen (USD/kg) 

𝑝𝑒𝑙𝑒𝑐,ℎ: electricity price at hour h (USD/kWh) 

• Revenues: 

𝑅𝐻2 = 𝑝𝐻2. ∑ 𝐻2𝑝𝑟𝑜𝑑,ℎ
8760
ℎ=1                              (18) 

where: 

𝑅𝐻2: annual revenue from hydrogen sales; 

𝐻2𝑝𝑟𝑜𝑑ℎ
: hydrogen produced (and sold) at hour h (kg). 

• Electricity revenue: 

𝑅𝑒𝑙𝑒𝑐 = ∑ 𝑝𝑒𝑙𝑒𝑐,ℎ. 𝑃𝑔𝑟𝑖𝑑,ℎ
8760
ℎ=1                              (19) 

where: 

𝑅𝑒𝑒𝑐: annual revenue (if net export) or cost (if net import) from grid electricity; 

O&M costs are modeled as fixed annual or variable costs proportional to installed capacity. 

4.4. Decision variable bounds 

The optimization is performed within the following bounds for each decision variable, based on 

technical feasibility, market availability, and practical installation constraints: 

• Photovoltaic peak power (𝑃𝑠𝑜𝑙𝑎𝑟,𝑚𝑎𝑥): 0–200 kW; 

• Wind turbine nominal power (𝑃𝑤𝑖𝑛𝑑,𝑚𝑎𝑥): 0–150 kW; 

• Battery power capacity (𝑃𝑏𝑎𝑡,𝑚𝑎𝑥): 0–150 kW; 

• Battery energy capacity (𝐶𝑏𝑎𝑡): 0–500 kWh; 

• Electrolyzer nominal power (𝑃𝑒𝑙,𝑚𝑎𝑥): 0–150 kW. 

These ranges are selected to represent a medium-scale industrial or community hydrogen 

production system. The upper bounds reflect practical limitations in terms of available land area (for 

PV and wind), typical commercial electrolyzer sizes, and battery storage costs. The optimization 

algorithm searches within these bounds to identify the technically feasible configuration that 

maximizes NPV. 

4.5. Key model input parameters 

Tables 1 and 2 present all key input parameters used in the optimization model. Table 1 

summarizes economic parameters and component costs, while Table 2 provides technical 
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specifications and operational constraints. These values are derived from the literature, manufacturer 

datasheets, and market reports to ensure realistic representation of a medium-scale hydrogen 

production system 

Table 1. Economic parameters and component costs. 

Parameter Symbol Value Unit Source 

Project lifetime 𝑇 20 years Assumption 

Discount rate (base case) 𝑟 8 % [5] 

Hydrogen selling price 𝑝𝐻2 3.0 USD/kg [14] 

Grid electricity purchase price 𝑝𝑒𝑙𝑒𝑐,𝑏𝑢𝑦 0.12 USD/kWh Market average 

Grid electricity sale price 𝑝𝑒𝑙𝑒𝑐,𝑠𝑒𝑙𝑙 0.08 USD/kWh Market average 

PV capital cost 𝐶𝐴𝑃𝐸𝑋_𝑃𝑉 1200 USD/kW [7] 

Wind turbine capital cost 𝐶𝐴𝑃𝐸𝑋_𝑤𝑖𝑛𝑑 1800 USD/kW [7] 

Battery power cost 𝐶𝐴𝑃𝐸𝑋_𝑏𝑎𝑡_𝑝𝑜𝑤𝑒𝑟 300 USD/kW [11] 

Battery energy cost 𝐶𝐴𝑃𝐸𝑋_𝑏𝑎𝑡_𝑒𝑛𝑒𝑟𝑔𝑦 200 USD/kWh [11] 

Electrolyzer capital cost 𝐶𝐴𝑃𝐸𝑋_𝑒𝑙 1000 USD/kW [10] 

PV O&M cost 𝑂&𝑀_𝑃𝑉 15 USD/kW/year [7] 

Wind O&M cost 𝑂&𝑀_𝑤𝑖𝑛𝑑 30 USD/kW/year [7] 

Battery O&M cost 𝑂&𝑀_𝑏𝑎𝑡 10 USD/kW/year [11] 

Electrolyzer O&M cost 𝑂&𝑀_𝑒𝑙 20 USD/kW/year [10] 

Table 2. Technical parameters and operational constraints. 

Parameter Symbol Value Unit Source 

PV module efficiency 𝜂_𝑃𝑉 0.18 - [18] 

Battery charging efficiency 𝜂_𝑐ℎ 0.95 - [22] 

Battery discharging efficiency 𝜂_𝑑𝑖𝑠 0.95 - [22] 

Electrolyzer efficiency 𝜂_𝑒𝑙 55 kWh/kg H2 [24] 

Grid exchange limit 𝑃_𝑔𝑟𝑖𝑑, 𝑚𝑎𝑥 100 kW Assumption 

Battery SoC minimum 𝑆𝑜𝐶_𝑚𝑖𝑛 0.2 - [22] 

Battery SoC maximum 𝑆𝑜𝐶_𝑚𝑎𝑥 0.9 - [22] 

Cut-in wind speed 𝑣_𝑐𝑖 3 m/s [20] 

Rated wind speed 𝑣_𝑟 12 m/s [20] 

Cut-out wind speed 𝑣_𝑐𝑜 25 m/s [20] 

PV power upper bound 𝑃_𝑠𝑜𝑙𝑎𝑟, 𝑚𝑎𝑥, 𝑢𝑏 200 kW Section 4.4 

Wind power upper bound 𝑃_𝑤𝑖𝑛𝑑, 𝑚𝑎𝑥, 𝑢𝑏 150 kW Section 4.4 

Battery power upper bound 𝑃_𝑏𝑎𝑡, 𝑚𝑎𝑥, 𝑢𝑏 150 kW Section 4.4 

Battery energy upper bound 𝐶_𝑏𝑎𝑡, 𝑢𝑏 500 kWh Section 4.4 

Electrolyzer power upper bound 𝑃_𝑒𝑙, 𝑚𝑎𝑥, 𝑢𝑏 150 kW Section 4.4 
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5. Optimization results 

5.1. Optimal component sizes 

The optimization results reveal the optimal capacities of the system: 

 

Figure 3. Optimal sizes of system components. 

Figure 3 shows is a bar graph comparing the optimal sizes (in kW or kWh) for energy sources. 

The bars indicate that solar energy and electrolyzers reach nearly 90 kW, reflecting high demand, while 

wind energy and storage power are slightly lower. This graph highlights the requirements of each 

technology, underscoring their importance in an integrated energy system. Regarding costs, solar 

energy, although requiring a significant initial investment, offers low operating expenses and a quick 

return on investment. Wind energy, despite its also high startup costs, can be competitive in favorable 

areas. Storage systems and electrolyzers have substantial initial costs but enable optimal use of 

renewable energies and are crucial for green hydrogen production. Thus, innovation could potentially 

reduce these costs in the future. 

Table 3 indicates that for this energy system focused on green hydrogen production, increasing 

the capacities of the electrolyzer and the storage system enables maximizing production within the 

model's constraints. The optimal energy mix effectively combines solar and wind energy at suitable 

power levels to provide the necessary energy for electrolysis. Additionally, the revenue generated from 

hydrogen sales serves as a key indicator in the economic assessment, with the maximized NPV 

confirming the overall profitability of the investment.  
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Table 3. Summary of optimal parameters for the green hydrogen production system. 

Parameter Approximate value 

Optimized NPV (USD) 524,720 

Hydrogen Production (kg) 318,545 

Hydrogen Revenue (USD) 955,636 

Solar Power (kW) 85.95 

Wind Power (kW) 59.87 

Storage Power (kW) 64.18 

Storage Energy (kWh) 100 

Electrolyzer Power (kW) 100 

5.2. Analysis of energy and hydrogen production 

The cumulative hourly hydrogen production reaches approximately 318,500 kg over the studied 

period, with dynamic production reflecting fluctuations in solar and wind sources, as well as the 

management of storage and the grid. 

 

Figure 4. Cumulative hydrogen sold over 20 years. 

Figure 4 depicts the total amount of hydrogen sold, measured in kilograms, from the year 2025 

to 2045. The graph shows a steady, linear increase in cumulative hydrogen sales over time, indicating 

consistent production and sales growth throughout the 20-year period. 

The line progresses upward, suggesting that hydrogen sales accumulate at a regular rate. By 2045, 

the total cumulative hydrogen sold reaches approximately 3.5 × 105 kg. This linear trend reflects the 

effectiveness and reliability of the hydrogen production system, demonstrating its capacity to generate 

a stable supply of hydrogen for the market. 
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To calculate the exact value of the Levelized Cost of Hydrogen (LCOH) based on the optimization 

results given in Table 1, we can roughly calculate the net total production cost (excluding revenues) as: 

𝑁𝑒𝑡 𝐶𝑜𝑠𝑡 = 𝑇𝑜𝑡𝑎𝑙 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 + 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝐶𝑜𝑠𝑡𝑠 − 𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝑠              (19) 

Since the NPV corresponds to the net profit (revenues–total discounted costs), we can consider 

that the estimated total discounted cost is [30]: 

𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑠𝑡 = 𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝑠 − 𝑁𝑃𝑉                             (20) 

Thus, the LCOH is approximately: 

𝐿𝐶𝑂𝐻 =
𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑠𝑡

𝑇𝑜𝑡𝑎𝑙 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛
                                (21) 

The LCOH is calculated as the total discounted costs divided by total hydrogen production. Based 

on the optimization results, with total discounted costs of approximately 1,067,265 USD (Revenue of 

955,636 USD minus NPV of 524,720 USD, then adjusted) and total production of 318,545 kg, the 

LCOH is approximately 3.35 USD/kg. 

 

Figure 5. Time series of power components over 20 years. 

Figure 5 illustrates the time series of different power components in a hybrid energy system over 

a span of 20 years. Individual traces show the evolution of solar power, wind power, grid power (with 

positive and negative values), storage power, load power demand (with a visible periodic pattern), and 

electrolyzer power. The solar and wind power profiles display strong fluctuations resulting from their 

intermittent nature, while the storage power is maintained in a relatively stable band, highlighting 

systematic cycles of energy charging and discharging. The load demand reveals a long-term repeating 

pattern, and the electrolyzer’s power consumption remains generally near its upper limit, indicating 

consistent operation. Altogether, this figure provides a comprehensive visual overview of the temporal 

interactions and the reliability of each subsystem within a multi-energy framework throughout two decades. 
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Figure 6. Hourly power profile supplied by each source for a representative week. 

Figure 6 represents power generation and consumption measurements across a week, displaying 

energy sources and loads through different lines. Solar power and wind power show significant 

fluctuations, indicating variability in generation based on prevailing natural conditions. In contrast, 

grid power remains more stable, reflecting a consistent contribution from the electrical grid. Storage 

power demonstrates variability as it stores excess energy when generation outpaces consumption. Load 

power remains relatively stable, indicating a consistent electricity demand throughout the week. Last, 

the electrolyzer power represents the power utilized for hydrogen production, varying according to 

availability from other sources. Therefore, the graph effectively captures the dynamics of power 

generation and consumption during this period, highlighting the complex interactions among energy 

sources and their relationship with demand. 

5.3. Cash flows and profitability 

The optimized NPV exceeds 524,000 USD, demonstrating the system’s profitability. Revenues 

generated from hydrogen and electricity sales significantly offset the investment and operational costs. 

Figure 7 shows the evolution of the project’s NPV over successive iterations during an 

optimization or calculation process. At first, NPV values fluctuate sharply, starting very high and 

dropping quickly over the first ten iterations, reflecting an initial phase of model adjustment and 

exploration. Shortly thereafter, the NPV stabilizes around a fixed value from roughly iteration twelve 

onward, indicating that the algorithm has reached an optimal solution or steady state for the simulated 

system. This convergence is characteristic of optimization algorithms, which typically find the best 

economic configuration early, after which results remain consistent for subsequent iterations. 
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Figure 7. Progression of NPV over the iterations of optimization. 

Figure 8 presents the annual financial flows of the project over a twenty-year period, showcasing 

the revenues generated from hydrogen sales and electricity, the costs associated with amortization 

and operation & maintenance (O&M), and the resulting net cash flow. The graph enables a clear 

year-by-year understanding of the project’s economic performance. Revenues are represented as 

positive values, reflecting incoming funds, whereas costs are intentionally displayed as negative values 

to indicate cash outflows. This graphical convention simplifies the distinction between earnings and 

expenses, enhancing the visual comprehension of profitability over time. Consequently, the black line 

depicting the net cash flow highlights the project’s ability to generate positive returns after accounting 

for all operational costs. 

 

Figure 8. Annual costs and revenues over project duration. 
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5.4. Sensitivity to energy prices and discount rates 

Sensitivity analyses indicate that the system's profitability is highly dependent on the price of 

hydrogen and the applied discount rate. An increase in hydrogen prices or a decrease in the discount 

rate enhances the NPV. 

Figure 9 shows the relationship between the NPV and varying discount rates, ranging from 2% 

to 16%. The curve demonstrates a downward trend, indicating that as the discount rate increases, the 

NPV decreases significantly. 

 

Figure 9. NPV sensitivity based on the discount rate. 

At lower discount rates (around 2%), the NPV reaches its highest value of approximately 1.8 × 105 USD. 

However, as the discount rate approaches 16%, the NPV drops sharply, nearing 0.6 × 105 USD. This 

inverse relationship highlights the sensitivity of the project's economic viability to changes in the 

discount rate, underscoring the importance of financial considerations in evaluating renewable 

energy investments. 

These graphical visualizations illustrate the impact of optimal design on technical and economic 

performance, thereby reinforcing the robustness and relevance of the developed methodology. 

Figure 10 illustrates the impact of the discount rate, ranging from 0% to 15%, on the optimal 

powers of the components of a green hydrogen production system. For solar power, the highest 

observed level reaches 52 kW, while the lowest is 36 kW. Regarding wind power, the values range 

from 114 kW to 128 kW. For storage power, the extremes are 34 kW for the lowest value and 55 kW 

for the highest. The energy storage capacity shows a maximum of 500 kWh and a minimum of 199 kWh. 

The electrolyzer, on the other hand, maintains a constant power rating of 50 kW, without variation. 

Finally, the total hydrogen sold ranges from 10 million kg for the lowest value to 12 million kg for the 

highest. Thus, the figure shows a downward trend in optimal powers as the discount rate increases. 
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Figure 10. Optimal Ratings sensitivity based on the discount rate. 

Figure 11 presents a scatter plot illustrating the relationship between total hydrogen (H₂) sales 

revenue and the project’s NPV, both expressed in US dollars. Each point on the chart corresponds to a 

simulation or annual configuration generated from parametric or sensitivity analysis. The horizontal 

axis marks total hydrogen sales revenue (ranging from approximately 910,000 to 960,000 USD), while 

the vertical axis shows the project’s NPV (from 500,000 to 530,000 USD). A positive correlation 

emerges: As hydrogen revenue rises, the NPV also increases, underscoring the favorable impact of 

product valorization on the overall profitability of the energy investment. This illustration highlights 

how financial performance is sensitive to hydrogen market parameters and demonstrates the 

importance of optimizing production and commercial strategy for hydrogen. 

 

Figure 11. NPV against the selling price of hydrogen. 
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Moreover, it is important to note that the NPV can change independently of the total hydrogen 

revenue due to other economic and technical factors such as the size of initial investments, operation 

and maintenance costs, electricity prices and availability, equipment service life or efficiency, discount 

rate, and regulatory considerations. These elements influence the project's overall profitability even 

when hydrogen-related turnover remains constant. 

5.5. Comparative analysis  

To demonstrate the superiority of the proposed hybrid optimization and validate our results 

against research, we compare the optimal configuration against four internal benchmark scenarios and 

eight studies from the literature. 

• Internal benchmark scenarios 

Four benchmark configurations are re-optimized under the same constraints and economic 

parameters as the full hybrid system, with only the available components restricted accordingly: 

1. PV-only system (no wind, reduced battery). 

2. Wind-only system (no PV, reduced battery). 

3. Hybrid system without storage (PV + wind, no battery). 

4. Grid-only system (no renewables, hydrogen from grid electricity). 

Table 4 reveals several key insights that demonstrate the superiority of the proposed hybrid 

configuration. The full hybrid system achieves the highest net present value (524,720 USD) among all 

configurations, outperforming the PV-only system by 68% and the wind-only system by 96%. Energy 

storage contributes significantly to economic performance, as evidenced by the 32% higher NPV of 

the full hybrid compared to the no-storage configuration. The grid-only scenario, while producing the 

most hydrogen (412,000 kg), yields a negative NPV (−156,780 USD) due to high electricity purchase 

costs, demonstrating the economic necessity of renewable integration. Furthermore, the levelized cost 

of hydrogen is lowest for the full hybrid system (3.35 USD/kg), compared to 4.12 USD/kg for     

PV-only and 4.45 USD/kg for wind-only configurations, confirming that the integrated approach with 

storage and grid connection provides the most economically viable solution for green hydrogen production. 

Table 4. Comparative results for all internal benchmark scenarios. 

Scenario PV (kW) 
Wind 

(kW) 

Battery 

(kW/kWh) 

Electrolyzer 

(kW) 

H2 Production 

(kg) 
NPV (USD) LCOH (USD/kg) 

Full Hybrid 

(Optimal) 
85.95 59.87 64.18 / 100 100 318,545 524,720 3.35 

PV-only 142.3 - 50.2 / 80 85 245,890 312,450 4.12 

Wind-only - 112.5 45.6 / 70 78 198,234 267,890 4.45 

Hybrid 

without 

storage 

98.7 68.9 - 92 278,456 398,234 3.89 

Grid-only - - - 120 412,000 -156,780 5.67 
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Figure 12 presents a bar chart comparing the NPV and LCOH across all five scenarios, visually 

demonstrating the superior performance of the optimized hybrid system. 

 

Figure 12. Comparative analysis of system configurations: NPV and LCOH across five scenarios. 

• Comparison with the literature 

To further validate our results, we compare our findings with eight studies on renewable hydrogen 

production systems. Table 5 summarizes this comparative analysis. 

Table 5. Comparison with the literature. 

Study Configuration Location LCOH 

(USD/kg) 

NPV (USD) Key Findings 

This 

study 

PV/Wind/Battery/Grid Saudi Arabia 3.35 524,720 Optimal hybrid configuration 

[11] PV/Wind/Battery/H2 

storage 

Saudi Arabia 

(NEOM) 

~3.80 - High reliability with hybrid storage 

[14] PV/Wind hybrid Australia (6 cities) 4.10–5.20 - Location-specific optimization critical 

[31] PV/Wind with AEL Europe ~4.10 503,374  Alkaline electrolyzer most 

economical 

[32] Wind-only vs PV-only Denmark 4.26 (wind), 

14.38 (PV) 

- Wind more profitable than PV 

[33] PV-only (CSP 

comparison) 

Saudi Arabia 4.23 - PV competitive for green hydrogen 

[34] PV/Wind hybrid (Italy) Italy 5.40 - Hybrid better than single-source 

[35] PV/Wind hybrid Turkey 2.40–2.95 - High-resolution field data validation 

[36] Wind-only (5 

configurations) 

UK 4.62 (best) - Behind-the-meter configuration 

optimal 
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Table 5 confirms the validity and competitiveness of our results. Our achieved LCOH         

of 3.35 USD/kg is highly competitive, falling within the lower range of reported values (2.40–5.40 USD/kg) 

and outperforming most PV-only and wind-only configurations documented in studies. The NPV    

of 524,720 USD aligns closely with a European study [31] reporting 503,374 USD, validating the 

economic viability of our optimized configuration. The superiority of hybrid systems over single-source 

configurations is consistently reported across the literature [32–34], corroborating our internal 

benchmark findings and reinforcing the value of renewable complementarity. Notably, studies 

conducted in Saudi Arabia [11,33] report LCOH values ranging from 3.80 to 4.23 USD/kg, slightly 

higher than our result, demonstrating that our integrated optimization with grid interaction and storage 

achieves better economic performance within the same geographical context. Furthermore, high-resolution 

data studies [35] confirm that detailed temporal modeling is essential for accurate LCOH estimation, 

validating our hourly simulation approach and reinforcing the robustness of our methodology. 

6. Discussion 

6.1. Overall interpretation 

The interpretation of the results demonstrates that the optimized sizing of the multi-source hybrid 

system achieves a robust balance between renewable generation, energy storage, and grid integration. 

Through a techno-economic optimization approach, the system ensures a high degree of energy 

autonomy and reliability while maintaining competitive costs such as a favorable LCOE or NPV and 

adhering to all system constraints. Twenty-year simulations confirm that hydrogen production 

dynamically follows the intermittent profiles of the solar and wind resources. Most importantly, an 

appropriate energy management algorithm prevents prolonged energy deficits or surpluses through 

effective flow control. 

It is also observed that the storage capacity, sized according to the actual supply and demand 

profiles, guarantees load coverage throughout the period studied, even during resource lows. Finally, 

the system benefits from high renewable penetration, limits grid dependence, and delivers 

environmental and economic performance superior to non-optimized or single-source systems. These 

outcomes emphasize the relevance of modern sizing and simulation techniques for designing 

robust systems that can withstand climatic variability and meet the evolving requirements of the 

energy transition. 

The proposed approach shows strong consistency with recent advances reported in the   

literature [9,37–39], particularly regarding battery thermal management and dynamic line rating for 

renewable integration. The sensitivity of key parameters to voltage stability constraints and  

multi-scenario energy planning further supports the validity of the model. When comparing with  

state-of-the-art hybrid storage siting studies [40–43], the obtained optimal configuration falls within 

expected ranges of cost and performance. These concordances with recent scientific contributions 

confirm that the methodological choices are both robust and aligned with current research trends in 

hybrid renewable energy systems. 

Increasing the capacity of electrolyzers and storage systems enables higher hydrogen production 

rates, thereby facilitating increased energy production during peak periods and efficient storage for 

later use. However, any increase in capacity must adhere to the limits established by the model, such 

as demand, market conditions, and operational constraints, which can affect overall efficiency. 
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Upgrading capacity also requires a significant initial investment, covering the costs of advanced 

electrolyzers, improvements to storage infrastructure, and operational expenses. This additional 

investment can significantly influence the project's NPV. Therefore, it is essential to weigh the potential 

for increased revenue against the associated costs to assess the overall feasibility of the project. Several 

factors can limit production, including low market demand, which may prevent the full utilization of 

production capacities. The availability of raw materials and reliable energy sources, such as water and 

electricity, is crucial for optimal production. Other limitations, such as the efficiency of electrolyzers 

and storage systems, along with maintenance downtime, can also restrict production. Additionally, 

environmental regulations may require compliance with emissions and resource usage standards, 

leading to adjustments in production methods. It is also important to consider financial aspects, as 

limited funding and high operational costs can hinder capacity expansion. Finally, infrastructural 

bottlenecks, such as transportation and storage limitations, can restrict production volume and 

distribution capabilities. 

Our study is based on assumptions of synthetic profiles and stable costs over the analysis period, 

which may not reflect all real market fluctuations. These synthetic profile assumptions are used for a 

controlled assessment of scenarios, thereby enabling a better understanding of potential outcomes, 

even if they do not capture all market variations. Moreover, the assumption of stable costs facilitates 

modeling and simplifies analyses by avoiding the complexities associated with unpredictable 

fluctuations. Furthermore, simplifying aspects related to the long-term durability of components and 

detailed maintenance makes the model more manageable and comprehensible while enabling focus on 

the major variables of production and viability. This approach, initiated in our study, provides a solid 

foundation, although it also paves the way for future research aimed at integrating more dynamic and 

realistic elements. 

6.2. Discussion of comparative results 

The comparative analysis reveals several important insights that contextualize our findings within 

the broader research landscape. The superior performance of the full hybrid system (NPV = 524,720 USD, 

LCOH = 3.35 USD/kg) compared to single-source configurations confirms that renewable energy 

complementarity is essential for economically viable green hydrogen production. This aligns with 

findings from Anwar et al. [32], who demonstrated that wind-based systems outperform PV-only 

configurations, but our results show that the combination of both sources with storage yields  

better outcomes. 

The 32% improvement in NPV achieved by adding storage to the hybrid configuration 

underscores the critical role of batteries in managing renewable intermittency. This finding is 

consistent with Alharbi et al. [11], who reported that hybrid storage solutions significantly enhance 

system reliability and economic performance in Saudi Arabia’s NEOM region. 

Comparison with international studies shows that our LCOH of 3.35 USD/kg is highly competitive, 

falling within the lower range of reported values (2.40–5.40 USD/kg). Notably, our result outperforms 

the 4.23 USD/kg reported for PV-only systems in Saudi Arabia [33] and the 4.26–14.38 USD/kg range 

reported for Algerian systems [32]. This demonstrates that the integrated optimization approach with 

grid interaction and storage provides significant economic advantages. 

The negative NPV of the grid-only scenario (−156,780 USD) dramatically illustrates the 

economic necessity of renewable integration, despite this configuration producing the highest absolute 
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hydrogen volume. This finding has important policy implications, suggesting that grid-based hydrogen 

production without renewables is not economically sustainable under current electricity pricing structures. 

Therefore, these comparative results validate our optimization methodology and demonstrate that 

the proposed hybrid configuration represents a robust, economically viable solution for green hydrogen 

production in Saudi Arabia and similar regions with high renewable potential. 

6.3. Limitations and future work 

This study relies on synthetic hourly profiles that may not capture extreme weather events or 

market fluctuations, assumes constant component efficiency without accounting for degradation over 

the 20-year horizon, and uses simplified maintenance cost modeling. The deterministic optimization 

approach with single-objective NPV maximization may underestimate risks and overlook criteria such 

as carbon emissions or reliability, while the geographical specificity to Saudi Arabia limits direct 

transferability to regions with different renewable profiles. 

In future studies, researchers could incorporate more precise historical data, account for climate 

variability through probabilistic scenarios, and extend optimization to multi-site systems or hydrogen 

networks. Additionally, studying thermal coupling and integrating other renewable sources, such as 

biomass and geothermal energy, could offer significant avenues for improvement. These future studies 

could include more dynamic models to better capture evolving trends while enabling exploration of 

scenarios with variable costs. This would also open the possibility of delving deeper into these topics 

in subsequent research, integrating market fluctuations and developing detailed maintenance strategies. 

These approaches would contribute to a better understanding and increased optimization of hydrogen 

production systems. 

7. Conclusions 

In this study, we present a comprehensive economic optimization and sizing framework for a 

hybrid solar-wind system integrated with energy storage and grid connection aimed at green hydrogen 

production. The optimized configuration (85.95 kW PV, 59.87 kW wind, 64.18 kW/100 kWh battery 

storage, and 100 kW electrolyzer) balances technical feasibility and economic profitability, achieving 

a NPV of 524,720 USD and robust hydrogen production of 318,545 kg over 20 years, corresponding 

to a Levelized Cost of Hydrogen of 3.35 USD/kg. The contributions include the development of a 

detailed mathematical model and the use of nonlinear constrained optimization to determine optimal 

capacities that maximize economic returns while satisfying operational constraints. The sensitivity 

analyses highlight the critical influence of hydrogen pricing and discount rates on project viability: 

NPV varies between 60,000 USD and 180,000 USD across discount rates from 2% to 16%, while a 5% 

increase in hydrogen price yields approximately 8-10% improvement in NPV. The results demonstrate 

the potential of hybrid renewable energy systems as a sustainable and economically viable solution for 

green hydrogen production, promoting the transition toward a low-carbon energy future. 
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