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Abstract


The global push for clean hydrogen production has identified nuclear energy, particularly high-temperature gas-cooled reactors (HTGRs), as a promising solution due to their ability to provide high-temperature heat. This study conducted a techno-economic analysis of hydrogen production in Saudi Arabia using the pebble bed modular reactor (HTR-PM), focusing on two methods: high-temperature steam electrolysis (HTSE) and the sulfur–iodine (SI) thermochemical cycle. The Hydrogen Economic Evaluation Program (HEEP) was used to assess the economic viability of both methods, considering key production factors such as the discount rate, nuclear power plant (NPP) capital cost, and hydrogen plant efficiency. The results show that the SI cycle achieves a lower levelized cost of hydrogen (LCOH) at USD 1.22/kg H2 compared to HTSE at USD 1.47/kg H2, primarily due to higher thermal efficiency. Nonetheless, HTSE offers simpler system integration. Sensitivity analysis reveals that variations in the discount rate and NPP capital costs significantly impact both production methods, while hydrogen plant efficiency is crucial in determining overall economics. The findings contribute to the broader discourse on sustainable hydrogen production technologies by highlighting the potential of nuclear-driven methods to meet global decarbonization goals. The paper concludes that the HTR-PM offers a viable pathway for large-scale hydrogen production in Saudi Arabia, aligning with the Vision 2030 objectives.
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1. Introduction


Hydrogen is increasingly recognized as a key energy carrier for decarbonizing sectors such as transportation, power generation, and industrial processes. Its versatility and potential to significantly reduce greenhouse gas emissions have made it a central focus of clean energy strategies worldwide. However, the primary challenge to widespread adoption of hydrogen lies in its production process. Currently, most hydrogen is produced through steam methane reforming (SMR), a process that emits considerable amounts of carbon dioxide (CO2), thus undermining its environmental benefits. To address this issue, alternative hydrogen production technologies that are both sustainable and cost-effective are being actively pursued [1]. Among these alternatives (more discerption in 2.6), nuclear-powered hydrogen production has garnered attention due to its ability to provide both reliable electricity and high-temperature heat without direct greenhouse gas emissions [2]. High-temperature gas-cooled reactors (HTGRs), such as the pebble bed modular reactor (HTR-PM), stand out as promising candidates for hydrogen production. These reactors operate at higher temperatures (up to 750 °C) than conventional nuclear reactors, which makes them well suited for advanced hydrogen production processes like high-temperature steam electrolysis (HTSE) and thermochemical cycles such as the sulfur–iodine (SI) cycle. These processes require high heat inputs to efficiently split water molecules, making HTGRs an ideal match for large-scale hydrogen production [3]. Several recent studies have examined the techno-economic feasibility of nuclear-based hydrogen production, focusing on different types of reactors and hydrogen production technologies.



A recent study by Alabbadi et al. (2024) [4] provided a comprehensive economic analysis of nuclear hydrogen production in the context of Saudi Arabia, leveraging HEEP to compare the costs of hydrogen production using advanced pressurized water reactors (APWRs) and HTGRs. Their study considered various production scales, electricity sources (nuclear, solar, wind, and grid), and hydrogen storage and transportation options. Alabbadi et al. found that hydrogen production costs using HTGRs integrated with HTSE could be as low as USD 3.51/kg H2, while APWRs coupled with low-temperature electrolysis (LTE) yielded a cost of USD 6.06/kg H2 at larger scales. Furthermore, the study highlighted the significant impact of storage and transportation methods, noting that compressed gas (CG) storage is generally the most cost-effective option compared to liquefied hydrogen (LQ) and metal hydrides (MH). The study focused on cost comparisons across energy sources and production scales but lacked a detailed sensitivity analysis of reactor costs, operational parameters, and electricity price variations. Additionally, it did not deeply examine the interplay between reactor types, production methods, and regional characteristics. Shropshire et al. (2020) [5] analyzed the integration of advanced nuclear reactors with HTSE and thermochemical cycles, highlighting their potential for large-scale hydrogen production. The study emphasized the scalability and reliability of nuclear energy but noted that challenges in reducing capital costs for new nuclear builds relied on generalized assumptions for reactor costs; this paper used region-specific financial parameters including local energy prices and capital expenditure estimates, which are more reflective of the Saudi Arabian context. Mathieu et al. (2021) [6] conducted a comprehensive cost–benefit analysis of Generation IV reactors, such as molten salt reactors and HTGRs, for hydrogen production via the sulfur–iodine (SI) thermochemical cycle. They found that while the high-temperature capabilities of these reactors make them ideal for hydrogen production, cost competitiveness depends on reducing reactor construction costs and increasing plant efficiency. Zhang et al. (2022) [7] compared the economic viability of nuclear-powered hydrogen production using HTSE and proton exchange membrane (PEM) electrolysis. Their findings indicated that HTSE, when coupled with high-temperature reactors, could achieve significantly lower levelized cost of hydrogen (LCOH) than PEM electrolysis, especially in regions with high electricity prices. While these studies provide valuable insights into the global potential of nuclear-based hydrogen production, they often focus on regions with mature nuclear infrastructures and do not fully address the unique economic, financial, and geopolitical conditions of Saudi Arabia. This paper distinguishes itself by evaluating the specific application of the HTR-PM reactor, a high-temperature gas-cooled reactor (HTGR), for hydrogen production in the context of Saudi Arabia’s Vision 2030.



Recent scholarly discussions have highlighted the increasing focus on green hydrogen strategies across the Middle East and North Africa (MENA) region. For instance, Jordan has utilized its extensive solar resources for hydrogen [8], while Morocco is positioning itself as a key exporter to European markets production [9]. These initiatives underscore the importance of aligning hydrogen production with regional resources, infrastructure capabilities, and policy frameworks. However, as Schuetze and Hussein [10] illustrated in their study on Jordan, domestic and regional political and economic factors can undermine energy transition efforts, potentially deepening existing dependencies and transforming the distributed nature of renewables into concentrated forms of power. While these factors are important, this study focuses on the techno-economic feasibility of hydrogen generation using HTR-PM technology, particularly in the context of Saudi Arabia’s energy landscape.



The present study specifically focused on Saudi Arabia, reflecting its unique financial conditions, energy costs, and infrastructure readiness, which provide a favorable environment for hydrogen production. The findings may not be directly applicable to other regions due to differences in energy pricing, infrastructure development, and policy frameworks. Saudi Arabia, under its ambitious Vision 2030 initiative, is actively working to diversify its energy portfolio and reduce its dependence on fossil fuels [11]. Hydrogen production, particularly through clean and scalable methods powered by nuclear energy, aligns with the country’s long-term energy objectives. The HTR-PM, an advanced high-temperature gas-cooled reactor (HTGR), offers a promising solution by enabling both electricity generation and hydrogen production through nuclear cogeneration. However, the economic feasibility of integrating the HTR-PM with hydrogen production technologies, such as high-temperature steam electrolysis (HTSE) and the sulfur–iodine cycle, remains underexplored—especially in the context of Saudi Arabia’s unique energy landscape [12]. This paper presents a techno-economic analysis of hydrogen production using the HTR-PM reactor in Saudi Arabia. Two hydrogen production methods are evaluated: HTSE and the sulfur–iodine thermochemical cycle. Using the Hydrogen Economic Evaluation Program (HEEP) developed by the International Atomic Energy Agency (IAEA), this study assessed the economic viability of these processes by evaluating key parameters such as capital costs, operational and maintenance costs, and hydrogen production efficiency [13]. A sensitivity analysis was also conducted to examine how variations in input factors, such as reactor efficiency and electricity prices, impact the overall cost of hydrogen production.



This paper explores the integration of HTR-PM technology with advanced hydrogen production methods to assess the technical and economic feasibility of nuclear-powered hydrogen production in Saudi Arabia. Also, it contributes to the broader discourse on sustainable energy systems by evaluating advanced hydrogen production technologies that utilize nuclear energy, offering a pathway to decarbonize energy systems and meet global hydrogen demand sustainably. The results aim to enhance the understanding of how nuclear energy can contribute to the global hydrogen economy while offering valuable insights to inform Saudi Arabia’s clean energy investment strategies.




2. Methodology


2.1. Computational Tool and Approaches


This study utilizes the Hydrogen Economic Evaluation Program (HEEP), a computational tool developed by the International Atomic Energy Agency (IAEA) to assess the economic feasibility of hydrogen production from nuclear power. HEEP is specifically designed for analyzing hydrogen production costs using nuclear energy. Unlike generic tools, HEEP accounts for nuclear-specific processes such as high-temperature steam electrolysis (HTSE) and thermochemical cycles. It provides a comprehensive evaluation of production, storage, and transportation costs, offering a holistic view of the hydrogen value chain. HEEP has been validated through global benchmarking studies with IAEA member states, ensuring standardized methodologies and reliable comparisons across countries. It also allows customization for regional conditions such as electricity prices and reactor types, making it highly adaptable. Additionally, HEEP’s sensitivity analysis capabilities enable users to identify key cost drivers, supporting informed decision making and policy development [13].



The analysis focuses on two hydrogen production approaches:




	
High-temperature steam electrolysis (HTSE), which uses high-temperature steam and electricity generated by the nuclear reactor to split water into hydrogen and oxygen [14];



	
The sulfur–iodine (SI) thermochemical cycle, a high-efficiency process that uses the heat generated by the reactor to drive a series of chemical reactions that produce hydrogen [14].








Both approaches leverage the HTR-PM reactor’s capability to provide high-temperature heat, making it suitable for advanced hydrogen production methods. The study evaluates these processes through HEEP by considering a range of economic and technical factors, such as capital cost, operating cost, efficiency, and fuel consumption.




2.2. Implementation of HEEP for Hydrogen Production Evaluation


To evaluate the techno-economic feasibility of hydrogen production using the HTR-PM reactor, the following steps were undertaken using the HEEP software-version 2021 tool:[image: Sustainability 17 01730 i001]




2.3. Mathematical Formulas and Equations


The following mathematical formulas and equations were used in the evaluation of hydrogen production using the HTR-PM reactor:




	-

	
Capital Cost Calculation:









The capital cost of the nuclear power plant, including the hydrogen production facility, is calculated as follows:


  C a p i t a l   c o s t =   f i x e d   c o s t + v a r i a b l e   c o s t   × c a p a c i t y  



(1)




where



Fixed cost: Costs that remain constant regardless of output (e.g., land and buildings).



Variable cost: Costs that vary with the level of output (e.g., electricity and water).



Capacity: The production capacity of the hydrogen plant.



	-

	
Hydrogen Production Cost Calculation:







The hydrogen production cost is determined using the following formula:


  H y d r o g e n   p r o d u c t i o n   c o s t =      e l e c t r i c i t y   c o s t + w a t e r   c o s t + c a p i t a l   c o s t     h y d r o g e n   p r o d u c t i o n   r a t e     



(2)




where



Electricity cost: The cost of electricity used in the hydrogen production process (especially for HTSE).



Water cost: The cost of water required for the electrolysis or thermochemical process.



Capital cost: The total cost of constructing the hydrogen production plant.



Hydrogen production rate: The amount of hydrogen produced over a specific period.



	-

	
Net Present Value (NPV) Calculation:









  N P V =      g r o s s   r e v e n u e − o p e r a t i n g   c o s t − c a p i t a l   c o s t     ( 1 + d i s c o u n t   r a t e ) ^ n     



(3)




where



Gross revenue: The total revenue generated from hydrogen sales.



Operating cost: Ongoing costs like labor, maintenance, and fuel.



Capital cost: The upfront investment for building the plant.



Discount rate: The rate used to discount future cash flows to their present value.



n: The time duration over which the project is evaluated (in years).




2.4. Financial Parameters


The HEEP model allows for detailed specification of financial parameters that affect the overall economic assessment. These parameters were chosen based on national economic conditions and are summarized in Table 1 below.



The interest rate of 6.11% and the inflation rate of 1.7% were based on data from the Saudi Central Bank as of August 2024. The discount rate of 5.7% was calculated considering an equity-to-debt ratio of 20:80, which reflects typical financial structures for large-scale energy projects [15]. The capital costs used in this study were sourced directly from reliable references and retained in their original reported forms for consistency. While we recognize the importance of normalizing costs to a single reference year, such as 2024, we believe this does not significantly affect the comparative nature of our study’s findings. While we recognize the value of incorporating more recent cost data, this was beyond the scope of the present work. A sensitivity analysis performed in this study addressed potential variations in capital costs, supporting the robustness of the conclusions.



These financial inputs were used as the baseline for the HEEP simulations to evaluate the economic performance of the HTR-PM reactor integrated with hydrogen production facilities. Sensitivity analysis was performed to assess how changes in these parameters affect the overall cost and feasibility of hydrogen production.




2.5. Nuclear Power Plant Details


The nuclear power plant selected for this study is the high-temperature gas-cooled reactor (HTR-PM), a pebble-bed modular reactor that belongs to the family of Generation IV reactors. The HTR-PM is specifically designed to operate at high temperatures, making it well suited for both electricity generation and hydrogen production via cogeneration. To gather the required information for HTR-PM, we referenced the Advanced Reactors Information System (ARIS) developed by the International Atomic Energy Agency (IAEA), as shown in Table 2 [16].



One of the key advantages of the HTR-PM is its ability to supply both high-temperature heat and electricity, making it ideal for hydrogen production through advanced methods like high-temperature steam electrolysis (HTSE) and the sulfur–iodine (SI) thermochemical cycle. The reactor’s high outlet temperature (750 °C) is particularly advantageous for these processes, as it provides the necessary thermal energy for efficient hydrogen production.




2.6. Hydrogen Production Plant Details


This study examines two advanced hydrogen production methods: high-temperature steam electrolysis (HTSE) and the sulfur–iodine (SI) thermochemical cycle. Both methods utilize the high-temperature heat from the HTR-PM reactor, resulting in higher efficiency than conventional hydrogen production techniques.



2.6.1. High-Temperature Steam Electrolysis (HTSE)


HTSE is a technology that splits water into hydrogen and oxygen using high-temperature steam and electricity. Operating at above 700 °C, this method achieves an efficiency of 45–55% due to reduced electrical energy demand. HTSE uses solid oxide electrolyzer cells (SOECs). The energy consumption per 1 Nm3 of hydrogen produced is 2.6 kWh of electrical energy, 0.6 kWh of low-temperature thermal energy (for preheating), and 0.5 kWh of high-temperature thermal energy [20].



	
Advantages: High efficiency, reduced electricity consumption, ideal for nuclear cogeneration.



	
Challenges: High capital costs and material degradation at high operating temperatures.






High-temperature steam electrolysis (HTSE) is a promising method for hydrogen production that operates at elevated temperatures (typically above 700 °C) to achieve higher efficiencies compared to conventional low-temperature electrolysis. The integration of nuclear reactors such as HTR-PM with HTSE systems provides a stable high-temperature heat source, which is critical for its operation. In terms of commercial maturity, HTSE is currently in the pilot and demonstration stages, with several experimental facilities worldwide exploring its viability for large-scale hydrogen production. However, it has not yet reached full-scale commercial deployment due to challenges related to system durability, material degradation at high temperatures, and the high initial capital investment required for advanced electrolyzers. Despite these challenges, HTSE offers significant potential for cost reduction in the long term, as advancements in materials science and economies of scale improve system performance and reduce production costs. From a scalability perspective, HTSE is well suited for integration with high-temperature reactors, making it an attractive option for countries like Saudi Arabia that are investing in nuclear energy infrastructure. The scalability of HTSE systems depends on the availability of high-temperature heat sources and the development of efficient hydrogen storage and distribution networks, both of which are areas of focus under Saudi Arabia’s Vision 2030 initiative. This study evaluates the techno-economic feasibility of HTSE under these conditions, providing insights into its potential application in Saudi Arabia’s hydrogen economy.



Coupling HTR with HTSE


When paired with high-temperature reactors like HTR, HTSE presents a viable and efficient hydrogen production method. High temperatures reduce electricity demand, improving system efficiency through enhanced electrode activity and lower polarization losses. The HTSE process is the reverse of a solid oxide fuel cell (SOFC) and operates at temperatures of 700–1000 °C. The system produces high-purity hydrogen without the use of harmful chemicals, making it efficient and environmentally friendly [21]. Figure 1 shows a simple schematic representation of the system proposed for coupling the HTR-PM 2 × 250 MWth project with high-temperature electrolysis.





2.6.2. Sulfur–Iodine (SI) Thermochemical Cycle


The sulfur–iodine (SI) cycle is a thermochemical process that splits water using heat from the HTR-PM reactor without relying on electricity. The process involves three key reactions, driven by temperatures of 750–850 °C, leading to the production of hydrogen. The SI cycle achieves an efficiency of 60% and can produce 0.6–0.8 kg of hydrogen per kWh of input energy.



	
Advantages: High efficiency with no electricity consumption, suitable for large-scale hydrogen production;



	
Challenges: Complex chemical reactions, corrosion risks from sulfuric acid and iodine, and high capital costs due to specialized materials [22]. It remains an experimental technology, with significant challenges to overcome before commercial deployment. These challenges include material degradation caused by exposure to high temperatures and corrosive chemicals such as sulfuric acid and iodine as well as the complexity of managing aggressive chemical reactions in a large-scale industrial setting. Scaling the SI cycle to commercial levels will require advances in materials science to improve the durability of components as well as optimized process designs to mitigate corrosion and enhance operational stability.






The sulfur–iodine (SI) thermochemical cycle is a high-temperature process that uses a series of chemical reactions to split water into hydrogen and oxygen. The process requires a heat source operating at temperatures above 750 °C, making it highly compatible with advanced nuclear reactors such as HTR-PM. The SI cycle remains in the developmental stage, with research facilities and pilot projects investigating its feasibility for large-scale hydrogen production. Although it has demonstrated high theoretical efficiency compared to other thermochemical cycles, its commercial maturity is limited due to challenges such as the complexity of the chemical processes, materials compatibility with corrosive intermediates, and the need for precise process control. These factors contribute to relatively high initial costs and operational challenges, which must be addressed before widespread commercial adoption can occur. In terms of scalability, the SI cycle offers significant potential for large-scale hydrogen production when coupled with advanced nuclear reactors. Its high efficiency and ability to directly utilize nuclear heat make it attractive for regions like Saudi Arabia, where investments in high-temperature reactors and hydrogen infrastructure are planned. However, the scalability of the SI cycle is contingent on ongoing advancements in process design, materials, and reactor integration. This study assesses the techno-economic feasibility of the SI cycle in the context of Saudi Arabia’s energy landscape, providing a basis for understanding its potential role in the country’s hydrogen economy.



Coupling HTR with SI


The SI cycle can be integrated with high-temperature reactors like HTR, utilizing their heat for efficient hydrogen production. The process involves recycling reagents, with no effluents produced, but it requires careful material selection due to the aggressive chemical environment. The current peak operational temperature for the IS cycle is around 827 °C. However, since the HTR-PM provides thermal energy at a maximum temperature of 750 °C, additional thermal energy upgrading is necessary. This is achieved through intermediate heat exchangers or other heat transfer mechanisms, which raise the temperature to meet the IS cycle’s top demand of 827 °C, with potential for higher efficiency through better heat recovery and materials [23]. A simple schematic representation of the system proposed for coupling the HTR-PM 2 × 250 MWth project with the SI thermochemical cycle shown in Figure 2.





2.6.3. Comparison of Hydrogen Production Methods


HTSE and the SI thermochemical cycle both use high-temperature heat from the HTR-PM reactor but differ in efficiency, costs, and operational complexity:




	
Efficiency: HTSE offers 54% higher efficiency by using both thermal and electrical energy, while the SI cycle operates at 60% efficiency, relying solely on thermal energy.



	
Capital costs: SI systems have lower capital costs but require external electricity purchased. SI systems are more complex and expensive but benefit from exclusive use of thermal energy.



	
Large-scale production: The SI cycle is better suited for large-scale hydrogen production, while HTSE is more flexible for smaller-scale applications that use both heat and electricity.








In both scenarios, it is assumed that each hydrogen plant is co-located with the HTR-PM site. The economic analysis in this study was based on a project lifetime of 40 years, which is the typical expected lifetime of an HTR-PM reactor. For the hydrogen production plant, the hydrogen production systems would undergo necessary replacements or upgrades during the 40-year lifetime of the HTR-PM. The costs associated with these replacements/upgrades were incorporated into the operational and maintenance (O&M) costs, which were derived from previous studies considering typical lifecycle maintenance and replacements for such systems. Additionally, the Hydrogen Economic Evaluation Program (HEEP) used in this analysis inherently accounts for replacement costs by distributing them across the system’s lifetime, ensuring a realistic economic evaluation. The inputs for the hydrogen plant were based on two different methods of hydrogen production: high-temperature steam electrolysis (HTSE) and SI thermochemical cycle, as provided in HEEP. Detailed specifications of the hydrogen plants are shown in Table 3. In this study, two HTR-PM units were selected to compensate for the electricity and/or heat requirements. In Figure 3, two HTR-PM units (2 × 250 MWth, totaling 500 MWth) are connected to a high-temperature steam electrolysis (HTSE) plant. The system generates 179 MWe of electricity and uses 39 MWth of heat directly for the electrolysis process. The HTSE plant consumes both electricity and heat to produce approximately 6 × 107 kg/year of hydrogen. This configuration efficiently utilizes both the thermal and electric energy generated by the HTR-PM reactors. In Figure 4, the two HTR-PM units are connected to a sulfur–iodine (SI) thermochemical cycle plant. The entire 500 MWth of heat is used for the SI process, while only 16.5 MWe of external electricity is required. This system produces around 7.4 × 107 kg/year of hydrogen, slightly more than the HTSE process. The SI cycle is more heat-dependent but uses significantly less electricity than HTSE.






3. Results and Discussion


In this section, we present the economic and technical results of hydrogen production using the HTR-PM reactor integrated with two hydrogen production methods: high-temperature steam electrolysis (HTSE) and the sulfur–iodine (SI) thermochemical cycle. The results focus on the levelized cost of hydrogen (LCOH), efficiency, capital costs, and operational requirements for each method. Additionally, we discuss the sensitivity of the results to key financial and technical parameters.



3.1. Economic Performance and LCOH Analysis


In this study, we assume that the hydrogen production plant is co-located with the nuclear plant, which eliminates long-distance hydrogen transport costs and reduces infrastructure requirements. However, it should be noted that the analysis does not include hydrogen storage and distribution costs, which could increase the levelized cost of hydrogen (LCOH) by an additional 20–30%, as reported in previous studies. Even with this adjustment, the LCOH for the sulfur–iodine (SI) cycle (USD 1.22/kg H2) and high-temperature steam electrolysis (HTSE) (USD 1.47/kg H2) remains competitive with steam methane reforming (SMR) with carbon capture, which typically ranges from USD 1.40–USD 2.30/kg H2 [1]. Furthermore, the nuclear-driven methods analyzed in this study offer the added environmental benefit of zero direct CO2 emissions. The LCOH calculations for both the HTSE and SI processes were derived using the financial parameters outlined in Section 2.5. As shown in Table 4, the SI thermochemical cycle achieves a lower LCOH of USD 1.22/kg H2 compared to USD 1.47/kg H2 for HTSE. This difference can be attributed to several factors:




	
Higher efficiency of the SI cycle: The SI process operates with an efficiency of 60%, compared to 54% for HTSE. This higher efficiency translates directly into lower overall costs, as more hydrogen is produced per unit of energy input. In particular, the SI cycle benefits from the exclusive use of thermal energy from the HTR-PM reactor, avoiding the need for large-scale electricity consumption;



	
Electricity requirements: The HTSE process requires 179 MWe of electrical power to split water molecules, whereas the SI cycle consumes only 16.5 MWe. The significant difference in electricity demand leads to higher operational costs for HTSE, especially in scenarios where electricity prices are volatile or high. This reliance on electricity makes HTSE more sensitive to fluctuations in electricity market prices, a factor that could affect its economic feasibility in regions with expensive electricity;



	
Capital costs: The overnight capital cost of the HTSE plant is estimated at USD 156 M, which is higher than the USD 143 M required for the SI plant (does not include R&D investment cost). The additional infrastructure necessary for HTSE, particularly for electricity generation and integration with electrolyzer cells, contributes to this cost disparity.








These factors indicate that while HTSE may be more technologically mature, the SI cycle offers a more cost-effective solution under the specific conditions modeled in this study, particularly due to its reliance on thermal energy and lower electricity demand.




3.2. Sensitivity Analysis: Impact of Key Parameters


While this study conducted sensitivity analysis on factors such as capital costs, hydrogen plant efficiency, and discount rates, future analyses should also include the effects of energy price variability. Electricity price fluctuations, for example, could disproportionately affect the HTSE process due to its reliance on electrical energy, whereas the SI cycle, with its lower electricity demand, may be less impacted. Incorporating such factors will help better elucidate the resilience of these technologies to market dynamics. The findings are summarized as follows:




	
Capital cost of the nuclear power plant: As shown in Figure 5, the LCOH is highly sensitive to changes in the capital cost of the NPP. A 10% reduction in capital cost results in a 7% decrease in LCOH for both HTSE and SI processes, highlighting the importance of minimizing upfront capital costs to improve the economic viability of hydrogen production. Since capital costs represent a significant portion of the total investment, reducing them through technological advancements or government incentives could enhance competitiveness. Figure 6 further illustrates this sensitivity, where a 50% increase in capital cost leads to a 10.41% rise in LCOH, and a 100% increase results in a 20.82% rise. Conversely, 50% and 100% reductions in capital cost decrease hydrogen costs by 3.47% and 6.94%, respectively. This asymmetry shows that cost overruns have a greater impact on LCOH than reductions. Therefore, managing capital costs and implementing effective cost-control measures are essential for maintaining the competitiveness of nuclear-powered hydrogen production. While government incentives or subsidies could offset upfront costs, their availability and extent are uncertain and subject to policy changes. Similarly, technological advancements and economies of scale could lower costs, but these depend on sustained investment in research and development as well as market conditions that support large-scale deployment. Without these reductions, the economic viability of the proposed hydrogen production methods may be compromised;



	
Hydrogen plant efficiency: Increasing the efficiency of hydrogen production technologies yields substantial cost savings. A 10% increase in the efficiency of the hydrogen plant, for both HTSE and SI, leads to a reduction in the LCOH of approximately 6% (see Figure 7). This result emphasizes the importance of continued research and development into improving the efficiency of both SOECs used in HTSE and the chemical reactors used in the SI process;



	
Discount rate: The discount rate used in financial assessments plays a critical role in determining the LCOH. Higher discount rates result in increased costs of capital, making the project less attractive. In this study, a discount rate of 5.7% was applied, reflecting typical financial conditions in Saudi Arabia. Sensitivity analysis shows that a 1% increase in the discount rate leads to a 4% rise in the LCOH, underscoring the need for favorable financing conditions to maintain economic competitiveness.








These factors indicate that while HTSE may be more technologically mature, the SI cycle offers a more cost-effective solution under the specific conditions modeled in this study, particularly due to its reliance on thermal energy and lower electricity demand.




3.3. Technical Performance: Energy Consumption and Hydrogen Output


The technical performance of the hydrogen production processes was evaluated based on energy consumption and hydrogen output. Key observations include the following:




	
Hydrogen output: The SI cycle produces approximately 7.4 × 107 kg of hydrogen per year, which is slightly higher than the 6 × 107 kg produced by the HTSE process under the same conditions. This difference is primarily due to the higher thermal efficiency of the SI cycle, which allows it to generate more hydrogen for a given amount of thermal energy input;



	
Energy consumption: The HTSE process requires both thermal and electrical energy inputs—39 MWth of heat and 179 MWe of electricity, respectively. In contrast, the SI process consumes 500 MWth of heat and only 16.5 MWe of electricity, making it more suitable for scenarios where thermal energy is abundant, and electricity is expensive or scarce;



	
Heat utilization: The high-temperature heat generated by the HTR-PM reactor (750 °C outlet temperature) is well suited for both hydrogen production processes. However, the SI cycle makes more efficient use of this thermal energy by avoiding the need for additional electrical inputs for water splitting. This makes the SI process particularly attractive in regions where maximizing heat utilization is a priority.








The ability of the SI cycle to produce more hydrogen with fewer electrical inputs gives it a technical edge in terms of overall energy efficiency. However, HTSE may be more adaptable for smaller-scale operations or hybrid systems that combine both heat and electricity inputs.




3.4. Comparative Analysis with Other Technologies


When compared to conventional hydrogen production methods such as steam methane reforming (SMR) or low-temperature electrolysis, both HTSE and SI exhibit lower carbon footprints and higher efficiencies, particularly when integrated with nuclear reactors. The calculated levelized cost of hydrogen (LCOH) for the sulfur–iodine (SI) cycle in this study is USD 1.22/kg H2, which aligns with the findings of Mathieu et al. (2021), who demonstrated that SI cycles coupled with Generation IV reactors could achieve competitive LCOH values in the range of USD 1.20–USD 1.50/kg H2. Similarly, the LCOH of USD 1.47/kg H2 for high-temperature steam electrolysis (HTSE) in this study is consistent with Zhang et al. (2022), who reported costs ranging from USD 1.30 to USD 1.50/kg H2. The efficiencies of SI (60%) and HTSE (54%) in this study are also comparable to prior findings, such as those reported by Shropshire et al. (2020), which highlighted efficiencies of 58–61% for thermochemical cycles and 50–55% for HTSE. Our results support these findings by demonstrating that nuclear-powered hydrogen production can achieve competitive costs while minimizing environmental impacts. However, it is important to note that the operational complexity of the SI cycle, particularly in handling aggressive chemical reagents like sulfuric acid and iodine, presents challenges that need to be addressed. Future research into more resilient materials and improved chemical handling processes could further enhance the attractiveness of the SI cycle for large-scale deployment. In addition to economic and technical performance, environmental considerations such as water consumption and material lifecycle impacts are critical for assessing the sustainability of hydrogen production methods. Both HTSE and the SI thermochemical cycle require significant water inputs. The HTSE process consumes water for steam electrolysis, while the SI cycle requires water for its thermochemical reactions. Given Saudi Arabia’s arid climate, water availability could pose a challenge, necessitating the use of desalinated water, which may increase energy demand and overall costs. Studies have shown that water consumption for hydrogen production using nuclear energy is lower than fossil-based methods; however, it remains a key factor for sustainability in water-scarce regions.




3.5. Policy and Regulatory Considerations


The adoption of hydrogen production technologies, including nuclear-powered methods, depends not only on technical and economic factors but also on robust policy support and regulatory frameworks. Without these mechanisms, the economic competitiveness of hydrogen may falter, particularly in the face of competing energy sources.



	
Policy Support and Market Incentives






Government policies play a pivotal role in reducing the levelized cost of hydrogen and fostering market adoption. Subsidies for capital investments, tax incentives for clean hydrogen production, and carbon pricing mechanisms that penalize fossil fuel emissions can significantly enhance the economic feasibility of hydrogen technologies. For example, policies such as the U.S. Inflation Reduction Act, which offers production tax credits for clean hydrogen, have demonstrated the potential to accelerate hydrogen market growth. Similar incentives could be applied in Saudi Arabia to align with Vision 2030 goals.



	2.

	
Infrastructure Development







Large-scale hydrogen adoption requires substantial investment in infrastructure, including storage facilities, pipelines, and distribution networks. Public–private partnerships can play a crucial role in funding and developing this infrastructure, while regulatory support can ensure standardization and interoperability across hydrogen supply chains.



	3.

	
Regulatory Frameworks







Clear and supportive regulatory frameworks are essential to facilitate the deployment of hydrogen technologies. These include safety protocols for handling hydrogen, licensing requirements for nuclear reactors, and environmental regulations to ensure sustainability as well as international collaboration on standards and certifications.



	4.

	
Risk Mitigation and Market Development







Policymakers can also help mitigate market risks through mechanisms like contracts for difference (CFDs), which guarantee stable hydrogen prices for producers, or by mandating hydrogen use in specific sectors, such as heavy industry or transportation. These measures can create early markets for hydrogen and drive down costs through economies of scale. In the context of Saudi Arabia, aligning policy interventions with Vision 2030’s emphasis on economic diversification and sustainability will be critical to ensuring the success of hydrogen technologies. Future research should explore detailed policy frameworks and their potential impact on hydrogen production and adoption.




3.6. Limitations of the Study


While this paper provides valuable insights into the economic and technical feasibility of hydrogen production using the HTR-PM reactor, several limitations must be acknowledged:




	
Exclusion of storage and transportation costs: The analysis does not account for the costs associated with hydrogen storage, transportation, and distribution. These costs could significantly affect the overall LCOH, particularly for large-scale projects where hydrogen needs to be transported over long distances. For instance, hydrogen storage technologies such as compressed gas, liquid hydrogen tanks, or metal hydrides can add significant capital and operational costs, potentially increasing the LCOH by about 10% depending on the storage method and scale [34]. Similarly, transportation costs—whether by pipelines, tankers, or trucks—can vary widely based on distance and infrastructure availability, further influencing the overall cost structure. These factors are particularly relevant for technologies like HTSE and the SI cycle, which aim to contribute to a global hydrogen supply chain. Future research should incorporate these costs to provide a more holistic evaluation of the economic viability of nuclear-powered hydrogen production;



	
Assumptions on energy prices and market stability: The assumption of stable electricity and energy prices over the plant’s 40-year operational lifetime is a limitation of this study. In reality, market fluctuations, geopolitical risks, and economic shifts could lead to variability in energy prices, potentially altering the economic feasibility of hydrogen production methods. For instance, electricity costs are a critical factor for the HTSE process, as it relies heavily on electrical inputs, making it particularly sensitive to price volatility. Similarly, fluctuations in nuclear fuel costs, although less frequent, could impact overall production costs. Future work should incorporate sensitivity analyses to model the effects of price variability across different economic and geopolitical scenarios, thereby providing a more robust evaluation of long-term feasibility;



	
Technological maturity: While HTSE has a higher technology readiness level, the SI cycle is still in the experimental phase, and scaling it up for commercial use may present additional challenges not accounted for in this study. While the SI thermochemical cycle demonstrates promising efficiency and cost advantages in this study, its experimental nature poses a significant limitation. Scaling the SI cycle to commercial levels may encounter unforeseen technical and operational challenges, including material degradation due to high thermal and chemical stresses as well as the need for specialized materials capable of withstanding the corrosive environment created by sulfuric acid and iodine. These challenges may increase capital and operational costs beyond the values estimated in this study. Future research should focus on addressing these issues by developing more resilient materials and refining the chemical processes to improve scalability and reliability. Future research should address these limitations by incorporating a more detailed analysis of the hydrogen supply chain and exploring the potential for hybrid systems that combine the strengths of both HTSE and SI processes.










4. Conclusions


This study evaluated the feasibility of hydrogen production in Saudi Arabia using the HTR-PM reactor, focusing on two methods: high-temperature steam electrolysis (HTSE) and the sulfur–iodine (SI) thermochemical cycle. The results show that both methods are technically and economically viable, with the SI cycle offering a lower levelized cost of hydrogen (LCOH) at USD 1.22/kg H2 compared to USD 1.47/kg H2 for HTSE. The SI process benefits from higher efficiency and lower capital costs, while HTSE, with a higher technological readiness level, may be more suitable for near-term deployment. A key finding is that the capital cost of the nuclear power plant (NPP) has a significant impact on hydrogen production costs. A 10% reduction in NPP capital costs results in a 7% reduction in LCOH for both processes. However, the present study did not account for storage and transportation costs, which could increase the total cost of hydrogen production.



Despite these insights, several limitations should be noted. The exclusion of storage, transportation, and distribution costs may result in an underestimation of the total cost of hydrogen production. The omission of these costs represents a limitation. Future work should incorporate these factors into the analysis to provide a more comprehensive understanding of the total costs associated with large-scale hydrogen deployment, particularly for global supply chains. Additionally, the study assumes stable capital costs for the NPP and hydrogen production plants, which could vary based on location, scale, and market conditions. Energy prices and technology efficiencies are also assumed to be constant, which oversimplifies the real-world scenario, where fluctuations in prices and operational inefficiencies could alter the economic outlook. Furthermore, the analysis does not account for potential future changes in technology, market conditions, or policies, all of which could influence capital and operational costs. These assumptions may limit the applicability of the findings in different geographical regions or under varying market conditions.



To address these limitations, future research should include a detailed analysis of storage, transportation, and distribution costs, which are critical for large-scale hydrogen deployment. Additionally, advancements in materials and reactor design could further improve the efficiency of both HTSE and SI processes, leading to further cost reductions. Exploring hybrid systems that combine the strengths of both methods could offer more flexible and efficient hydrogen production solutions. A comprehensive market analysis, including projections for energy prices, hydrogen demand, and policy incentives, would provide a more accurate long-term assessment of the economic viability of hydrogen production in Saudi Arabia. Furthermore, research into the environmental impacts, such as greenhouse gas emissions and water consumption, is essential to ensure these technologies align with Saudi Arabia’s Vision 2030 sustainability goals. Finally, accelerating the commercialization and scaling up of hydrogen technologies, particularly the SI cycle, will require further exploration of deployment strategies, technical challenges, and policy support mechanisms.







Author Contributions


Conceptualization, S.A.A.-S.; Methodology, S.A.A.-S.; Validation, A.S.A.; Formal analysis, S.A.A.-S.; Investigation, S.A.A.-S. and A.S.A.; Writing–original draft, S.A.A.-S.; Writing–review & editing, S.A.A.-S., E.A.A.-A. and A.S.A.; Supervision, E.A.A.-A. and A.S.A.; Project administration, E.A.A.-A. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Informed Consent Statement


Not applicable.




Data Availability Statement


The original contributions presented in this study are included in the article. Further inquiries can be directed to the corresponding author.




Acknowledgments


The authors would like to express their sincere appreciation to the MS in Nuclear Engineering program at the College of Engineering, King Saud University, for their guidance and academic support. The authors also extend their profound gratitude to King Abdullah City for Atomic and Renewable Energy (K.A.CARE) for their invaluable support in accomplishing this work.




Conflicts of Interest


The authors declare no conflicts of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



International Energy Agency (IEA). The Future of Hydrogen: Seizing Today’s Opportunities. Report prepared by the IEA for the G20, Japan. 2019. Available online: https://www.iea.org/reports/the-future-of-hydrogen (accessed on 27 August 2024).

	



International Atomic Energy Agency. Hydrogen Production Using Nuclear Energy—IAEA Nuclear Energy Series No. NP-T-4.2; IAEA: Vienna, Austria, 2013; Available online: https://www-pub.iaea.org/MTCD/Publications/PDF/Pub1577_web.pdf (accessed on 2 September 2024).

	



Naterer, G.F.; Gabriel, K.S.; Wang, Z.L. Nuclear hydrogen production with a thermochemical water splitting cycle. Energy 2009, 34, 321–327. [Google Scholar]

	



Alabbadi, A.A.; Obaid, O.A.; AlZahrani, A.A. A comparative economic study of nuclear hydrogen production, storage, and transportation. Int. J. Hydrogen Energy 2024, 54, 849–863. [Google Scholar] [CrossRef]

	



Shropshire, D.E.; Ganda, F.; Boardman, R.D. A techno-economic evaluation of advanced reactors for hydrogen production. Prog. Nucl. Energy 2020, 126, 103418. [Google Scholar]

	



Mathieu, B.; Martin, G.; Baschwitz, A. Techno-economic assessment of Generation IV nuclear reactors for hydrogen production. Energy Convers. Manag. 2021, 240, 114315. [Google Scholar]

	



Zhang, X.; Chen, H.; Liu, Y. Comparative economic analysis of nuclear-powered hydrogen production: HTSE vs. PEM electrolysis. Int. J. Hydrogen Energy 2022, 47, 3456–3468. [Google Scholar]

	



Hussein, H.; Khasawneh, H. Jordan’s green-energy vision requires refinement. Nature 2024, 634, 33. Available online: https://www.nature.com/articles/d41586-024-03198-4 (accessed on 5 February 2025). [CrossRef]

	



Hussein, H.; Schuetze, B. Risks of Morocco’s green hydrogen plans. Science 2024, 386, 501–502. Available online: https://www.science.org/doi/10.1126/science.adr4421 (accessed on 5 February 2025). [CrossRef]

	



Schuetze, B.; Hussein, H. The geopolitical economy of an undermined energy transition: The case of Jordan. Energy Policy 2023, 180, 113655. [Google Scholar] [CrossRef]

	



Saudi Vision 2030. National Renewable Energy Program (NREP) Overview. 2020. Available online: https://www.vision2030.gov.sa/en (accessed on 12 November 2024).

	



Zhang, Z.; Sun, Y.; Wu, Z.; Zhong, D.; Xu, Y. The Shandong Shidao Bay 200 MWe High-Temperature Gas-Cooled Reactor Pebble-Bed Module (HTR-PM) demonstration power plant: Layout, key design and safety features. Nucl. Eng. Des. 2016, 306, 24–32. [Google Scholar] [CrossRef]

	



International Atomic Energy Agency. Hydrogen Economic Evaluation Program (HEEP). IAEA: Vienna, Austria. Available online: https://www.iaea.org/topics/non-electric-applications/nuclear-hydrogen-production (accessed on 16 September 2024).

	



International Atomic Energy Agency. Nuclear Hydrogen Production Technology. IAEA: Vienna, Austria. 2013. Available online: https://www.iaea.org/sites/default/files/gc/gc57inf-2-att1_en.pdf (accessed on 20 August 2024).

	



Saudi Central Bank. Homepage. Available online: https://sama.gov.sa/en-US/Pages/default.aspx (accessed on 20 October 2024).

	



International Atomic Energy Agency (IAEA). Advanced Reactors Information System (ARIS). IAEA: Vienna, Austria. 2018. Available online: https://aris.iaea.org/ (accessed on 11 November 2024).

	



Zhang, Z.; Sun, Y. Economic potential of modular reactor nuclear power plants based on the Chinese HTR-PM project. Nucl. Eng. Des. 2007, 237, 2265–2274. [Google Scholar] [CrossRef]

	



Sun, Y.; Ding, X.; Li, J. The HTR-PM reactor design and its safety features. Prog. Nucl. Energy 2017, 98, 27–34. [Google Scholar]

	



Zhu, X. Economic Evaluation of the HTR-PM Demonstration Plant in China. Energy Policy 2011, 39, 3021–3027. [Google Scholar]

	



Lee, J.H.; Kim, D.J.; Lim, H.S. Performance analysis of high-temperature steam electrolysis for hydrogen production based on nuclear energy. Int. J. Hydrogen Energy 2021, 46, 29772–29785. [Google Scholar]

	



Sun, Y.; Zhang, Z.; Yan, X.; Wang, T.; Li, Q. Hydrogen production using high temperature steam electrolysis with nuclear heat from HTR-PM. Ann. Nucl. Energy 2018, 120, 368–378. [Google Scholar]

	



Russ, B.; Buckingham, R.; Brown, L.; Moore, R.; Helie, M.; Carle, P.; Pons, N.; Ode, D.; Duhamet, J.; Leybros, J. Summary of the Sulfur-Iodine Process Integrated Laboratory-Scale Experiment. Nucl. Technol. 2012, 178, 94–110. [Google Scholar] [CrossRef]

	



Rodríguez, D.G.; de Oliveira Lira, C.A.B.; de Andrade Lima, F.R.; Hernández, C.G. Exergy study of hydrogen cogeneration and seawater desalination coupled to the HTR-PM nuclear reactor. Int. J. Hydrogen Energy 2023, 48, 2483–2509. [Google Scholar] [CrossRef]

	



Khademi, M. Techno-Economic Analysis of High-Temperature Steam Electrolysis for Hydrogen Production Using Nuclear Energy. Energy Convers. Manag. 2021. [Google Scholar]

	



Kim, D.S. Hydrogen Production via Sulfur-Iodine Thermochemical Water-Splitting Process. Energy Procedia 2019. [Google Scholar]

	



Fu, C. Power Requirements for High-Temperature Steam Electrolysis Hydrogen Production Coupled with Nuclear Plants. Int. J. Hydrogen Energy 2020. [Google Scholar]

	



Zhang, W. High-Temperature Steam Electrolysis for Hydrogen Production: A Review. Energy Convers. Manag. 2021. [Google Scholar]

	



Onuki, K.; Yoshida, H. Efficiency Analysis of Sulfur-Iodine Thermochemical Hydrogen Production System. Energy Procedia 2019. [Google Scholar]

	



Brisse, A.; Schefold, J.; Zahid, M. High Temperature Water Electrolysis in Solid Oxide Cells. Int. J. Hydrogen Energy 2008, 33, 5375–5382. [Google Scholar] [CrossRef]

	



Lewis, M. Thermochemical Hydrogen Production via Sulfur-Iodine Cycle. Int. J. Hydrogen Energy 2009. [Google Scholar]

	



Roeb, M. Economic Analysis of Thermochemical Hydrogen Production Using Solar and Nuclear Energy. J. Hydrog. Energy 2018. [Google Scholar]

	



Ivy, J. Summary of Electrolytic Hydrogen Production: Milestone Completion Report. National Renewable Energy Laboratory. 2020. Available online: https://research-hub.nrel.gov/en/publications/summary-of-electrolytic-hydrogen-production-milestone-completion- (accessed on 21 October 2024).

	



Miller, E.L. Hydrogen Production and Costs through Thermochemical Water-Splitting Technologies. Energy Procedia 2019. [Google Scholar]

	



Schoenung, S.M. Economic Analysis of Large-Scale Hydrogen Storage for Renewable Utility Applications; ResearchGate, no. SAND2011-4845; U.S. Department of Energy, Office of Scientific and Technical Information: Oak Ridge, TN, USA, 2011. [Google Scholar] [CrossRef]








[image: Sustainability 17 01730 g001] 





Figure 1. Simple schematic representation of the system proposed for coupling the HTR-PM 2 × 250 MWth project with high-temperature electrolysis. 
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Figure 2. Simple schematic representation of the system proposed for coupling the HTR-PM 2 × 250 MWth project with the SI thermochemical cycle. 
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Figure 3. Two units HTR-PM (2 × 250 MWth) connected to HTSE plant. 
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Figure 4. Two units HTR-PM (2 × 250 MWth) connected to SI thermochemical cycle plant. 
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Figure 5. LCOH breakdown to identify nuclear plant cost and hydrogen plant cost for each scenario. 
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Figure 6. Percentage of Variation in Hydrogen Cost with Overnight Capital Cost of NPP. 
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Figure 7. LCOH results breakdown for thermochemical SI cycle and HTSE. 
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Table 1. Financial Input Parameters.
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	Parameter
	National Value





	Discount rate (%)
	5.7



	Inflation rate (%)
	1.7



	Finance equity/debt (%)
	20:80



	Interest (%)
	6.11



	Tax rate
	15.0



	Depreciation period (year)
	40










 





Table 2. Nuclear Power Plants Details.
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	Parameter
	Value
	Ref.





	Technology developer, country of origin
	INET, Tsinghua University, China
	[16]



	Coolant/moderator
	Helium/graphite
	[16]



	Thermal/electrical capacity, MW(t)/MW(e)
	2 × 250/210
	[17]



	NSSS operating pressure (primary/secondary), MPa
	7/13.25
	[17]



	Core inlet/outlet coolant temperature (°C)
	250/750
	[17]



	Fuel type/assembly array
	Spherical elements with coated particle fuel
	[17]



	Number of fuel assemblies in the core
	420,000 (in each reactor module)
	[18]



	Fuel enrichment (%)
	8.5
	[16]



	Core discharge burnup (GWd/ton)
	90
	[17]



	Refueling cycle (months)
	On-line refueling
	[16]



	Design life (years)
	40
	[17]



	Plant footprint (m2)
	256,100
	[17]



	RPV height/diameter (m)
	25/5.7 (inner)
	[18]



	Flow rate of superheated steam per unit (kg/s)
	96
	[18]



	Power conversion efficiency (%)
	42
	[18]



	Design status
	In operation
	[16]



	Initial fuel load per unit (kg)
	2940
	[16]



	Annual fuel consumption per unit (kg)
	1014
	[18]



	Capital cost of each unit of nuclear power plant (mUSD)
	250
	[19]



	Cost of one kg of finished fuel (USD/kg)
	4800
	[17]



	O&M cost as percentage of capital cost (%)
	3.81
	[19]



	Decommissioning cost as percentage of capital cost (%)
	4
	[19]










 





Table 3. Specifications of Hydrogen Plants.
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Parameter

	
Refs.




	
Hydrogen Plant Type

	
HTSE

	
SI






	
H2 generation per unit (kg/s)

	
1.9

	
2.35

	
[24,25]




	
Electricity required (MWe)

	
179

	
16.5

	
[25,26]




	
Hydrogen plant efficiency (%)

	
54

	
60

	
[27,28]




	
Heat consumption (MWth)

	
39

	
500

	
[29,30]




	
Overnight capital (USD/unit)

	
USD 156 million

	
USD 143 million

	
[31]




	
O&M cost (% of capital)

	
9.15

	
4.26

	
[32,33]




	
Decommissioning cost (% of capital)

	
10

	
10

	
[32,33]











 





Table 4. LCOH Results for the Two Hydrogen Production Technologies.
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	Technology
	LCOH (USD/kg H2)





	High-temperature steam electrolysis (HTSE)
	1.47



	SI thermochemical cycle
	1.22
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