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Japan and other industrialized countries rely on the import of green hydrogen (H2) as they lack the resources to meet their own demand. In contrast, countries such as Australia have the potential to produce hydrogen and its derivatives using wind and solar energy. Solar energy can be harnessed to produce electricity using photovoltaic systems or to generate thermal energy by concentrating solar irradiation. Thus, thermal and electrical energy can be used in a solid oxide electrolysis process for low-cost hydrogen production. The operation of a solid oxide electrolysis cell (SOEC) stack integrated with solar energy is experimentally investigated and further analyzed using a validated simulation model. Furthermore, a techno-economic assessment is conducted to estimate the hydrogen production costs, including the expenses associated with liquefaction and transportation from Australia to Japan. High conversion efficiencies and low-cost SOECs are projected to result in production costs below 4 USD/kg.
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1 INTRODUCTION
In Japan, Kawasaki Heavy Industries, Ltd., is developing a hydrogen (H2) production technology that utilizes low-quality coal with carbon capture and storage (CCS) in Australia. The company plans to export the hydrogen to Japan in liquefied form using hydrogen carrier ships. According to Kimura et al. (ERIA, 2020), the cost of H2 in 2030 was estimated in 2012 to be 4.13 US$/kg (1 US$ (USD) = 80 yen; H2 gas density is 0.0898 kg/Nm3). The cost analysis for the liquefied hydrogen (LH2) supply chain consisted of H2 production, gas purification via pressure swing adsorption, liquefaction, terminal loading, and LH2 cargo ship transport from Australia to Japan. The present cost of LH2 may have increased due to the recent global inflation. This technology is relies on the use of fossil fuel and therefore requires the implementation of CCS.
Recently, Japan—like many other industrialized countries—has been experiencing a high demand for energy and green hydrogen. Water electrolysis is considered one of the most important technologies for green hydrogen production (IRENA, 2024). Renewable energy sources such as wind and solar energy can be used through wind turbines and photovoltaic systems, respectively, to generate electricity. However, battery storage remains cost-intensive, and electricity is one of the main cost drivers in water electrolysis. Conventional low-temperature polymer electrolyte membrane (PEM) and alkaline electrolyzers operate at efficiencies of only 70%–80%, while a solid oxide electrolysis cell (SOEC), operating at 600°C–800°C, can achieve an efficiency of 90% or higher when utilizing steam (20% more efficiency). Our previous study showed that the H2 production cost of an SOEC electrolyzer using thermal energy for steam production will be lower than that of a PEM electrolyzer, based on future cost projections for 2040 at 4,000 full-load hours—or even earlier with increased operating full-load hours (Roeder et al., 2024). Hence, using thermal energy instead of electrical energy to reduce the total electrical energy demand in SOECs is a promising approach due to the higher efficiency of SOECs, which operate at a lower voltage of approximately 1.29 V compared to conventional water electrolysis systems. The steam required for SOEC operation can be generated using concentrated solar power (sunlight); this method can achieve lower costs than electric-based steam generation, especially at night, because of the reduced cost of thermal energy storage.
One of the first studies to couple concentrated solar energy with an SOEC used concentrated light directly onto the electrolysis cell (Arashi et al., 1991). Since then, different concepts have been developed. Most studies focus on low-temperature heat integration as it accounts for the majority of the thermal energy demand (Alzahrani and Dincer, 2016; Monnerie et al., 2017; Mohammadi and Mehrpooya, 2019; Puig-Samper et al., 2022; Ma and Martinek, 2024; Martins et al., 2024). The integration of high-temperature heat can result in an increase in solar-to-fuel efficiency (Lin and Haussener, 2017). Therefore, different receiver concepts have been developed to achieve steam temperatures above 600°C (Houaijia et al., 2014; Kadohiro et al., 2023; Kadohiro et al., 2024; Lin et al., 2022; Schiller et al., 2019), with newer designs reaching temperatures above 800°C for both steam and air (Kadohiro et al., 2025). However, the hydrogen production costs of the previous studies have been estimated to be between 8.61 and 14.89 USD/kg considering an exchange rate of 1 USD = 0.9 € and the chemical engineering plant cost index (CEPCI) to convert the costs to 2023-equivalent costs (Lin and Haussener, 2017; Mastropasqua et al., 2020). Considering the current and planned SOEC costs, degradation rate, and changing operation conditions, large concentrated solar thermal systems have the potential to be cost-competitive with conventional hydrogen production with CCS. For the state-of-the-art electrolysis costs, various reports expect a similar cost development, and the total investment cost of electrolysis is considered to have a high impact on the final production costs. The total cost of the electrolysis system comprises the initial investment—which includes the balance-of-plant components, power electronics for AC/DC conversion, gas conditioning equipment, and the initial stack at the beginning of the project—as well as the costs associated with individual stack replacements over the system’s lifetime. According to Roeder et al. (2024), the cost and technology development targets affect the total electrolysis investment costs. The authors considered the development prognoses given by various authors and reports. Hence, a steady increase in stack performance, reduced degradation, and a reduction in costs are considered. Therefore, the number of needed stack replacements and the respective costs vary based on the achievable process full-load hours, project starting year, and project duration.
Therefore, an SOEC operation analysis and a detailed techno-economic assessment are combined. Furthermore, the costs for the liquefaction of hydrogen and its transportation from the production site to Japan are included.
2 MODEL AND EXPERIMENTAL METHODOLOGY
2.1 Solid oxide electrolysis cell test method
To evaluate the steam electrolysis performance, a planar 20-cell stack unit (MAGNEX) was tested, as schematically depicted in Figure 1. Nickel–yttria-stabilized zirconia (Ni–YSZ) supported cells were assembled with four gas pipes (1/4-inch outer diameter), current collectors (nickel mesh for fuel electrode and Crofer 22 APU with nickel–cobalt coating for the air electrode), platinum leads for voltage measurement, and current input/output bars, all assembled by MAGNEX Co. Ltd. in Japan. The cells (Elcogen, ASC-400B) consist of a 100 × 100 mm Ni–3YSZ support (ca. 400 μm thick), YSZ electrolyte (3 μm thick), a Ni–8YSZ active layer, a gadolinia-doped ceria (GDC) interlayer, and a lanthanum–strontium–cobalt (LSC) perovskite oxide air electrode (12 μm thick, 90 mm × 90 mm). The area of the air electrode, 81 cm2, was defined as the active electrode area for current density calculations. A mechanical load was applied using four ceramic springs placed at each corner of the square assembly unit. Two thermocouples (Okazaki, type K, 1/16-inch outer diameter) were inserted at the centers of the top and bottom metal plates to measure representative temperatures. The thermocouples were electronically isolated from both metal plates.
[image: Diagram illustrating a 20-cell stack with ceramic springs on top, thermocouples, and gas inlets and outlets on the sides. The stack is arranged in series.]FIGURE 1 | Schematic image of a 20-cell stack unit.As depicted in Figure 2, the 20-cell stack unit (SOEC) was set in an electrical furnace (MAGNEX, SOFCECTS-3000), and the inlet gas ports were connected to each gas supply pipe. An H2O–H2 mixture was supplied to the fuel electrode, where steam was stably generated using an evaporator with precise flow control. This led to cell-voltage stability within ± 0.2 mV under electrolysis testing conditions. The flow rate of each gas was controlled using thermal mass-flow controllers (MFCs) (FUJIKIN FCS-T1000Z), which had been calibrated beforehand to achieve ±1.0% precision at set points within the used range. Current was controlled with direct-current (DC) power supply (KIKUSUI, PWX1500L) and measured using a precise 1 mΩ shunt resistor (Alpha electronics, PSBWR0010B). Measurement data such as cell voltage, temperatures, and flow rates were recorded using a portable recorder (YOKOGAWA, MV 2000).
[image: Diagram showing a system for processing H2O, H2, and air. H2O enters an MFC leading to an evaporator, producing H2 and H2O. These flow into a solid oxide electrolyzer cell (SOEC) comprising fuel electrode, electrolyte, and air electrode, with outputs labeled "Out". H2 and air also pass through separate MFCs before reaching the SOEC.]FIGURE 2 | Twenty-cell-stack SOEC test equipment for steam electrolysis. MFC stands for thermal mass-flow controller.The SOEC stack was heated in the furnace at a rate of 200 K/h with 10% H2/N2 for the fuel electrode and air for the other electrode at 20 standard liters per minute (SLM) for each. Once the stack temperature reached 650°C, the gases switched to 90% H2O–H2 for the fuel electrode (cathode) and air for the air electrode (anode). By maintaining constant steam utilization (U) at 80%, voltage–current density (V–J) characteristics were obtained by incrementally changing the current, where each current value was held for 2 min at 650°C, 700°C, 750°C, and 800°C, respectively. After the test, the average cell voltages were analyzed through multiple regression as a function of J and temperature (T). In this study, the furnace temperature was assumed to be the same as the stack temperature. A degradation test of the 20-cell stack was not performed in this study.
2.2 Process simulation method for the solar-heat-assisted SOEC system
A dynamic process simulation model (MathWorks, MATLAB/Simulink 2019b) was developed to analyze the solar-heat-assisted hydrogen production system with SOEC steam electrolysis (H2O + 2e− → H2 + O2−, O2− → 1/2O2 + 2e−). Solar heat fluctuation was modeled with direct normal solar irradiation (DNI) data from Port Hedland, Australia, on a day in December and incorporated into the model. Figure 3 depicts the process-simulation model configuration. Fresh water was preheated using a heat exchanger (HEX) 3. The water was assumed to evaporate and turn into 600°C steam in the HEX 1. A preheater was used to control the gas mixture at the fuel-electrode (cathode) inlet at 730°C. An estimated 82% of steam was utilized for electrolysis (conversion rate). Approximately 12.5% of fuel offgas is recycled to the cathode inlet to supply hydrogen, resulting in 80% steam utilization in the SOEC. The final product, hydrogen, is obtained at 0°C after the removal of water using a chiller (coefficient of performance: 6.5) (Wajima et al., 2014).
[image: Process flow diagram depicting hydrogen production using solar heat and solid oxide electrolysis cells (SOEC). Key components include water input, evaporators (HEX 1), heat exchangers (HEX 2, HEX 3, HEX 4), pre-heater, chiller, and a blower. Solar heat assists evaporation. AC power is converted to DC power for the SOEC, producing hydrogen and byproduct oxygen. Recycled water indicated in the loop.]FIGURE 3 | Process simulation model for the solar-heat-assisted SOEC system.The experimental data on the 20-cell SOEC stack performance, as mentioned in Section 2.1, were assumed as a proxy for large-scale SOEC performance. Since there is a difference in the thermal boundary condition between the small 20-cell-stack and the 1-MW-class SOEC, the electrochemical performance of the 1 MW SOEC carries uncertainties that should be addressed in future work. In the process simulation, air supply to oxygen was omitted, while air supply was fed in the 20-cell stack experiment. Air supply may affect temperature distribution and the stack voltage in the SOEC stack. However, the experiment was carried out with pre-heated air to achieve isothermal testing conditions. Therefore, we assumed that the experimental data can be applied to numerical simulations.
The thermal mass of a repeat unit of SOEC was estimated to be 317 J/K (Wehrle et al., 2022), assuming 500 μm Ni–8YSZ, 10 μm 8YSZ, and 20 μm LSCF. Although the air-electrode material LSC in the experiment was different from that in the literature, we assumed that the change was negligible. Since the repeat unit number was 10,859, the total thermal mass of the SOEC stack was estimated to be 3.44 MJ/K. The temperature of the SOEC stack was calculated based not only on the energy balance among gas enthalpies at the inlet and outlet, input DC power, and heat loss to the atmosphere (9.7 kW at 750°C) but also on the thermal mass of the SOEC. In the 20-cell stack experiment, air was supplied to the air-electrode, while air was omitted in the process simulation to decrease air blower power and improve system efficiency.
Renewable electrical power for the SOEC was presumed to be supplied from the grid, with a rectifier efficiency of 95%. Power fluctuation was assumed to be the same as that of the solar heat. In the future, grid power availability should be investigated. In this study, an intraday simulation of the system was performed from approximately 6:00 to 18:00 to investigate how the solar-heat-assisted SOEC system can be controlled and how it respond over a short period as the first step. In future work, day-to-day and month-to-month system simulation will be carried out while considering night-time standby operation of the SOEC near 700°C.
2.3 Renewable resources and techno-economic analysis
Japan and Australia were analyzed for their solar energy resource potential and, therefore, the suitability for the implementation of a concentrated solar thermal energy process. All commercial concentrated solar thermal power plants are located in areas with an annual DNI of at least 2,000 kWh/m2/a (Buck and Schwarzbözl, 2018). Therefore, the location selection is based on the criteria of offering a DNI >2,000 kWh/m2/a. Western Australia and the region of Port Hedland show constant high probability of a DNI above 400 W/m2 throughout the year, while other regions are affected more by seasonal changes and cloud-forming probabilities (Prasad et al., 2015). Furthermore, the location-specific DNI, generated using commercial software Meteonorm v8.2.0 (Meteotest AG, 2024), is used for an annual yield assessment and process optimization.
The levelized cost of hydrogen (LCOH2) is the selected performance indicator assessing the techno-economic performance of the process. Additionally, the cost of fuel transportation to Tokyo by shipping it as liquefied H2 (LH2) is considered, which is added to the LCOH2. First, the H2 production cost by the solar thermal-powered SOEC is analyzed. Thereafter, the liquefaction and transportation costs are evaluated to capture the total H2 costs in Japan. The LCOH2 is calculated Equation 1 using the methodology presented by Albrecht et al. (2017) as follows:
LCOH2=ACC+OPEX+Cel+CH2OmH2,(1)
FCI=1+fadd∑ECi,(2)
ACC=FCI i1+inProject1+inProject−1.(3)
The LCOH2 Equation 1 includes the annual capital costs (ACCs), the operational expenditures (OPEX) concerning operational and maintenance costs, the electrical costs (Cel), and the costs for the continuous water demand (CH2O). All annual costs are divided by the annually produced hydrogen (mH2 to define the product-specific production costs. The ACC is calculated using the project duration (nProject), the interest rate (i), and the fixed capital investment (FCI), which represents the equipment costs (ECs) and an additional project-related cost factor (fadd (Equation 2; Equation 3). The methodology described by Roeder et al. (2024) is used to estimate the total electrolysis system costs, including the investment costs for the stack replacements. Furthermore, the impact of SOEC degradation rates on energy efficiency and costs was analyzed, which showed a significant impact on the number of stack replacements and, therefore, the costs. Hence, ongoing stack development targets in terms of costs and degradation rates are considered.
The EC for the solar thermal system is included in the FCI, which takes the costs of the tower, the receiver, and the heliostat field into account. The tower cost of the solar concentration system is calculated according to Equation 4 using the tower height hTower as an input variable (Weinrebe et al., 2014). Furthermore, thermal energy storage (TES) can be integrated into the system. Therefore, the cost of the storage system is added to the ACC of the solar thermal system, and a storage capacity-specific cost factor of 40 USD/kWhth is used (Dersch et al., 2021) together with a storage cycling efficiency of 85% to calculate the dischargeable energy content of the storage. The ECs are calculated using specific cost factors for individual components under the cost scenarios of 2023 and 2030 and are summarized in Table 1. In the 2030 scenario, a cost reduction of 25% is considered for solar thermal components. All costs are given in USD, and the CEPCI and a currency exchange rate of 1 USD = 0.90 € are used to convert all cost factors to 2023-equivalent USD costs.
ECTower=5.29 e0.006hTower MUSD.(4)
TABLE 1 | Cost parameters for the techno-economic assessment.	Cost factor	Unit	2023	2030	Reference
	Initial electrolysis system	USD/kWLHV	3,132.4	1,985.0	Roeder et al. (2024)
	Solar receiver	USD/kWth	232.6	174.4	Giostri and Macchi (2016)
	Heliostat field	USD/m2	155.6	116.7	Dersch et al. (2021)
	Thermal energy storage	USD/kWhth	40	30	Dersch et al. (2021)
	OPEX solar	% of EC	1.5	1.5	Dersch et al. (2021)
	OPEX electrolysis	% of EC	3	3	Smolinka et al. (2018)
	Cost of land	USD/m2	2	2	Dersch et al. (2021)
	Water	USD/m3	2	2	Albrecht et al. (2017)
	fadd	%	20	20	Dersch et al. (2021)
	Interest rate, i	%	8	8	Albrecht et al. (2017)


For the accumulated annual electrical energy costs Cel, the specific electrical energy demand of the process can is defined with Equation 5, where SOEC power is denoted as PSOEC, standby power is denoted as PSOEC,SB, auxiliary power is denoted as PAUX, and additional power demand due to degradation is denoted as PDEG. 
eH2=∑PSOECt+PSOEC,SBt+PAUXt+PDEGtmH2,(5)
Thus, the annual energy is calculated using the specific cost factor. According to the Clean Energy Council in Australia (Hugall et al., 2024), an average electricity price of 36–72 USD/MWhel is achievable using wind and solar energy. Thus, we assume the mean value of 54 USD/MWhel for the calculation of the annual electrical energy costs.
In the present study, a solar thermal intercept power of Q˙INT=100MW is considered for the reference case. The selected 100 MW is approximately an order of magnitude larger than the large-scale research facilities PSA (Plataforma Solar de Almería) and STJ (Solar Towers Jülich). Therefore, HFLCAL is used to calculate the tower height, the heliostat field efficiency, and the total number of heliostats needed (Schwarzbözl et al., 2009). The field layout is designed for 21 March, representing an annually averaged date in terms of solar resource utilization between the summer and winter seasons. Therefore, the equipment size of the solar thermal system is defined. Hence, the electrolysis scale in relation to Q˙INT is economically optimized to achieve the lowest LCOH2 by calculating the annual H2 production yield. The chosen optimization algorithm is based on an efficient heuristic for global optimization (Storn and Price, 1997). The algorithm can adopt multiple decision variables of a problem (Guccione et al., 2022). In this study, electrolysis power is chosen as the decision variable to optimize for the lowest LCOH2 because electrolysis is considered to contribute significantly to the total investment costs. The electrical power for electrolysis is, therefore, related to the thermal intercept power of the concentrated solar receiver using Equation A1. The optimization is conducted using the differential evolution algorithm of SciPy1 in Python coding. For optimization, linear SOEC standby behavior is assumed. For example, if the available solar resource is only capable of providing 50% of the SOEC thermal power, we consider that 50% of the SOEC is operated at nominal conditions and the other 50% is in standby mode. By assuming a linear standby behavior, the minimal SOEC unit size is neglected, and the model is simplified. The equations provided in Table 2 are used for calculating the annual H2 production rate depending on the solar resource.
TABLE 2 | Equations used for the annual yield calculation and techno-economic optimization.	Equation	Equation	Comment
	PSOEC=xQ˙INT x∈0.1,4	(A1)	Nominal electrolysis power
	n˙H2=PSOECηSOEC/LHV	(A2)	H2 production rate
	n˙H2O=n˙H2/ SU	(A3)	H2O demand
	Q˙SOEC=m˙H2OqSOEC	(A4)	Thermal power demand of the SOEC
	Q˙REC=DNItAHFηHFηREC	(A5)	Receiver outlet power
	PSOEC,SB=rSBPSOECfSB	(A6)	SOEC standby power
	rSB=1−Q˙REC+Q˙TES,DQ˙SOEC	(A7)	Standby ratio
	PAUX=fAUXPSOEC	(A8)	Auxiliary power demand
	PDEG=fDEGPSOEC	(A9)	Additional energy consumption due to degradation
	QTES,⁡max=tTESQ˙SOEC	(A10)	Storage capacity
	SOCTES=QTESt/QTES,⁡max	(A11)	TES state of charge
	QTES,D=SOCTESQTES,⁡maxηTES	(A12)	TES discharge capacity
	Q˙TES,C=Q˙REC−Q˙SOEC	(A13)	TES charge power if Q˙REC>Q˙SOEC
	Q˙TES,D=Q˙SOEC−Q˙REC	(A14)	TES discharge power if Q˙REC<Q˙SOEC
	Q˙LOSS=Q˙REC−Q˙SOEC−Q˙TES,C	(A15)	Not utilized thermal power


Figure 4 shows the annual yield calculation and cost optimization using the differential evolution algorithm. The differential evolution algorithm optimizes the input variable x, which is equivalent to the electrolysis power until the lowest LCOH2 is found. Thus, the nominal SOEC power is defined by this input value in relation to solar-intercepted power, as shown in Equation A1. The nominal H2 production rate is calculated as shown in Equation A2 using the nominal electrolysis power, the stack efficiency ηSOEC, and the LHV of hydrogen. Furthermore, the steam demand is defined by the ratio of the H2 production rate and the steam utilization SU (A3), and the thermal energy demand to evaporate water to steam and superheat it to over 600 °C is defined by the specific thermal energy demand qSOEC (A4). At every time-step, the thermal power output by the solar receiver is determined as shown in Equation A6 using the actual DNI, the size of the heliostat field AHF, and the efficiency of the heliostat field ηHF and receiver ηREC. Therefore, the SOEC standby ratio rSB is calculated depending on the receiver thermal output using Equation A7, which also includes the thermal output of TES, if applicable. Thus, the electrical standby power demand can be calculated as shown in Equation A6 using the nominal standby power factor fSB. Similarly, the power demand by the auxiliary components is calculated with the specific power demand fAUX using Equation A8. The additional electrical energy demand due to degradation is considered as shown in Equation A9. The end-of-life of an electrolysis stack is reached when its electrical energy demand is increases by 10%, according to the European Commission (European Commission—Clean Hydrogen JointUndertaking, 2022), and therefore, a degradation factor fDEG=0.05 is applied. The analysis of the process, including the TES, is carried out using Equations A10–A14, calculating the maximum storage capacity with a storage discharge duration of tTES=12h and Q˙SOEC. Thus, the state of charge (SOCTES) can be defined at any given time when the TES is charged Q˙TES,C or discharged Q˙TES,D. Therefore, it will be differentiated by assessing the availability of thermal receiver power in comparison to the SOEC demand. Furthermore, the storage capacity during discharge is affected by TES cycling efficiency ηTES as it is affected by losses. To define solar energy utilization, the non-utilized power is calculated using Equation A15. Electrolysis power is adjusted using the optimization algorithm, while the solar thermal system is the same. Hence, the utilization rate can be calculated by dividing the annually non-utilized energy by the total thermal energy output of the receiver.
[image: Flowchart depicting an optimization process using differential evolution. It begins with inputs like location and direct normal irradiance (DNI), processed by HFL-CAL. Variables include \(t_{TES}\) and \(Q_{INT}\). Conditions are checked, and load calculations are performed over a time range from zero to eight thousand seven hundred sixty. If conditions are met, the process minimizes the levelized cost of hydrogen (LCOH\(_2\)). If yes, the process stops; otherwise, it loops back.]FIGURE 4 | Flow chart of the annual H2 yield calculation and cost optimization algorithm.With the assessment of the solar thermal SOEC process, the annual H2 is known, and therefore, the daily production rate is estimated. For the H2 liquefaction process, the investment and operational costs are based on the values reported by Niermann et al. (2021). The investment cost is adjusted by a scaling factor of 0.66 to the reference scale of 30 kg/h. Additionally, a specific electrical energy demand of 6.78 kWh/kg and an operation and maintenance cost share of 8% on the equipment cost are used. Furthermore, 1.65% H2 loss during the liquefaction process is reasonable (Niermann et al., 2021). The lifetime of the liquefaction process is assumed to be 25 years, which is equal to the solar thermal process components. For the LH2 transport, a cost factor of 0.0488 USD/kg per 1,000 km of transport distance is used for the assessment (ERIA, 2020). During the transportation and storage phase of H2, a boil-off rate in the range of 0.1%–0.3% can occur for large-scale storage tanks (Berstad et al., 2022). Furthermore, no cost developments are considered for the future cost outlook of the liquefaction and transportation processes. Economic assessment is only conducted for different process configurations with and without TES, and a cost-sensitivity analysis is conducted for the electrical energy price (36–72 USD/MWhel), the interest rate (5%–10%), and all other CAPEX and OPEX (±10%). By summing up the H2 losses during the liquefaction, storage, and transportation period, the total loss is calculated to be in the range of 2.5%–7.5%. The cost impact of potential H2 losses is analyzed through a sensitivity study.
3 RESULTS AND DISCUSSION
3.1 Low-cost renewable energy resources for Japan
The highest annual DNI of Japan is approximately 1,500 kWh/m2/a, while in Australia, the DNI can be twice as high, reaching 2,900 kWh/m2/a. Japan lies between 30° north and 45° north, while Australia lies between 10° south and 40° south. In the coastal region of Australia at 40° south, the annual DNI values are similar to those in Japan. Thus, the difference in DNI can be mainly attributed to the distance from the equator and the increased diffuse solar radiation caused by generally cloudier sky near the sea. For concentrated solar thermal systems, a DNI above 1,800–2,000 kWh/m2/a is considered economically optimal (Buck and Schwarzbözl, 2018). Therefore, Australia—more specifically, Western Australia—is suitable for the cost-effective use of concentrated solar energy. Hence, a location near Port Hedland in Western Australia was selected for the detailed analysis. The daily DNI at Port Hedland over a full year, used for the process simulation and techno-economic assessment, is based on data from Meteonorm v8.2.0 (Meteotest AG, 2024). Due to its proximity to the equator at 20.8° south, only a small seasonal variance is observed. This results in an annual DNI of 2,543 kWh/m2/a. With the site selected, the heliostat field layout is calculated using HFLCAL (Schwarzbözl et al., 2009).
Figure 5 shows the resulting heliostat field layout for a 100 MW solar thermal intercept power. The field is located in the south, concentrating the incoming solar irradiation on the northern tower. Additionally, the field is only on one side of the tower because a cavity receiver is required to achieve high temperatures. Therefore, the annual heliostat field efficiency is 61.1% using 3,246 heliostats. Each colored circle represents a heliostat. The heliostats marked in red are currently covered by the shadow of the tower marked in black. The annual solar-to-thermal efficiency is 51.9%, assuming an average receiver efficiency of 85%. Thus, the thermal power transferred to the heat transfer medium is 85 MW. Therefore, a total land area of approximately 1,000,000 m2 is required, with a heliostat surface area of 168,305 m2.
[image: A polar plot with concentric rings of dots transitioning from red at the center to blue on the outer edges. The color gradient progresses through green. A color bar on the left scales from 0 (red) to 100 (blue). Horizontal and vertical axis labels are included, marked in percentages ranging from negative to positive values.]FIGURE 5 | Heliostat field layout for an intercept power of 100 MW in Port Hedland, Australia, with a total of 3,246 heliostats.3.2 Performance evaluation of the solar-heat-assisted SOEC system for hydrogen production
A 20-cell SOEC stack was tested at constant 80% steam utilization to evaluate stack voltage–current density and DC power and current density relationships at 650 ºC–800°C. As shown in Figure 6, higher electrolysis temperatures led to lower cell voltages, which indicates higher performance. Approximately 1.5 kW DC input was observed at 0.7 A/cm2. The average cell voltages (Vcell) were analyzed via multiple regressions. This yielded Vcell (V) = 1.903551 + 0.562342 J −0.00088 T as a function of current density (J) and absolute temperature of SOEC (T) with ±4% error.
[image: Two graphs depict performance at temperatures of 650, 700, 750, and 800 degrees Celsius. Graph (a) shows stack voltage versus current density, with voltage increasing across all temperatures. Graph (b) shows DC input power versus current density, also demonstrating an increase at all temperatures.]FIGURE 6 | (a) Stack voltage vs. current density and (b) DC input power vs. current density curves for the 20-cell stack. Steam utilization was constant at 80%.Dynamic process simulation was carried out to analyze the solar-heat-assisted hydrogen production system via SOEC steam electrolysis (H2O → H2 + 1/2O2). A thermal mass of the 1 MW-class SOEC stack was considered. Solar heat fluctuation was modeled using DNI data from Port Hedland and incorporated into the model (see Figure 7a). Steam at 600°C is assumed to be instantly generated, and 82% of the steam was utilized for electrolysis (conversion rate). Recycling 12.5% fuel offgas led to 80% utilization of steam in the SOEC stack. Experimental data on 20-cell SOEC stack performance (voltage–current density characteristics) were presumed to be the same as those of a large-scale SOEC (see Figure 6a).
[image: Two graphs show data from Western Australia, Port Hedland in December. Graph (a) illustrates direct normal radiation in watts per square meter over time, peaking around midday. Graph (b) presents current in amperes over time, also peaking around midday. Both graphs follow a similar diurnal pattern.]FIGURE 7 | (a) DNI data from Port Hedland in December and (b) input current to the SOEC stack.Numerical simulation on the 1 MW-class SOEC with solar heat for steam generation was implemented to keep the steam utilization constant even though the input solar power fluctuated. The input renewable power profile was assumed to be the same as that of DNI. At the maximum DNI points, input power and water were also maximized. As exhibited in Figure 7b, the electrolysis current was obtained according to the DNI profile. Solar heat generation and steam electrolysis responded to fluctuations in input heat and electrical power. As displayed in Figure 8a, DC power input to the SOEC stack was maximized to 916 kW. At this point, input solar heat was estimated to be 139 kW. Therefore, solar heat can save 12% more electric power than conventional hydrogen production with SOECs. Furthermore, utilization of exhausted oxygen heat for preheating water (HEX 3 in Figure 3) saved input solar power by 20%.
[image: Two graphs are displayed side by side. Graph (a) plots DC power for SOEC in kilowatts against time, showing a sharp increase in power around 8:00 and a decrease after 16:00. Graph (b) plots stack temperature in degrees Celsius against time, showing a consistent temperature around 750 degrees with slight fluctuations throughout the day.]FIGURE 8 | (a) DC power input into the SOEC stack and (b) SOEC-stack temperature deviation.As shown in Figure 8b, a flat SOEC stack temperature profile was obtained at 729 ºC–751°C with relatively small deviations since the inlet gas temperature was controlled at 730°C. The pre-heating strategy will be effective for fluctuating power and heat operation. Figure 9 reveals that energy efficiency (electrical + thermal power to H2) reached 92% on average (higher heating value (HHV) and alternating current base (AC)). The efficiency deviated from 90% to 99% mostly. These results suggest that energy efficiency can be maintained at 90% or higher, even under fluctuating input from renewable power sources. The total input amount of solar thermal and electrical energy was 756 kWh and 9,189 kWh, respectively, to obtain 252 kg of hydrogen during the day. Hence, the solar-heat-assisted SOEC system can be considered one of the efficient technologies for hydrogen production
[image: Line graph showing AC efficiency percentage over time in hours and minutes. Efficiency starts low around midnight, rises sharply before 8:00, and remains consistently above 80 percent throughout the day until midnight.]FIGURE 9 | Alternating-current efficiency profile for the solar-heat-assisted SOEC system.Furthermore, a cold-start of the system was simulated by assuming that heating of the SOEC starts at 6:00 a.m. using 600°C steam, with preheating from 25°C until the SOEC temperature reaches 650°C. The SOEC stack thermal mass is equivalent to 3.44 MJ/K, so it took 10.3 h for the start of electrolysis, and thermal input of 2.15 GJ and electrical input of 0.3 GJ were consumed during the heat-up process. In this case, the period of steam electrolysis operation will be limited to only 2 h during the day due to the long heating time of the SOEC stack. Only 26.1 kg of hydrogen was produced with an input electricity of 946 kWh over the last 2 h. In addition, cooling down of the SOEC will take longer than heating due to the assumed excellent thermal insulation. Therefore, daily cold-start and shutdown will not be applicable and economical. Hence, hot-standby of the SOEC stack at approximately 750°C at night will be realistic with less electricity consumption (10 kW for the 1 MW-class SOEC).
Based on the above results, the SOEC system will respond to the dynamic change in input solar heat and electrical power to attain average efficiency above 90%. Night-time standby operation of the system will consume 10 kW (AC) to maintain the SOEC stack at 750°C.
3.3 Techno-economic analysis of hydrogen production using the SOEC system
The results of the experimental investigation and simulation are used in the economic assessment. Table 3 summarizes the LCOH2 of the economically optimized solar thermal-powered SOEC with and without TES for 2023 and 2030 starting projects. The table shows the achieved process full-load hours tFLH, specific electrical energy demand eH2, the SOEC to solar-intercepted power ratio PSOEC/ Q˙INT, and thermal losses QLOSS in relation to the annually collected solar thermal energy of the receiver QREC.
TABLE 3 | Simulation results of the techno-economic-optimized H2 production process with and without thermal energy storage.	Process configuration	Cost reference year	tFLH	LCOH2	eH2	PSOEC/ Q˙INT	QLOSS/QREC
	h	USD/kg	kWhel/kg	-	%
	Without TES	2023	3,332	7.448	40.16	1.62	53.1
	2030	5.482
	With 12 h TES	2023	6,606	5.305	39.68	1.09	34.9
	2030	4.023


In both cases, with and without TES, the solar thermal system is the same and achieves a solar thermal intercept power of 100 MW. The cost of the system and the solar thermal energy captured are the same in all cases. The SOEC power of the cost-optimized case is equal to 1.62 times the solar intercept power when no TES is used. The ratio is reduced to a factor of 1.09 when installing a storage capacity of 12 h. Higher ratios would reduce thermal losses and maximize the H2 production rate. However, this would lead to an increase in investment costs and a decrease in tFLH as the stack would be operated more often in partial load, increasing the standby electrical energy consumption. Therefore, LCOH2 would increase. When implementing TES, the electrolysis capacity is smaller than in the case without TES. The investment cost of the electrolysis can, therefore, be reduced, and the operating hours at nominal conditions are increased for the lowest LCOH2.
Figure 10 shows the LCOH2 cost construction of the production process for the different cases and the cost scenario for 2023 and 2030. The cost impact of electrical energy consumption is approximately 2.10 to 2.13 USD/kg for the investigated cases as the specific electrical energy demand is at 39.68 and 40.16 kWhel/kg for the case with and without 12 h thermal energy storage, respectively. Other relevant electrolyzer technologies have a specific electrical energy demand of 50 kWhel/kg–55 kWhel/kg for PEM and alkaline electrolyzers (Roeder et al., 2024). The cost contribution of the SOEC investment is 3.54 USD/kg at 3,332 h/year, which is higher than the 1.79 USD/kg at 6,606 h/year for the projects starting in 2023. However, only one stack replacement is required at the lower operating hours, while three are needed at over 6,500 h. Furthermore, one and two stack replacements are required for the process without and with TES, respectively, for the projects starting in 2030. The reduction in the number of stack replacements in the high tFLH case is due to the ongoing SOEC developments and, therefore, lifetime improvements. The resulting specific investment costs for the SOEC system, including stack replacements, are 3,355.21 USD/kWLHV and 3,832.42 USD/kWLHV for projects starting in 2023. For projects starting in 2030, the costs are reduced to 2,073.29 USD/kWLHV and 2,206.73 USD/kWLHV, respectively. The higher costs are associated with the system using 12 h TES, which achieves higher process full-load hours. The higher annual operating full-load hours cause an earlier stack replacement, which is costlier.
[image: Two stacked bar charts compare the levelized cost of hydrogen (LCOH2) in U.S. dollars per kilogram for 2023 and 2030, with and without thermal energy storage (TES). Categories include electricity, SOEC system, SOEC OPEX, receiver, tower, heliostat field, solar OPEX, and TES. The 2030 costs are generally lower than 2023 in both scenarios.]FIGURE 10 | Levelized costs of hydrogen and cost composition of the H2 production process for the investigated cases and the 2023 and 2030 cost scenarios.The specific electrical energy demand of the process is calculated as follows:
eH2=LHVηSOC ηAC/DCfSB8760−tFLHtFLH+1+fDEG2+fAUX,(6)
with the standby energy fraction (fSB) as a function of the process full-load hours (tFLH), the SOC efficiency (ηSOC), the fraction of the increased power at the end of stack life due to degradation (fDEG), and the electrical energy demand factor for all auxiliary components fAUX. Figure 11 shows Equation 6 plotted against the specific electrical energy demand of the optimized cases with and without 12 h TES. Therefore, Equation 6 can be used to evaluate the production and, thus, the economic potential of an SOEC with any type of electrical source as a function of process full-load hours. Furthermore, the equation can be used to compare different SOEC systems, including the electrical energy demand of the auxiliary components, the standby demand, and the degradation.
[image: Graph showing the relationship between eH₂ in kilowatt hours per kilogram and full load hours. The curve decreases as full load hours increase from two thousand to eight thousand. Two points are marked: one at approximately 40.2 kilowatt hours per kilogram labeled "without TES" and another at a lower point labeled "with TES (12h)".]FIGURE 11 | Specific electrical energy demand as a function of process full-load hours.Table 4 summarizes the annual and, therefore, the daily H2 production rate of the different process configurations. Furthermore, the specific investment costs of the liquefaction process are also given, considering a scaling factor of 0.66. For the liquefaction rate, a simultaneous operation with the SOEC is assumed and calculated by dividing the annual H2 production rate by the achievable process full-load hours from Table 4. Although the annual production rate of the process using a TES is higher, the liquefaction rate is lower because of the smaller electrolysis capacity and higher process full-load hours. The liquefaction unit, therefore, achieves a higher capacity factor. The capital costs, the specific energy demand, and the share of operation and maintenance cost contribute to the mass-specific cost of H2 and result in an additional an increase of 0.361 USD/kg and 0.362 USD/kg for the liquefaction process in the two configurations with and without TES, respectively. More than 99% of the mass-specific cost is due to the electrical energy demand of the liquefaction process.
TABLE 4 | Techno-economic results of the liquefaction process depending on the annual and, therefore, the daily H2 production rate.		Unit	Without TES	With TES
	Annual production rate	t/a	18,761	25,028
	Daily production rate	t/d	51.4	68.6
	LH2 investment costs	kUSD	288.08	221.79
	Liquefaction rate	kg/h	5,630.6	3,788.7
	LCOH2 of liquefaction	USD/kg	0.363	0.361


The distance between Port Hedland in Australia and the main island of Japan is approximately 9,000 km, and up to 75 tons of LH2 can be transported per ship (Ratnakar et al., 2021). Therefore, we can calculate a cost impact of 0.439 USD/kg, which is added to the final H2 production cost. The total LCOH2 including the production in Western Australia, liquefaction, and transport to Japan, is shown in Table 5 for processes with and without TES, under the 2023 and 2030 cost scenarios. The production cost share is broken down into the SOEC, solar system, and TES contributions. The cost fraction of the different parts of each system is also shown. The highest cost share is allocated to the H2 production system. When considering boiling-off losses in the range of 2.5%–7.5% of H2 during liquefaction, storage, and transportation, the LCOH2 increases equivalently to the loss of product.
TABLE 5 | Total techno-economic results of the solar-heat-supported SOEC process, including the transportation of LH2 from the production site to Japan.	LCOH2	Without TES	With TES
	2023	2030	2023	2030
	SOEC	6.947 USD/kg	5.103 USD/kg	4.881 USD/kg	3.701 USD/kg
	Initial investment	51%	44%	36.61%	30.59%
	Replacement	3.71%	2%	8.27%	3.44%
	O&M	14.6%	12.3%	11.98%	9.08%
	H2O	0.04%	0.05%	0.05%	0.07%
	Electricity	30.64%	41.65%	43.09%	56.82%
	Solar system	0.501 USD/kg	0.379 USD/kg	0.381 USD/kg	0.289 USD/kg
	Heliostat field	38.20%	37.84%	37.62%	37.27%
	Receiver	29.75%	29.47%	29.30%	29.02%
	Tower	17.70%	17.52%	17.43%	17.26%
	O&M	11.43%	11.32%	12.78%	12.66%
	Land area	2.92%	3.85%	2.87%	3.79%
	TES			0.043 USD/kg	0.033 USD/kg
	Liquefaction	0.362 USD/kg	0.361 USD/kg
	Investment	0.48%	0.27%
	O&M	0.34%	0.20%
	Electricity	99.18%	99.53%
	Transportation	0.439 USD/kg	0.439 USD/kg
	Total LCOH2	8.249 USD/kg	6.283 USD/kg	6.105 USD/kg	4.823 USD/kg
	Total LCOH2 2.5% loss	8.461 USD/kg	6.444 USD/kg	6.262 USD/kg	4.947 USD/kg
	Total LCOH27.5% loss	8.918 USD/kg	6.792 USD/kg	6.600 USD/kg	5.214 USD/kg


The production cost of the investigated process is reduced by implementing thermal energy storage as it increases the total operating hours at full-load. Previous studies of similar concepts show higher hydrogen production costs (Lin and Haussener, 2017; Mastropasqua et al., 2020). The present study considers the integration of grid electrical energy supply, which benefits from cost-optimized renewable energy supply from different sources. The electricity price is expected to be in the range of 36 USD/MWh–72 USD/MWh. Hence, Figure 12 shows the H2 cost sensitivity due to electrical energy price changes compared to the reference case that assumes 54 USD/MWhel. Therefore, the electrical energy accounts for the demand of the electrolysis system, according to Equation 6, and includes the specific electrical energy demand for the liquefaction process, which is 6.78 kWhel/kg. Even for the considerably small electrical energy price change of ±18 USD/MWhel, the LCOH2 is expected to vary by ±0.845 to ±0.836 USD/kg for the two investigated cases.
[image: Graph showing the levelized cost of hydrogen (LCOH) in USD per kilogram against full load hours, measured in hours. It features three curves labeled LCOE at 36, 54, and 72 USD per megawatt-hour. The central line marked with red points represents LCOE at 54 USD per megawatt-hour, intersecting the LCOH at approximately 2.50 USD per kilogram. Arrows indicate vertical changes of approximately 0.836 and 0.845 for different LCOE values within the shaded area.]FIGURE 12 | LCOH2 sensitivity due to electrical energy price changes from 36 USD/MWh to 72 USD/MWh.While the electrical energy demand can account for more than 30% of the H2 costs, the remaining 70% is mainly caused by the capital expenditure.
Figure 13 shows the relative change in LCOH2 for a relative change of different cost-impact factors. Changing the interest to 5% or 10% from the initial 8% has the biggest cost-change potential. The second- and third-biggest impacts are caused by changes in the electrical energy price and the SOEC investment and O&M costs. The cost for the solar system affected LCOH2 the least as it only contributed to the thermal energy supply and accounted for only 15% of the total energy demand. However, a percentage change in electricity price of ±10% is equal to a change in levelized costs of electricity (LCOE) of ±5.4 USD/MWh. Therefore, a relative change in LCOH2 of ±2.8% to ±5.5% with a higher impact on the case with a 12 h TES is identified. The price sensitivity used previously, i.e., an LCOE of 54 USD/MWh ±18 USD/MWh, is a 33% change in LCOE. Hence, the relative change in LCOH2 can be as high as ±15% in the impact range of the interest rate. The reduction in the interest rate from 8% to 5% causes a reduction of −1.03 USD/kg and −0.60 USD/kg for the process without TES and projects starting in 2023 and 2030, respectively. Increasing the interest rate to 10% will cause an increase of +0.75 USD/kg and +0.47 USD/kg for the same process and project starting years. The change in interest rate to 5%, for a process with 12 h TES, results in a cost change of −0.62 USD/kg and −0.37 USD/kg for projects starting in 2023 and 2030, respectively. An increase to a 10% interest rate results in a cost change of +0.45 USD/kg and +0.27 USD/kg for the same project starting years later. The process without any TES is affected more by a change in the interest rate as the production capacity is limited by the achievable full-load hours. In contrast, when a 12 h TES is integrated into the process, full-load hours increase, and therefore, the impact of the capital expenditures is reduced. In contrast, the use of storage results in greater cost sensitivity in 2030 than in 2023 when electrical energy prices vary. This is due to the fixed electricity price of 54 USD/MWh used as the base case for both 2023 and 2030.
[image: A tornado chart shows the relative change in Levelized Cost of Hydrogen (LCOH2) due to various factors like interest rate, CAPEX, and OPEX for SOEC and solar. Four colored bars represent scenarios for years 2023 and 2030 with thermal energy storage (tTES) at zero and twelve hours. Positive and negative percentages measure the impact on LCOH2.]FIGURE 13 | Tornado diagram for the cost sensitivity for the different cost-impact factors for the two different cases in 2023 and 2030.Thus, the proposed solar-heat-integrated solid oxide electrolysis process is capable of generating hydrogen, produced in Australia and transported to Japan, at a price below 4 USD/kg for projects starting in 2030, considering the cost reduction potential from the sensitivity study. For the comparison of H2 production costs between the presented concentrated solar-powered SOEC and a PEM electrolysis system, the same electrolysis investment cost calculation method is used for the SOEC and the PEM electrolysis system (Roeder et al., 2024). The H2 production costs of the PEM electrolysis system will be cheaper, except for the future costs outlook in 2030 at 6,606 process full-load hours. In this case, the H2 production costs are almost cost equivalent, 4.145 USD/kg using PEM electrolysis compared to 4.023 USD/kg for the SOEC system, including the costs of the solar thermal and thermal storage system. The SOEC will be cost-competitive in future due to the cost reduction potential and low-cost heat-integration possibilities.
4 CONCLUSION
For low-cost RE and hydrogen production, we conclude that Australia is an optimal region for hydrogen exportation to Japan in terms of distance and solar irradiance. Concentrated solar systems should be installed in areas with high (DNI because only direct sunlight can be concentrated, and therefore, cloudy areas are less suitable. For the investigated process, a reference scale of 100 MW solar thermal intercepting power with an appropriately sized SOEC system was investigated. The developed dynamic process simulation model resulted in an average energy efficiency (electrical + thermal to H2) of 92% for a 1 MW-class SOEC. The reference-scale 100 MW plant achieved an annual average solar-to-thermal conversion efficiency of 51.9%. The process, therefore, requires a total land area of 1,000,000 m2 to collect the incoming solar radiation and concentrate it on a central receiver. As a result, the unit cost of 1 kg of H2 ranges from 6.105 USD/kg to 8.249 USD/kg for a system with and without thermal energy storage, respectively, both including liquefaction of H2 and its transport from Australia to Japan. In the future, the costs are expected to decrease to 4.823 USD/kg and 6.283 USD/kg for projects starting in 2030, mainly due to a reduction in the cost of the SOEC system. The H2 production costs can be further reduced to less than 4.0 USD/kg with lower energy prices and lower interest rates. In the future, reductions in SOEC costs and H2 boiling-off losses are expected to lower the total hydrogen cost below that of the on-going coal-based H2 production with CCU and transportation to Japan.
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NOMENCLATURE
AHF Heliostat field mirror area (m2)
ACC Annual capital costs
CAPEX Capital expenditure (USD)
CEPCI Chemical engineering plant cost index
CCS Carbon capture and storage
Cel Electricity costs (USD)
CH2O Water costs (USD)
DNI Direct normal irradiation (kWh/m2)
EC Equipment costs (USD)
eH2 Hydrogen mass specific electrical energy demand (kWh/kg)
FCI Fixed capital investment (USD)
DEG fDEG, fAUX, fSB– Power fraction for the Degradation (DEG), Auxiliary components (AUX), an Standby (SB)
AUX Auxiliary components
SB Standby
fadd Additional cost factor
HEX Heat exchanger
HHV Higher heating value
i Interest rate (%)
J Current density (A/cm2)
LCOE Levelized costs of electricity (USD/kWh)
LCOH2 Levelized costs of hydrogen (USD/kg)
LHV Lower heating value of hydrogen (kWh/kg)
LH2 Liquefied hydrogen
MFC Mass flow controller
mH2 Total mass of produced hydrogen (kg)
m˙H2O Mass flow rate (kg/h)
nProject Project duration
n˙H2,n˙H2O Molar flow rate (mol/h)
OPEX Operational expenditures (USD)
O&M Operation and maintenance
PEM Polymer–electrolyte membrane
PSOEC Nominal electrolysis power (MW)
PSOEC,SB Electrolysis standby power (MW)
PAUX Auxiliary power demand (MW)
PDEG Additional energy consumption due to degradation (MW)
QTES,⁡max Storage capacity (MWh)
QTES,D Storage discharge power (MWh)
Q˙TES,C Storage charge power (MW)
Q˙INT Solar intercept power (MW)
Q˙LOSS Thermal losses (MW)
Q˙SOEC Thermal power demand of the electrolysis (MW)
Q˙REC Receiver outlet power (MW)
qSOEC kWh/kg, hydrogen mass specific electrolysis thermal energy demand
rSB Electrolysis standby ratio
SOEC Solid oxide electrolysis cell
SOCTES Storage state of charge
SU Steam utilization
T Temperature (°C)
TES Thermal energy storage
tFLH Annual process full load hours (h)
tTES Storage discharge duration (h)
V Voltage (V)
ηAC/DC AC/DC conversion efficiency (%)
ηSOEC Electrolysis efficiency (%)
ηREC Solar receiver efficiency (%)
ηHF Heliostat field efficiency (%)
ηTES Thermal energy storage efficiency (%)
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