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Abstract

:

Solid oxide fuel cell (SOFC) systems are spreading worldwide and, for limited applications, also in the transport sector where high power rates are required. In this context, this paper investigates the performance of a six-cell SOFC stack by means of experimental tests at different power levels. The experimental campaign is based on two different stages: the heating phase, useful for leading the system temperature to approximately 750 °C, and the test stage, in which the experimental activities are properly carried out with varying input parameters, such as the DC current load. In addition, a detailed post-processing activity is conducted to investigate the main performance that could be used in the scale-up processes to design and size a SOFC-based system for transportation. The experimental results concern the electrical power, which reaches 165 W, roughly 27 W for each cell and with 52% electrical efficiency, as well as the theoretical thermal power and efficiency, useful for cogeneration processes, with maximum values of 80 W and 25%, respectively, achieved at maximum load. This discussion then shifts to an in-depth analysis of the possible applications of SOFCs in sustainable mobility, particularly in the maritime and aviation industries. The complexities of the issues presented underscore the field’s multidisciplinary nature, ranging from materials science to system integration, and environmental science to regulatory standards. The findings presented could be useful to scientists, engineers, policymakers, and industry stakeholders working on the development and commercialization of SOFC systems in the sustainable transportation sectors.
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1. Introduction


The challenges posed by climate change and air pollution have catalyzed the scientific community to embark on a deep energy transition, facilitating the transit from a fossil-fuel-dependent economy to an emerging paradigm [1,2]. The transportation sector assumes a pivotal position within a sustainable and efficient development framework, as it accounts for approximately one-third of energy consumption and nearly a quarter of greenhouse gas emissions only in Europe [3,4]. In this context, hydrogen-powered propulsion systems, including fuel cells, assume a crucial role in advancing a sustainable mobility model.



In the arena of commercialized fuel cell electric vehicles, proton exchange membrane (PEM)-based powertrains represent the current state of the art, garnering significant attention and widespread adoption. PEM-based stacks exhibit notable advancements in power density, ranging from 1.65–3.12 kW L−1, while operating at respectable efficiencies of approximately 40–50% [5,6]. Conventionally, other fuel cell systems, such as the Solid Oxide Fuel Cell (SOFC), were not commonly regarded as suitable for automotive or transportation applications. In recent years, there has been a growing interest in SOFC-based powertrains, which has attracted the attention of the scientific community. SOFC-based propulsion systems offer substantial potential [7,8], presenting various advantages, including: (1) enhanced fuel flexibility, encompassing hydrogen and hydrocarbons such as diesel, biodiesel, and clean coal gas; (2) streamlined fuel processing procedures; (3) greater tolerance to impurities in reactant gases; (4) utilization of less expensive metal catalysts; (5) generation of high-quality thermal output (ranging from 600 to 1000 °C), which can be utilized by other components, systems, or for cogeneration purposes; (6) higher overall conversion efficiencies. These emerging prospects have paved the way for further exploration and development in the field of SOFC-based powertrains.



Initially, SOFCs were primarily viewed as Auxiliary Power Units (APUs) with the potential to replace or greatly reduce the size of batteries in hybrid vehicles. This aimed to enhance vehicle performance and fuel efficiency, while also exploring the possibility of assuming a central role in propulsion systems [9]. Contextually, researchers began directing their attention toward Unmanned Aerial Vehicles (UAVs), where SOFCs could be employed as propulsion systems, particularly in hybrid configurations [10,11,12,13]. The interest in hydrogen-powered rail vehicles has been steadily growing, with a particular focus on their potential applications in heavy rail transportation. High-temperature Solid Oxide Fuel Cells are deemed suitable for such use cases [14], while Proton Exchange Membrane (PEM) systems are more favorable for lighter rail vehicles [15,16,17]. A novel hybrid energy system model, combining SOFCs with a gas turbine (SOFC-GT), was even proposed for long-haul freight locomotives [18], as spatial requirement systems are comparable to current diesel engines. In [19], a simulation was conducted using a system consisting of a 2.8 MW SOFC and a 500 kW GT, which demonstrated the capability to transport 480 tons of freight with a 120-ton locomotive along a specific route at an average speed of 72 km h−1. Additionally, as early as 2010, it was agreed that hybrid locomotives based on SOFC technology could have potentially replaced conventional diesel locomotives [20].



SOFC systems have gained significant attention as leading energy solutions in both stationary generations for various purposes and facilities, as well as propulsion systems for large ships [21,22]. Notably, Bloom Energy, an American fuel cell corporation, has shown particular interest in applying SOFC technology to the maritime sector, particularly in cruise ships. It is projected that, by 2027, over 100 cruise ships will be outfitted with approximately 4000 MW of fuel cells [23,24].



The widespread adoption of Solid Oxide Fuel Cells in automotive applications has been hindered by several limitations inherent to the sector. Factors such as fast start-up and transient response time, as well as device compactness, pose significant challenges. The automotive industry imposes stringent restrictions on space and weight, and any increase in these parameters would have a detrimental effect on vehicle design. In the case of SOFC-based range extenders, AVL List GmbH has established target criteria to ensure competitiveness with existing technologies [25]. These criteria include achieving net system efficiencies greater than 50%, power outputs of at least 15 kW, and volumetric stack power densities ranging from 1 to 1.2 kW per liter. However, despite extensive research efforts focused on optimizing construction geometries, state-of-the-art commercial SOFC stacks typically achieve power densities of only 0.1 to 1 kW per liter [26]. Thus, there is still a gap between the current performance of SOFC stacks and the desired metrics set by the automotive industry. Therefore, in addition to rapid start-up times and minimal degradation rates, efficiency and power density are crucial performance indicators for power generation systems used in the field of mobility. These factors must be carefully considered in order to meet the demanding requirements of over 10,000 h of life time and minimal degradation, which are essential for achieving the economic viability of SOFC technology [25,27,28]. To tackle this challenge, both research and industry are focusing on reducing the operating temperature of SOFCs. Furthermore, the manufacturing process and structural assembly play a critical role in ensuring optimal performance. Many researchers are involved in investigating new materials and processes to enhance properties [29,30,31,32,33]. Particularly, Zhou et al. [34] investigated advances in the material developments for ceramic fuel cells, and Raza et al. [35] presented a novel concept and a material investigation for one-component SOFC systems.



Metal Supported Cells (MSC) have emerged as a promising option for mobile applications due to their excellent mechanical strength and redox stability [25], while major companies rely on Anode Supported Cells (ASC) as their preferred choice. Udomsilp et al. [25] conducted a study showcasing the potential of an innovative morphological and MSC configuration, resulting in a remarkable tenfold increase in power density (reaching 3.13 W cm−2 at 1123.15 K and 0.7 V) compared to the existing literature on single-cell performance in industrial settings. Nevertheless, anode-supported cells continue to be a viable option for SOFC-based mobility applications. In this context, emphasis is placed on reducing the thickness of the electrolyte to a few micrometers, as electrode polarization emerges as a dominant factor contributing to overall performance degradation.



To address the issue of high temperatures, alternative materials are being explored as substitutes for the conventional Ni-YSZ structure used in 900–1000 °C-based SOFCs [36]. These alternative materials must be characterized by their favorable mechanical properties, thermo-mechanical expansion coefficients comparable to those of the electrodes, good ionic conductivity, and high resistance to electronic conductivity [37]. Various oxide-based materials have been identified as promising candidates. Notably, Ni-scandia-stabilized zirconia (ScSZ) demonstrates significantly higher ionic conductivity within the temperature range of 650–750 °C, similar to the performance exhibited by gadolinium-doped ceria (CGO)-based structures, as Ni-CGO. The latter is commonly employed in intermediate or low-temperature applications, as seen in the stack designs of Ceres Power [38] and Sunfire [39]. Wehrle et al. [40] presented a comprehensive multiscale modeling approach to assess the direct influence of cell materials and morphologies on the performance of commercial-scale systems. Their findings indicated that the proposed system achieved a stack power density of 1.85 kW L−1 and a net system efficiency of 52.2% at an operating temperature of approximately 700 °C. The stack exhibited manageable temperature gradients of less than 14 K cm−1. Importantly, the power density exceeded that of commercial stacks and surpassed the industrial targets set for SOFC-based range extenders. In addition, the paper [40] reported the interest playing around the main powertrain development companies in SOFC-based propulsion; such as: Delphi, Nissan, Volvo, Weichai Power, and AVL List GmbH, along with SOFC stack manufacturers such as Ceres Power and Sunfire. In a separate study, Kerviel et al. [41] developed a dynamic numerical model for a fuel cell electric vehicle utilizing a PEM powertrain. The model incorporated an electric-assisted turbocharger and an electric supercharger in conjunction with a SOFC to extend the vehicle’s range. The results demonstrated the suitability of SOFCs for transportation applications, particularly as range extenders. Specifically, a 24-kWh electric vehicle experienced a 252% increase in driving range when aided with a 5 kW SOFC stack. Results indicated a route of more than 600 km with a pure hydrogen tank containing 6.2 kg of fuel.



Extensive experimental research has been conducted to understand and optimize the energy performance of SOFCs. Typical considerations include the type of fuel employed, the operating temperature, the cell design, and the materials. There have been efforts to test SOFCs under various operating conditions in order to comprehend their behavior and enhance their dependability, efficiency, and longevity. Research efforts also extend to stability verification [42,43,44,45]. Notably, in a recent publication [45], a study demonstrated the stability of an SOFC stack operating at 0.3 A cm−2 for a duration of over 140 h. While there has been a substantial amount of research on the general uses of SOFCs, in-depth and sector-specific assessments have been less common, particularly those focused on the unique constraints and requirements of maritime and aviation applications. The research gap that emerges is the translation of experimental SOFC performance data into real-world maritime and aviation applications. There is a clear need for more in-depth research into how SOFC performance under controlled conditions translates to operational, real-world conditions, which present their own unique challenges and requirements. In the maritime and aviation industries, the specific operational conditions, such as the marine and high-altitude atmospheres, and the unique load requirements due to varying drive cycles, necessitate a thorough understanding of how SOFC systems would perform under such conditions. This includes understanding how these conditions affect the efficiency, durability, and lifetime of SOFCs. In addition, the operational, economic, environmental, regulatory, and technological considerations in these sectors have been largely unexplored. This also includes understanding how SOFC systems can be integrated with existing or potential future infrastructures, evaluating lifecycle costs and environmental impacts, navigating regulatory landscapes, and predicting potential technological advancements.



Within this framework, this article aims to present experimental research on solid oxide fuel cell systems powered by hydrogen, and to provide valuable insights for the development and commercialization of SOFC technologies in the maritime and aviation sectors, thereby contributing to the larger objective of achieving sustainable mobility. The objective is to assess the energy performance of the stack and develop a comprehensive technical-energy map to understand its potential. These experimental activities lay the groundwork for understanding SOFC energy performance and provide the foundation for scaling up these technologies for real-world applications, including the sustainable maritime and aviation transportation sectors. By analyzing and interpreting the results obtained from the experimentation campaign, the study will provide insights into the feasibility of employing this stack in powertrain systems. The discussion then shifts to an in-depth examination of the unique difficulties and potential of SOFC implementation in maritime and aviation applications. The discussion considers the specific environmental conditions, cargo requirements, fuel storage and refueling operations, standards and regulations, and the potential for hybrid systems in both industries. In addition, the analysis includes broader operational, economic, environmental, regulatory, and technological factors that influence the practical application of experimental results.



In this context, the present paper illuminates a path for cross-sector collaboration between scientists, engineers, policymakers, and industry stakeholders by highlighting the multidisciplinary nature of this discipline. This innovative discussion is a significant contribution to the SOFC research community, with the goal of guiding future research and development efforts toward the successful commercialization of SOFCs in sustainable mobility sectors.




2. Materials and Methods


The “materials and method” section outlines the comprehensive approach taken to conduct an experimental campaign on solid oxide fuel cells (SOFC) within specialized test bench facilities. Advanced equipment was utilized to gather accurate data and precisely control the variables during the experiments. Additionally, an extensive literature search was undertaken to gather valuable insights into SOFC-based mobility, which will be presented in subsequent sections. By combining experimental data acquisition and an in-depth literature review, this study attempts to contribute a foundation for evaluating the feasibility and potential of SOFCs in mobility applications.



Experimental tests on a SOFC system are presented. The research presented here is part of a long-term investigation conducted by the authors [46,47,48,49,50].



Subsequently, the paper is enriched by outlining insights into SOFC-based mobility and guidelines for technology diffusion.




3. Layout of the SOFC Test Station


This paragraph illustrates and provides a description of the layout of the SOFC test station.



The main components are reported in the simplified scheme in Figure 1, namely:




	
measurement and control instruments; i.e., manometers for measuring pressure, automatic and manual systems for regulating pressure, mass flow controllers for regulating flow rates from the terminal, thermocouples for detecting temperatures in key stations;



	
a depot for gas stocks (hydrogen, nitrogen), with a high degree of purity (about 99.99%) and a maximum pressure of 250 bar;



	
a working fluid supply and distribution system, managed by a control unit that operates on the numerous valves of the test bench;



	
an air volumetric compressor that stores the air in an auxiliary tank at 12 bar, with a two-stage purification system, to eliminate impurities from the air;



	
a reforming section for the fuel processing of carbon-based gases, in particular methane, converted into hydrogen-rich gaseous streams;



	
a reformate section to prevent steam to condensate;



	
a SOFC setup system, the heart of the test bench, which contains the fuel cell stack;



	
a furnace, useful for heating the system and maintaining it at the set nominal temperature;



	
a control system, for data acquisition, detection/collection, transmission, control, and processing activities;



	
a gas exhaust system, which discharges the exhaust gas deriving from the stack;



	
a safety system (not shown in Figure 1) made up of the sensors, the gaseous composition control unit, and the hood and forced gas suction system.








In order to investigate the SOFC system performance, experimental campaigns are carried out, analyzing fluid dynamics, and electrical and thermal variables. Because of the high operative temperature, the experimental tests are divided into two different stages: the heating and test phases.



	
The first stage is required to heat the SOFC system, which is led from ambient temperature to approximately 750 °C, the nominal temperature, thanks to the furnace present in the test bench. The input flows, namely hydrogen, air, and nitrogen flows, are maintained constant and the heating is performed with a temperature ramp of 100 °C h−1; therefore, more than 7 h are needed.



	
During the test stage, instead, the SOFC system is at the nominal temperature, and the experimental tests are conducted changing the DC load, from the minimum to the maximum current (from 0 A to 33 A) and vice versa but maintaining constant the input flows. The current load step is imposed to 1 A; the current is varied with a time step of 1 min, intending to overcome the SOFC system dynamic oscillations.






Once the experimental tests are conducted, a post-processing phase is performed, analyzing and managing the collected data. Different parameters are calculated, starting from the parameters acquired, which are useful for characterizing the fuel cell system.



Firstly, since the hydrogen flow is imposed constant but the output current is variable, it is important to analyze the utilization factor (   U f   ) trend, obtained as the ratio of the hydrogen flow that reacts (   q  H 2   r e a c t    ) and the input flow (   q  H 2   i n    ), as reported in Equation (1). The numerator is calculated, in Equation (2), considering the cell current ( I ), the cell number (   n c   ), the standard molar volume of hydrogen (  M  V  H 2    ), and Faraday’s constant ( F ).


   U f  =     q ˙   H 2   r e a c t       q ˙   H 2   i n      



(1)






    q ˙   H 2   r e a c t   =     I ·    n c    · M  V  H 2   · 60   2   F    



(2)







In addition, the main outputs of the system, useful for the final user, are calculated; i.e., the electrical and thermal power and efficiency. The electrical efficiency is calculated as the product of the cell number, voltage, and current (   n c   ,    V c   , and    I c   , respectively), as reported in Equation (3). The efficiency, instead, as shown in Equation (4), is the ratio between the electric power and the product of the low heating value (  L H  V  H 2    ), expressed by J Nl−1, and the hydrogen flow as input.


   P  e l   =  n c     V c     I c   



(3)






   η  e l   =    P  e l         q ˙   H 2   i n     60     L H  V  H 2        



(4)







Regarding the thermal performance, theoretical values are calculated, since the real value strictly depends on cogeneration process demand, which is not possible to consider in the considered test bench. The theoretical thermal power is calculated via Equation (5), considering the difference between the thermoneutral and the cell voltage (   V  t n     and    V c   , respectively). Furthermore, in this case, the theoretical thermal efficiency is determined as the ratio of thermal power and the product of low heating value and hydrogen flow as input (Equation (6)).


   P  t h   =  n c     I c     (   V  t n   −  V c   )   



(5)






   η  e l   =    P  t h         q ˙   H 2   r e a c t     60     L H  V  H 2        



(6)







In the equations,    U f   ,     q ˙   H 2   r e a c t    ,    P  e l    ,     P  t h    ,    η  e l     have the following units of measure: adimensional, NL min−1, W, W, adimensional.



Active surface and material properties, such as electrolytes and electrodes of the fuel cell element, are shown in Table 1.




4. Results


Following the experimental test scheduling, the main performance of the solid oxide fuel cell system, achieved at the described test bench, is monitored and recorded and the main findings are reported.



Before starting with the performance test, a heating phase is performed, and the SOFC system behavior is shown in Figure 2. The heating phase is 8 h long and all the main thermocouples, present in the system, demonstrate the heating phase conclusion. Six different temperature trends are shown, which regard: the inlet air and cathodic exhaust temperature (Figure 2a), the inlet fuel and anodic exhaust temperature (Figure 2b), and the top and bottom stack temperature (Figure 2c). The whole stack is homogeneously heated and follows a similar trend. A slight difference is present between the top and bottom center of the stack, which can differ by a maximum of 75 °C, but can reach a final temperature of about 750 °C anyway. It should be underlined that the inlet flow of hydrogen, nitrogen, and air is maintained constant during the entire heating process, with values of 0.6 Nl min−1, 1.8 Nl min−1, and 6 Nl min−1 respectively (Figure 2d).



When the heating phase has been concluded and the SOFC system has reached the nominal temperature of approximately 750 °C, the test phase is performed. The experimental tests are approximately 75 min long, divided into two sections, with an increasing and a decreasing load trend. In detail, as shown in Figure 3a, in the first section, the electronic load is controlled to vary its current from 0 A to 33 A; while, in the second phase, an inverse trend is imposed, with a decreasing load current rate, from 33 A to 0 A (Figure 3a). Another controlled variable is the hydrogen flow as input (Figure 3b), which is maintained constant at the nominal value of 1.8 Nl min−1. For these reasons, the utilization factor, achieved as Equation (1), follows the load current trend; it ranges from 0% at 0 A to 76% at the maximum current tested.



Regarding the temperature variables shown in Figure 4, their trends are rather constant. The effect of the load variation is almost negligible, causing only small variations. As shown in Figure 4a, in the cathodic chamber, the outlet temperature of the exhaust gas assumes higher values compared to the inlet one, owing to the chemical reaction occurring, with a mean value of 775 °C and 745 °C, respectively. Even the input and output temperature of the anodic chamber (Figure 4b) can be considered constant, assuming a mean value of 750 °C and 764 °C, with narrow variations. The outlet flow temperature of the anode is lower than the cathode one, mainly due to the nitrogen dilution (40% in volume) of the anodic flow, which does not take part in the reaction, being inert.



Even the bottom and top temperature levels of the stack are constant, as illustrated in Figure 4c, with higher values for the top section (around 775 °C) compared to the bottom one (approximately 753 °C), owing to the higher convective and radiative heat exchange in the upper part of the stack, given the physical structure of the furnace.



Regarding the cell voltage in Figure 4d, the voltage trends of the six cells of the SOFC stack are depicted and they do not present significant differences between them, showing the proper behavior of the stack. The voltage levels vary between 1.18 V, which represents the open-circuit voltage, and 0.81 V at the maximum tested current (33 A).



Once the electrical and thermal parameters are shown, it is possible to analyze the main outputs of the SOFC system, the ones useful for the final user, namely electrical and thermal powers and efficiencies. Figure 5a shows the electrical power (the blue line) and the electrical efficiency (the green line), which follow the DC trend, since the current variation is more relevant than the voltage one. The SOFC system reaches approximately 165 W, i.e., roughly 27 W for each cell, with 52% of electrical efficiency at maximum load. For the same reason, the theoretical thermal power and efficiency shown in Figure 5b follow the load variations, owing to Equations (5) and (6). The achieved values are lower than the electrical ones, with a maximum value of 80 W of theoretical thermal power (blue line in Figure 5b) and 25% of theoretical thermal efficiency (green line in Figure 5b), both obtained at maximum load.



These parameters are also plotted as a function of the current (Figure 5c,d), reporting the DC load on the x-axis. As expected, the obtained values at the same current are similar in the two DC load phases, namely at increasing and decreasing current tests. In addition, the polarization curve assumes the standard trend, obtaining a stack voltage between 7 V and 4.9 V.



This scientific article aims to explore the significance of experimental activities conducted on solid oxide fuel cell stacks within testbench facilities. It emphasizes the critical role of testbench facilities in providing a controlled environment for performance evaluation and future eventual optimization by managing control parameters or even SOFC stack geometry or manufacturing. The findings obtained from this experimental approach serve to understand how guidelines can guide future modifications and evolutions of SOFCs, and pave the way for the possible adoption and effective deployment of SOFCs in propulsion applications, contributing to the advancement of sustainable and efficient transportation technologies. To fulfill this objective, the forthcoming sections of this article will specifically focus on two aspects. The first section will delve into “Insights for SOFC applications in sustainable mobility”, exploring the potential of SOFCs in driving sustainable transportation. The second section will provide contextual guidelines for scaling up the SOFC systems, offering valuable recommendations for the successful expansion and implementation of these technologies.




5. Insights for SOFC Applications in Sustainable Mobility


The use of solid oxide fuel cells (SOFCs) is an innovative approach to attaining sustainable mobility [51]. SOFCs have the potential to play a significant role in minimizing greenhouse gas emissions across multiple modes of transportation [52,53,54], by converting chemical energy directly into electricity through a highly efficient electrochemical process. SOFCs are distinguished by their use of a ceramic solid oxide electrolyte. They operate at high temperatures, as discussed above, which provides a number of advantages, such as the ability to use a variety of fuels [55] and high electrical efficiencies [37,56]. In addition, the high-quality waste heat produced by SOFCs can be utilized further, resulting in overall energy efficiencies that can exceed 80% in certain configurations.



SOFC applications, in the context of sustainable mobility, span the road, maritime, and aviation sectors [57]. They offer a potentially more energy-dense alternative to battery electric systems for use in passenger vehicles, buses, and lorries. SOFCs can provide both propulsion and stationary electricity for onboard systems in the maritime industry. Due to their relatively slow speed and extended travel periods, ships are ideally suited for SOFCs because of their high efficiency and ability to utilize widely available fuels. SOFCs are being studied as a potential solution for auxiliary power units and, in the distant future, propulsion power in the aviation industry, despite the fact that their development is still in its infancy.



However, obstacles persist, such as durability, the need to operate at high temperatures, and system complexity. Additionally, regulations and standards, as well as the development of a suitable refueling infrastructure, are essential for the widespread adoption of SOFC technologies. This section aims to provide insights into these challenges, since despite these obstacles, SOFCs present an enticing path to obtaining sustainable mobility. They have the potential to convert transportation systems into more environmentally-friendly, energy-efficient, and sustainable modes with continued research and technological advancement.



5.1. Automotive Sector


The employment of fuel cell technology in this sector is one of the most immediate and significant. Toyota and Hyundai, for example, have already started integrating hydrogen fuel cell technology into their cars, the Mirai and Nexo, respectively [58]. However, Proton-Exchange Membrane Fuel Cells (PEMFCs) are largely used in these [59]. Due to space and heat management issues, SOFCs, with their high operating temperatures, are typically not recommended for automobiles [60]. However, the great efficiency of SOFCs can make them an attractive choice for future heavy-duty mobility [7,61,62], if cost-reduction efforts are successful and safety concerns are addressed.




5.2. Maritime Sector


Compared to other types of fuel cells, SOFCs have a high electrical efficiency of about 50%, a high fuel-to-electricity efficiency, and the capacity to use a wide range of fuels. The use of SOFCs in large ships [63], where size and heat management are less of an issue than in cars, is possible, although PEM fuel cells are still being investigated for such applications [64,65]. SOFCs are a practical choice for zero-emission sea transportation because of their great electrical efficiency and fuel adaptability. Due to their great efficiency, SOFCs are a desirable choice for lowering the maritime sector’s carbon footprint [66,67], which currently accounts for 2% of global greenhouse gas emissions [68]. Electric motors for propulsion might be powered by the electrical energy produced by the SOFCs. SOFCs could also be utilized to power stationary systems such as lighting, heating, air conditioning, and different electronic systems that are present on board ships [69]. Internal combustion engine generators, which are typically employed for this purpose, are less effective and more polluting.



5.2.1. Technical Challenges


Current state-of-the-art analysis has reported that, on average, SOFCs present a power density of 0.4–0.6 W cm−2 [37]. Higher power densities of up to 2 W cm−2 have been reported for solid oxide single cells in the recent literature [70,71]. Depending on the size of the ship and its power requirements, the actual power output for a marine SOFC system might vary, although, for bigger ships, the system could range from several hundred kilowatts to a few megawatts. In order to integrate SOFCs in a naval setting, extra systems for fuel processing [72], heat management, and power electronics must be taken into account. For instance, if natural gas were to be used as fuel, a reformer would be required to transform it into a hydrogen-rich gas suitable for the SOFC. If a generic hydro-carbon is supplied to an external reformer or directly to the SOFC system, the following reactions will take place:


   C n   H m  + n ·  H 2  O ↔ n · CO +  (   m 2  + n  )   H 2   



(7)






  CO +      H   2  O ↔   CO  2  +  H 2   



(8)







On the anodic side, both hydrogen and carbon monoxide will react, producing water steam and carbon monoxide:


    H 2  +  O =  →  H 2  O   + 2  e −    



(9)






   CO +  O =  →   CO  2    + 2  e −    



(10)







The cathodic reaction will remain the same:


   1 2   O 2  + 2  e −  →  O =   



(11)







The efficiency of the entire system can be improved by using heat produced by the SOFC to power a steam turbine for additional power (in a combined cycle design). Power electronics are required to transform and condition the SOFC-generated electricity so that it is compatible with the ship’s electrical systems. Concerning lifetime and resilience, due to their solid-state construction, SOFCs typically have good longevity, although repeated heating and cooling can weaken the materials used to make the cells. Due to their high operating temperatures, SOFCs are less suitable for applications needing frequent start-stop cycles because it can take several hours for them to establish steady-state functioning [73]. As a result, they are better suited for longer journeys where the fuel cell can endure extended durations of working temperature. Table 2 summarizes the pros and cons of SOFC technology in maritime applications.



Even though SOFCs have a lot of potential for the maritime industry, additional research and development are required to address issues including high operating temperatures, slow startup times, size and weight, and cost. Moreover, solid oxide fuel cells (SOFCs) face unique difficulties when operating and holding up in marine conditions. The key issues are the variations in temperature, salinity, and humidity that are typical of coastal environments:




	
Humidity: SOFC performance can be impacted by high humidity in two different ways. The fuel and oxidant gases may be diluted by the water vapor, which may result in a drop in performance. Second, too much moisture can result in the fuel cell becoming liquid water, which can cause flooding and obstruct the flow of gases. However, compared to fuel cells that operate at lower temperatures, such as PEM fuel cells, the effects of humidity are typically less noticeable with SOFCs due to their high working temperatures [75].



	
Salinity: Marine air’s high salinity can cause corrosion problems. The fuel cell could malfunction if salt deposits on its components and interacts with the materials, causing corrosion. These effects can be lessened by choosing the right materials and applying protective coatings.



	
Temperature Fluctuations: The maritime environment is subject to severe temperature changes, ranging from extremely cold temperatures in northern regions to high temperatures in tropical places. The thermal management system and the fuel cell’s functionality may be impacted by these temperature fluctuations. Additionally, due to variations in thermal expansion, thermal cycling (heating up and cooling down) can cause mechanical stresses in the SOFC materials, perhaps resulting in degradation and failure.








In light of these elements, the design of SOFC systems for maritime applications must consider the unique difficulties of the marine environment. Protective coatings to prevent corrosion, thermal management systems to handle temperature changes, and careful system design to control the impacts of humidity can all fall under this category.




5.2.2. Fuel Storage, Regulations, and Refueling Procedure


When contemplating the use of Solid Oxide Fuel Cells (SOFCs) in the maritime industry, standards and regulations are crucial. International standards are established by the International Maritime Organization (IMO) for the performance of international shipping in terms of safety, security, and the environment [76]. These rules would have to be followed by SOFC systems, especially those that deal with safety and pollution. As of today, there are no specific rules concerning SOFCs on ships [77]. However, the IMO is aiming to reduce GHG emissions from ships [78], so more attention will likely be paid to cleaner technology such as SOFCs.



Another important topic is the need for fuel storage, which will vary depending on the kind of fuel being used [79]. If utilized as a fuel, hydrogen can be kept on board in either compressed or liquid form. While liquid hydrogen must be stored at extremely low temperatures (about −253 °C), compressed hydrogen needs high-pressure tanks (usually over 700 bar). There are distinct safety concerns for both types of storage that must be taken into account [80]. For instance, because hydrogen is very flammable and can react with air to generate explosive mixtures [81], the storage system must be built to prevent leaks and must include safety features to deal with any leaks that do happen [82]. To maintain safety, explosion-proof electrical systems and hydrogen sensors may be required [83,84]. It is possible to store another fuel, such as natural gas, as either compressed natural gas (CNG) or liquefied natural gas (LNG). LNG is kept in thermally insulated tanks at low temperatures (around −162 °C). Natural gas is combustible, much like hydrogen, thus safety precautions must be taken to stop and handle leaks. It is important to note that because SOFCs operate at high temperatures, the fuel-reforming process to turn hydrocarbons (such as methane from natural gas) into hydrogen can be internally carried out. This has the benefit of simplifying the fuel infrastructure. Ammonia is also becoming a deeply investigated topic by the scientific community [85,86,87].



Depending on the fuel being utilized, refueling procedures for Solid Oxide Fuel Cells (SOFCs) employed in maritime applications will change. In the case of hydrogen, refueling entails either moving compressed hydrogen from a storage location to the ship’s high-pressure tanks or, in the case of liquid hydrogen, moving the cryogenic liquid to thermally insulated tanks. Although there are currently just a few hydrogen refueling stations in ports, there are continuing initiatives to expand their number. The infrastructure for maritime hydrogen refueling is still fairly limited. It is also important to note that creating hydrogen can be difficult, particularly if using renewable energy is the intended “sustainable path”. Compressed natural gas (CNG) or liquefied natural gas (LNG) are transferred to the appropriate storage tanks onboard the ship during refueling if natural gas is utilized. Particularly at ports that service LNG-powered ships, the infrastructure for natural gas refueling is more advanced than that for hydrogen. Refueling procedures for both hydrogen and natural gas must be meticulously executed to avoid leaks and guarantee safety [88,89]. This entails adhering to established safety procedures and utilizing the proper apparatus that can withstand the high pressures or low temperatures present. Additionally, fuelling a ship with a maritime SOFC system can take longer than refilling a ship with a conventional diesel engine. This is particularly true for hydrogen, where high-pressure or cryogenic storage techniques might make refilling more challenging [90]. There is a need for more infrastructure, better safety procedures, and technology advancements to streamline and speed up the refueling process in order to optimize refueling operations for marine SOFC systems.




5.2.3. Drive-Cycle Requests and Features


Depending on the particular use case, a marine vessel’s driving cycle can differ depending on whether it is a boat, ship, or ferry. Some ships, especially cargo ships, may travel across open waters in reasonably stable conditions for extended periods of time. Some vehicles, such as ferries, may have a driving cycle with frequent speed variations as they stop and start at different ports. Table 3 summarizes the main features that characterize the drive-cycle of marine vehicles. The required power can achieve values up to 50 MW, and the payload can vary according to the type of vehicles.



Because they operate at high temperatures, SOFCs have comparatively slow dynamic reaction times. They are unable to swiftly alter their power output to meet sudden variations in load demand as a result. As a result, a hybrid system would probably be required in applications where the load demand frequently and quickly fluctuates, such as on a ferry.



In a hybrid system, the SOFC is often used in conjunction with an energy storage device, such as a battery or supercapacitor [95], or with a coupled energy system, such as gas turbines [96] or internal combustion engines [97]. With a constant power output, the SOFC runs in a largely stable state. In order to adapt to fluctuations in load demand, the parallel energy system can quickly provide the required amount of power. The parallel energy system can operate at times of high power demand to help the SOFC’s production. The extra power generated by the SOFC can be used to refuel the energy storage system during times when there is less demand for electricity. A hybrid system can boost the SOFC’s general efficiency and longevity in addition to offering a quick reaction to variations in load demand. The SOFC can function at peak efficiency and avoid damage brought on by thermal cycling by being operated in a steady state [98].





5.3. Aviation SECTOR


The application of SOFC technology for aircraft propulsion is still in its early stages in the aviation industry [99,100]. Due to several special difficulties, the use of SOFCs in aviation is not as advanced as in ground transportation or stationary power generation, although it does have potential in specific applications [101,102]. For instance, Airbus has expressed interest in investigating hydrogen as a potential fuel for upcoming aircraft [103,104]. APUs in airplanes could make use of the high energy density of hydrogen and the high efficiency of SOFCs [105].



5.3.1. Technical Challenges


In terms of applications, the use of SOFCs for main propulsion in aircraft is still an active area of study [106] and confronts formidable obstacles because of problems with weight, size, and dynamic response. Auxiliary power units (APUs), which power onboard systems when the main engines are not working, may nevertheless employ SOFCs [105]. Emissions can be decreased and system efficiency increased by using SOFCs for APUs. Table 4 summarizes the pros and cons of SOFC technology in aviation applications.



In the world of aviation, size and weight are crucial limitations because every additional pound or cubic inch can have a big influence on fuel economy and passenger space. Due to the requirement for fuel processing machinery and thermal management systems, traditional SOFC systems must be carefully designed for such applications. Moreover, as previously reported, SOFCs typically run between 700 and 1000 °C. It can be difficult to control these high temperatures in an airplane environment. For the protection of other aircraft systems and to stop heat loss, thermal insulation is necessary. Furthermore, cooling systems are necessary to control heat during times of high load and to cool the system when it is not in use.



In terms of durability, SOFCs must withstand challenging aviation working circumstances, such as vibration, quick temperature and pressure changes, and potentially long periods of inactivity. Air pressure is substantially lower at high elevations than it is at sea level, where aircraft frequently fly. Less oxygen is available for the cathode reaction in the SOFC as a result of the reduced air pressure. As a result, in high-altitude conditions, additional air compression devices could be required to supply adequate oxygen for the SOFC to efficiently operate. The ambient temperature fluctuates with altitude and can go from very high temperatures at cruising altitudes to very low temperatures experienced during takeoff from hot places. The thermal management of SOFC systems [107], which must maintain a constant operating temperature for maximum performance, may face difficulties as a result of this temperature variation. Moreover, while in flight, aircraft experience tremendous vibration. Under situations of extreme vibration, the ceramic materials employed in SOFCs may be brittle and subject to mechanical failures.



Innovative engineering and materials science solutions are needed for each of these issues [108]. Research is still being carried out to create SOFC systems that are lighter, more portable, more robust, and better suited to the unique needs of aviation.




5.3.2. Fuel Storage, Regulations, and Refueling Procedure


Any new technology, including SOFCs in aviation, must be adopted in accordance with standards and regulations. The Federal Aviation Administration (FAA) in the United States [109] and the European Union Aviation Safety Agency (EASA) in Europe [110] have created strict safety and performance standards that must be met by any system deployed in an aircraft, and they may also apply to SOFC systems.



Additional requirements and standards apply to fuel storage. The two principal fuel alternatives for SOFCs have the following key considerations. Storage of hydrogen on board an aircraft is quite difficult [111]. Since hydrogen is less dense than conventional aviation fuels, it needs to be stored at high pressure or in a cryogenic environment to have a reasonable energy density. The decision to use liquid or gaseous hydrogen in an aviation context is heavily influenced by the application’s specific requirements, such as weight, space, safety, and refueling infrastructure. While cryogenic storage includes keeping hydrogen as a liquid at temperatures below −253 °C, high-pressure storage entails keeping hydrogen gas at pressures of up to 700 bar. Both approaches would have to adhere to strict safety requirements because they have substantial safety concerns. These would include operating guidelines for preventing and addressing leaks as well as requirements for the design and construction of the storage tanks. The infrastructure and practices for refueling can be significantly impacted by changes in fuel type, so these aspects would also need to be controlled to assure safety and compatibility with current systems. If the SOFC system is hydrogen-powered, the refueling procedure could be comparable to that used for hydrogen fuel cell vehicles today [88]. This process can be comparable to refueling a gasoline or diesel automobile. However, infrastructure for hydrogen refueling is not widely available at present [112], and substantial investment would be necessary to equip airports with this capability. In addition, the high-pressure or cryogenic conditions necessary for hydrogen storage present safety and technical challenges that must be addressed [113].



Due to its high energy density and the fact that it only emits water when utilized in a fuel cell, hydrogen has been frequently explored as a fuel for SOFCs. The low density of hydrogen, however, makes it difficult to store on an aircraft and necessitates either high-pressure or cryogenic storage solutions. As an alternative, hydrogen might be created aboard by reforming hydrocarbon fuels such as jet fuel. This would work better with the current infrastructure for aviation fuel. Refueling operations for an aviation application employing a Solid Oxide Fuel Cell (SOFC) system would heavily depend on the type of fuel used by the SOFC. If the SOFC system uses hydrocarbon fuels such as jet fuel or natural gas, existing airport fueling infrastructure could be used for refueling. The liquid fuel would be poured into the aircraft’s fuel tanks, similar to how modern aircraft are refueled. In the aircraft’s onboard reformer, hydrocarbon fuel would be converted to hydrogen for use in the SOFC. However, this reforming process can result in carbon dioxide and other pollutant emissions, which could partially offset the SOFC’s environmental benefits.



Generally speaking, refueling operations for an aircraft using a SOFC system must adhere to stringent safety standards regardless of the type of fuel used. These would include procedures for connecting and disconnecting refueling equipment, checking for leaks, and ensuring the fuel is correctly and safely loaded onto the aircraft.




5.3.3. Drive-Cycle Requests and Features


In the aviation industry, vehicles can serve different purposes and several mission profiles, depending on the vehicle’s market segment and on the requirements of the flight companies, for national or international flights. Table 5 summarizes the average features of such vehicles, including the required power levels, the average payload, and the driving range.



The “drive cycle” or mission profile of aircraft can be particularly demanding for energy systems. It consists of a series of phases, each with distinct power requirements:




	
Taxi: low-power operation, ground movement of an aircraft



	
Takeoff: requires the most power to lift the aircraft off the ground



	
Climb: demanding a lot of power to reach cruising altitude



	
Cruise: moderate, constant power demand for maintaining altitude and speed



	
Descent and landing: low power demand, altitude reduction, and landing preparation



	
Taxi: return to low-power operation








Therefore, it is clear that, in the course of a typical flight, an aircraft will encounter periods of high power requirements (such as during takeoff and ascending), followed by periods of more steady power requirements (such as while cruising), and periods of low power requirements (such as during descent and landing). It is difficult for SOFCs to handle these rapidly changing power requirements because of their high operating temperature and slow response times to variations in power demand. Therefore, a SOFC alone may struggle to meet the rapidly changing power requirements of an aircraft’s drive cycle, especially during takeoff and climb when power demand is at its peak.



For this reason, numerous researchers and developers have proposed combining SOFCs with systems in a hybrid configuration [116,117]. In such a system, the SOFC would have a near-constant power output, supplying energy for cruise. With their quick response times, other energy systems could provide the additional power needed during takeoff and climb [114,118,119,120]. In such a configuration, the SOFC system could be sized to meet the flight’s average power demand rather than its peak power demand, thereby reducing system weight and potentially enhancing overall efficiency.






6. Guidelines for SOFC System Scale-Up


Scaling up experimental data on SOFC performance for maritime and aviation applications is a multifaceted challenge that necessitates consideration of the sector-specific operating conditions and requirements. The experimental data provided in this paper are a promising foundation, but translating this into real-world applications requires taking into account a number of crucial factors. The long-term durability of SOFC systems under real-world operating conditions is a crucial factor that must be considered in a scale-up procedure [121,122]. SOFCs typically operate at high temperatures, which can eventually lead to thermal stress and degradation [123]. In addition, cyclic loading, which is characterized by frequent changes in power demand, can result in mechanical stress and accelerated wear. Given the variable power requirements of these applications and the challenging environmental conditions they may face, both of these factors may be significant in the maritime and aviation sectors.



Scaling up in the maritime industry must take into account the durability of SOFCs under marine conditions, including potential issues such as saltwater corrosion. Given the power requirements of ships and the variable load during a typical marine drive cycle, a hybrid SOFC system could be a viable option for ensuring dependable performance and efficiency. Thus, the process for scaling up must account for the incorporation of such hybrid systems. SOFC systems could provide propulsion [124] and auxiliary power [125] for a variety of vessel types in the maritime industry. Large vessels, such as cargo ships, that operate for extended periods at a relatively constant speed, could greatly benefit from the high efficiency of SOFCs. However, these vessels also pose unique difficulties. Vibrations and movement on ships, for instance, could potentially affect the SOFC system’s mechanical stability. In addition, the fuel choice for SOFCs, which will likely be hydrogen or hydrocarbon fuel, will necessitate storage systems that are compatible with marine safety standards, which are stringent due to the potential dangers at sea. Additionally, the integration of SOFCs with existing ship systems would have to be carefully managed. The integration of SOFCs into ships’ complex electrical and thermal systems would require careful system design to ensure compatibility. For instance, the waste heat from SOFCs could potentially be used to heat ships or power thermally activated cooling systems, thereby enhancing the overall system efficiency [126].



When scaling up results in the aviation industry, it is important to consider the unique atmospheric conditions at high altitudes. The lower ambient pressure and temperature fluctuations can have an effect on the performance and durability of SOFCs. Moreover, the high power requirements during the takeoff and climb phases suggest that, similar to the maritime industry, a hybrid system may be the optimal solution for this application. The primary initial application of SOFCs in the aviation industry will likely be in auxiliary power units (APUs) that provide power to on-board systems when the main engines are not running. This application could serve as a valuable stepping stone toward more ambitious objectives, such as the use of SOFCs for propulsion power. However, the integration of SOFC systems into aircraft will require careful design to minimize weight and volume, as each additional kilogram carried by aircraft can have a significant effect on its fuel consumption and operating costs. Given the strong push for zero-emission technologies in the aviation industry, it is likely that SOFCs would be hydrogen-powered. Due to the need to store large quantities of fuel in a very small space while adhering to stringent safety standards, the storage of hydrogen on aircraft presents unique challenges. As previously stated, the choice between liquid and gaseous hydrogen storage will have a substantial effect on the overall design and operation of the SOFC system.



Scaling up the experimental SOFC results to real-world maritime and aviation applications will require a thoughtful and multidisciplinary approach that takes into account not only the performance of the SOFCs themselves, but also the integration with other system components, the operating conditions they will face, and the regulatory environment they will need to navigate. This will be the primary focus of ongoing research and development initiatives. When considering refueling operations and hydrogen storage for both sectors, the scale-up process must consider the weight, space, and safety implications of various storage options (gaseous versus liquid hydrogen) and ensure that the SOFC system is compatible with existing or planned refueling infrastructure. Implementation of SOFC systems in the maritime and aviation industries would necessitate careful system design to ensure compatibility with existing systems, as well as the development of effective fuel storage and delivery solutions. Continuous research and development are required in both sectors to address these challenges and enable the successful integration of SOFC systems. Additionally, the total lifecycle costs and environmental impact of SOFC systems in these applications must be considered [127]. This includes not only the initial costs of the SOFC systems, but also the costs of the associated infrastructure, such as fuel production and delivery systems, as well as maintenance requirements. Moreover, the environmental impact assessment should take into account not only the direct emissions from the SOFC systems, but also the emissions associated with the production of hydrogen (if it is not produced using renewable resources) [128,129,130], as well as the production and end-of-life disposal of the SOFC systems themselves.



The scaling-up efforts must be guided by existing and upcoming industry standards and regulations. This includes safety regulations regarding the storage and handling of hydrogen, environmental regulations regarding emissions, and technical standards concerning the performance and durability of SOFCs.



By considering these broader operational, economic, environmental, regulatory, and technological factors in the scale-up process, it is ensured that the efforts are based on a thorough comprehension of the opportunities and challenges associated with SOFC deployment in the maritime and aviation sectors.




7. Targets and Remarks


To provide a comprehensive analysis, the examination of solid oxide fuel cell-based mobility below is complemented by a brief discussion of certain Key Performance Indicators (KPIs) that have been identified as 2030 targets. These KPIs primarily focus on durability and performance prediction to offer a well-rounded assessment [131].



Based on data extracted from a report commissioned by the “Clean Hydrogen Joint Undertaking”, the state-of-the-art and projected key performance indicators (KPIs) for PEM-based propulsion are presented. However, it is important to consider these data as targets for SOFC-based propulsion technology as well. In the heavy-duty vehicles sector, the fuel cell stack durability was reported as 15,000 h in 2020, with a projection to increase to 30,000 h by 2030. Similarly, in the maritime sector, the projected fuel cell system lifetime is expected to rise from 20,000 h in 2020 to 80,000 h by 2030, with a hydrogen bunkering rate of 20. The aviation and railway sectors exhibit similar trends, with the fuel cell module durability projected to increase from 15,000 h in 2020 to 30,000 h in 2030. Regarding the durability of SOFC stacks, it can be inferred by assessing the degradation rate of performance. In 2020, the degradation rate was reported as 0.6% per 1000 h, with a projection to decrease to 0.2% per 1000 h. This improvement in stack durability is expected to result in reduced production costs, with a projected decrease from 4000 € kW−1to less than 800 € kW−1. Additionally, the electrical efficiency is anticipated to improve by approximately 10 percentage points, increasing from 47% in 2020 to 57% in 2030.




8. Conclusions


In this paper, a SOFC system was characterized and experimentally tested on a test bench. The tests were carried out at the Fuel Cell and Hydrogen Lab of the Department of Mechanical, Energy, and Management Engineering of the University of Calabria (Italy).



Through experimental activities, different findings were obtained, which constitute important parameters to characterize the fuel cell system and, in addition, in a future scale-up phase, to design SOFC applications in the transportation field. In detail, approximately 7 h were needed to heat the SOFC stack to reach 750 °C; i.e., the nominal fuel cell stack temperature. After this preliminary stage, the experimental results, carried out imposing a specific set of values on the DC load, with a rate of 1 A min−1, were mainly concerned with the cell voltage, hydrogen utilization factor, and temperature. In the post-processing stage, the stack electrical and theoretical thermal powers were calculated, achieving 165 W and 80 W, respectively, and their efficiency compared to the energy provided in input by the hydrogen flow was 52% and 25% respectively.



Based on the presented analysis, it is evident that Solid Oxide Fuel Cells (SOFCs) have considerable application potential in multiple sectors of sustainable mobility, such as maritime and aviation. They have a competitive advantage over many other energy conversion technologies due to their high efficiency and fuel versatility. Therefore, the paper has discussed the technical viability of these applications, taking into account specific environmental conditions, capacity requirements, fuel storage and refueling operations, standards, regulations, and the potential for hybrid systems. In addition, the analysis encompassed the essential considerations for scaling up experimental data on SOFCs for practical applications in these industries. This included a comprehensive discussion of system durability, lifecycle costs, environmental impact, regulatory environment, and technological advancements.



SOFCs can be used for both propulsion and stationary on-board systems in the maritime industry. However, the unique conditions of the marine environment, such as corrosion from saltwater and humidity, present additional obstacles that must be overcome. Moreover, considering the marine drive cycle, SOFC systems may need to be hybridized with other energy systems in order to effectively manage dynamic loads.



The high-altitude operating environment presents a unique set of challenges to the aviation industry, including lower ambient pressure and temperature fluctuations. Similar to the maritime sector, a hybrid approach combining SOFCs with other energy systems may be required to manage the aviation drive cycle, especially to meet the high power requirements of take-off and climb.



Storage and refueling operations for SOFC systems are also essential considerations. In the maritime and aviation industries, the choice between gaseous and liquid hydrogen storage systems is largely determined by the application’s specific requirements, which include weight, space, safety, and existing infrastructure. Standards and regulations, especially those pertaining to safety, play a crucial role in the application of SOFCs in these industries. These are currently underdeveloped and will require development as technology advances.



In conclusion, while the use of SOFCs in sustainable mobility offers significant potential, it also presents a number of technical and regulatory hurdles that must be overcome. To overcome these obstacles and enable the widespread adoption of SOFCs in these sectors, continued research, development, and demonstrations are required.



Further experimental investigations will concern the operation of the SOFC test bench under the supply of different gas mixtures, such as biogas and biomethane, and different operating conditions, in terms of pressure and temperature levels, in order to assess the energy performance of the system under several real-world circumstances.
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Figure 1. Simplified scheme of the test bench of the Solid Oxide fuel cell stack. 
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Figure 2. Performance of the SOFC system during the heating phase: (a) Cathode side temperatures; (b) Anode side temperature; (c) Top and bottom temperature; (d) Mass flow rate of the main inputs. 
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Figure 3. Performance of the SOFC system during the test phase: (a) Electronic Load DC current; (b) Hydrogen flow and utilization factor. 
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Figure 4. Performance of the SOFC system during the test phase: (a) Cathode side temperatures; (b) Anode side temperature; (c) Top and bottom temperature; (d) Voltage of the six cells composing the stack. 
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Figure 5. Performance of the SOFC system during the test phase: (a) Electric power and efficiency; (d) Thermal power and efficiency; (c) Polarization curve with electrical performance; (d) Polarization curve with thermal performance. 
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Table 1. SOFC cell properties.
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	Fuel Cell Active Area\cm2
	80





	Anode
	Ni/YSZ



	Electrolyte
	8YSZ



	Cathode
	(La,Sr)(Co,Fe)O3/Gd2O3-CeO2
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Table 2. Advantages and disadvantages of SOFC application in the maritime sector.
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Pros

	
Cons and Restrictions






	

	
High Efficiency: SOFCs have a high electrical efficiency of about 50%, and in CHP operation, the efficiency can reach beyond 80%.



	
Fuel Flexibility: In contrast to other types of fuel cells, SOFCs are capable of using a range of fuels, such as hydrogen, methane, and other hydrocarbons.






	

	
High Operating Temperatures: the SOFCs’ high operating temperatures have both benefits and drawbacks. High efficiencies and fuel flexibility are made possible, but problems with materials and durability result as well. The materials may be subjected to heat stress and degradation, which could reduce the cell’s lifetime [74].









	

	
Slow Start-Up Times: Due to the high operating temperatures, fast start-up times can be problematic in applications where a speedy start-up is required.



	
Marine conditions: humidity, salinity, and temperature fluctuations.



	
Currently, SOFCs are more expensive than conventional power production technologies in terms of cost. As technology advances and economies of scale are obtained, costs could, nevertheless, decrease.
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Table 3. Drive cycle features for the maritime sector.
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	Features
	Maritime





	Power required
	<10 kW–50 MW [91]



	Average payload
	3000 Passengers [92]



	Driving range
	<1200 km [93]



	Current main propulsion
	Diesel, methane, LNG [94]
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Table 4. Advantages and disadvantages of SOFC application in the aviation sector.
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	Pros
	Cons and Restrictions





	
	
Efficiency: SOFCs have electrical efficiencies of 50% and can achieve total system efficiencies of over 80% when integrated with a combined heat and power system. This may lower the amount of fuel used.



	
Emissions: When compared to traditional jet engines, SOFCs emit less pollution. The only byproduct of using hydrogen as a fuel is water, which can help to lessen the carbon footprint of air travel.



	
Auxiliary Power: SOFCs might be utilized to supply auxiliary power for onboard systems, lessening the strain on the primary engines and enhancing system efficiency in general.





	
	
Dynamic Response: SOFCs are less suited to situations where power demand quickly fluctuates, such as during takeoff and landing, because they have shorter response times as a result of their high working temperatures.



	
Operating Circumstances: SOFC operation is complicated by the challenging aviation operating circumstances, which include high altitudes and chilly temperatures. To regulate heat and provide air compression, additional systems can be required.



	
Safety: Hydrogen, a common fuel for SOFCs, is very flammable and can create explosive combinations in the atmosphere. Safety mechanisms are therefore essential, especially in the restricted space of an aircraft.
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Table 5. Drive cycle features for the aviation sector.






Table 5. Drive cycle features for the aviation sector.





	Features
	Aviation





	Power required
	<10 kW–30 MW [114]



	Average Payload
	1000 Passengers [114,115]



	Driving range
	<11,000 km [115]



	Current main propulsion
	Kerosene [94]
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