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Abstract

:

A complete fuel cell-based auxiliary power unit in the 7.5 kWe power class utilizing diesel fuel was developed in accordance with the power density and start-up targets defined by the U.S. Department of Energy. The system includes a highly-integrated fuel processor with multifunctional reactors to facilitate autothermal reforming, the water-gas shift reaction, and catalytic combustion. It was designed with the help of process analyses, on the basis of which two commercial, high-temperature PEFC stacks and balance of plant components were selected. The complete system was packaged, which resulted in a volume of 187.5 l. After achieving a stable and reproducible stack performance based on a modified break-in procedure, a maximum power of 3.3 kWe was demonstrated in a single stack. Despite the strong deviation from design points resulting from a malfunctioning stack, all system functions could be validated. By scaling-up the performance of the functioning stack to the level of two stacks, a power density of 35 We l−1 could be estimated, which is close to the 40 We l−1 target. Furthermore, the start-up time could be reduced to less than 22 min, which exceeds the 30 min target. These results may bring diesel-based fuel cell auxiliary power units a step closer to use in real applications, which is supported by the demonstrated indicators.
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1. Introduction


Hydrogen technology is currently in the spotlight of international energy roadmaps [1] as a key solution to limiting the increase in greenhouse gas emissions and achieving long-term greenhouse gas neutrality. In this context, fuel cells are known as clean and efficient energy converters that can be used in various sectors and application areas [2,3,4], even including special applications utilizing microbial fuel cells [5,6]. Hydrogen is the optimal fuel for fuel cells; however, the use of fuel cells is not limited to pure hydrogen. The on-board reforming of liquid fuels such as methanol or diesel carry the advantage of enabling the quicker widespread deployment of fuel cells in many mobile applications without the need to wait for a complete hydrogen infrastructure to be established around the world. Such applications can profit from the high energy density of liquid fuels and their ease of handling. At the same time, diesel fuel and methanol can be produced from renewable routes of biogenic origin or via the power-to-fuel route, offering a sustainable option for future power systems in which the direct use of green hydrogen is not economically- or technically-feasible.



Although methanol-based fuel cell systems are already utilized in various applications, diesel-based fuel cell systems have yet to reach a commercialization status, as diesel reforming is far more challenging than methanol and necessitates complicated systems.



The main challenges of diesel reforming for fuel cell systems are conversion and durability issues related to catalysts, start-up/shut-down procedures, and system volume and weight. A recent survey of the literature on the complexity of diesel reforming and stability issues showed that many groups use surrogate fuels at low space velocities, and that the best performances with commercial fuels could be achieved by using precious metal catalysts in combination with the autothermal reforming route [7]. Research efforts also continue to develop Ni-based catalysts for the steam reforming of diesel [8]. Rh-based catalyst systems for autothermal diesel reforming are also being further developed experimentally and accompanied by modeling efforts [9,10,11]. A kinetic model for the autothermal reforming of diesel was recently developed, which was intended to provide a basis for reactor design and system operation efforts for auxiliary power unit (APU) applications, taking into account the complexity of the reaction network [12].



Several rapid start-up strategies have been published that focus on fuel processors. Maximini et al. reported a start time of 23 min and 40 s for their fuel processor based on the steam reforming of surrogate diesel [13]. Han et al. were able to reduce the start time of a conventional diesel autothermal reformer (ATR) from 60 min to 21 using hydrogen peroxide and its utilization heat [14]. In turn, Bae et al. coupled their ATR with the waste heat from a high-temperature fuel cell and managed to reduce the start time after the diesel supply to 9 min and the reformer start time to approximately 40 min [15]. All of these studies reflect recent progress in start-up strategies for diesel fuel processors based on ATR technology; however, the reported start-up times only refer to the start-up of the fuel processors and not the complete fuel cell systems.



For diesel-based fuel cell systems used in mobile applications, polymer electrolyte fuel cell (PEFC), solid oxide fuel cell (SOFC) and high-temperature PEFC (HT-PEFC) technologies are commonly preferred. PEFC technology offers high power densities and stack efficiencies due to the high technology readiness level of this stack type, but its low tolerance against CO leads to large systems and complex fuel processing configurations. The SOFC technology does not possess the same level of technological development for mobile applications such as PEFCs, but CO is not a catalyst poison for this technology, which substantially simplifies fuel processing. However, operation at high temperatures increases the start-up periods or requires a stand-by mode in the system at elevated temperatures if it is not being used. The HT-PEFC offers the advantage of increased CO tolerance and thus simpler fuel processing in comparison to PEFCs. There is also no need for humidification, and increased operating temperatures simplify heat management. In comparison to an SOFC, the lower operating temperature of around 160 °C permits a shorter start-up period. As a compromise between SOFC and PEFC technologies, the HT-PEFC features the lowest technology readiness level among these three fuel cell technologies.



Engelhardt et al. operated PEFC and HT-PEFC stacks with six and five cells, respectively, with the reformate from a diesel steam reformer permitting more stable voltage behavior in the case of HT-PEFCs due to the presence of high concentrations of higher hydrocarbons in the reformate [16]. Ekdunge et al. reported on the combination of diesel ATR with a PEFC for a truck APU [17]. This system was built for demonstration purposes and also included balance of plant (BoP) components. A gross efficiency of 29% was achieved at a maximum load of 2.35 kWe, whereas the net efficiency dropped to 19–23.5% after subtraction of the internal consumers. The dimensions and power density of the demonstrator were not reported. A similar system was developed by Pregelj et al. in the 3 kWe power class as part of the European Project Fuel Cell Based Power Generation (FCGEN), which exhibited 2.9 kWe gross electric power at 25.3% gross efficiency and 18.4% net efficiency [18]. Rautanen et al. operated a 0.5 kWe SOFC stack in a furnace with diesel reformate from ATR during inline testing. Following an initial phase of degradation, the stack displayed stable electrochemical performance [19]. The combination of the diesel ATR and metal-based SOFC technology is also being developed at the Korea Advanced Institute of Science and Technology (KAIST) with the aim of implementing it in truck APUs [20]. In another European Project, Demonstration of the first European SOFC Truck APU (DESTA), a diesel-based SOFC APU in the 3 kWe class was built to demonstrate in a truck [21]. This system achieved a 34% gross efficiency and 29% net efficiency and had a start-up time of 70 min from cold and 30 min under warm conditions, and a volume of 178 l.



The above discussion shows that various technology combinations have been realized and even complete fuel cell APUs with diesel reforming have been demonstrated to date. Most of the works reported laboratory testing and the complete system demonstrations showed the potential of higher power densities (40 We l−1) and shorter start-up times (30 min), which are defined as targets by the United States Department of Energy (U.S. DOE) for 1–10 kWe fuel cell APUs that operate on ultra-low-sulfur diesel fuel [22,23].



The main research question posed in this work concerns how to implement laboratory technology in an application-oriented system that takes power density and start-up time targets as a reference. For this purpose, a complete fuel cell APU was designed, manufactured, commissioned, and characterized. NEXBTL diesel from Neste, which is a renewable, synthetic diesel fuel produced from renewable fats and oils, was used in this work [24]. The fuel cell technology selected for the APU system was HT-PEFC-based due to its advantages in the context of start-up times by comparison to SOFCs and CO tolerances against PEFCs. As noted above, the technology readiness level of HT-PEFCs is not as high as that of PEFC or SOFC technologies. HT-PEFC technology remains the subject of numerous research initiatives. Schmidt lists the activity of the anode for CO oxidation in the presence of H2, that of cathodes in the presence of phosphoric acid (H3PO4), and high corrosion stability under dynamic conditions or local fuel starvation as the requirements to be met by a viable HT-PEFC catalyst [25]. Similarly, Lehnert et al. summarize a number of drawbacks of HT-PEFCs compared to PEFCs, including lower power density, high catalyst loading, the necessity of heating to at least 100 °C before power production in order to avoid the accumulation of liquid water inside the cells, which will finally lead to H3PO4 losses, and highly corrosive conditions due to hot H3PO4 [26]. Araya et al. point out the recent improvements in reliability on the component level and state that operating conditions and real-world interactions between components and system peripheries are currently the predominant cause of failures [27]. They list membrane and catalyst degradation, carbon corrosion, and electrolyte losses as the degradation mechanisms of the different components of an HT-PEFC. Non-ideal operating conditions that can lead to degradation include operation at open circuit voltage, start/stop cycles, contaminations such as CO, and insufficient fuel or oxidant supply leading to gas starvation.



A number of research groups have reported on the effects of impurities and temperatures, as well as operating strategies, on the performance of HT-PEFCs [28,29,30,31,32,33,34,35,36,37]. The number of studies of systems operated on diesel reformate is very limited, and several works focus on residential combined heat and power systems fueled by methane [38,39,40,41] and biogas [42,43] on the one hand, or methanol-based systems for mobile applications [44,45,46,47] on the other.



The novelty of the present work lies in its development of a complete fuel cell system based on autothermal diesel reforming and HT-PEFC stacks being complemented by further fuel processing and BoP components. A fuel cell system aimed at APU applications is characterized by compactness and quick start-up capability, inspired by the U.S. DOE targets. The novelty of the selected approach is to transfer the scientific and technical know-how from laboratory systems to a prototype that can be used in field tests and upgraded to industrial viability in the subsequent stage.



The paper is structured as follows: The materials and methods are presented in Section 2 to describe how the system was developed and which experimental approaches were applied to characterize it. Section 3 presents the results of the system experiments. A discussion of these in light of other publications is undertaken in Section 4. Finally, Section 5 derives conclusions from the results and their discussion.




2. Materials and Methods for Design and Testing


In this section, the materials and methods applied for the development and testing of the HT-PEFC system with diesel reforming technology are outlined.



2.1. Reactor and System Design


As mentioned in the introduction, the aim of system development is to achieve a complete fuel cell unit encompassing diesel fuel processing, stacks, and BoP components that enable its start-up, operation, and shut-down. Further highlights include the compactness and integrated quick start-up capability, as defined in the U.S. DOE targets.



The approach followed was to fully develop a fuel processor and combine it with commercially-available fuel cell technology in the first step. In the second step, commercial BoP components are selected.



In recent years, several fuel processor generations have been developed at Jülich that focus on quick start-up capability and stable steady-state operation. With these fuel processors, it was always sought to achieve a high power density with an eye to later system integration. The latest fuel processor in the sixth generation can be considered the final step in these developments before complete system integration. Using an electrical start-up strategy, it took 14–16 min for this system to complete the start-up procedure [48]. In further experiments, it was possible to simultaneously maximize fuel conversion in the reformer and CO conversion in the shift reactor, enabling optimal conditions for coupling with a high-temperature PEFC [7]. Previous achievements demonstrated that it is possible to develop highly integrated reactors for fuel processing. It is often stated in the literature that HT-PEFC stacks can be operated using reformates containing 1 (vol.)% CO without a critical performance drop. In order to achieve this set-up, the sixth generation fuel processor was built using an autothermal reformer, a two-stage water gas shift reactor, and a catalytic burner. Steam generation for the reforming reaction was realized in the heat exchangers placed in the reformer and catalytic burner. The heat exchanger placed in the reformer also adopted the function of temperature adjustment for the downstream shift reactor. Both shift stages were realized within one reactor shell in order to minimize heat losses and pressure drops. The start-up was achieved with the help of integrated electric heating wires in the reformer and shift reactor, with a glow plug placed at the catalytic burner inlet.



Despite this high level of system integration, the complexity of diesel reforming at a systems level indicates that further steps are required to achieve an even more compact system. It was clear that the three above-mentioned key components show a minimum of reactors to be used in a diesel fuel processor as part of an HT-PEFC system. The design strategy for the new generation fuel cell system, “APU S2”, reported in this work is based on the approach that all additional system functions must be integrated into these three key components.



For this purpose, the sixth-generation fuel processor system was further developed in this study. Due to its key role, the ATR 12 reformer was not changed and was also used in the complete fuel cell system. The computational fluid dynamics (CFD)-assisted design approach of the ATR 12 was published in Peters et al. [49], its component-level characterization in Pasel et al. [50], and system-level characterization in Samsun et al. [7]. The extended functions were realized in the new versions of the catalytic burner (CAB) and the water-gas shift (WGS) reactor. In order to describe these functions, the system design is presented in Figure 1.



The basic strategy of steam preparation within the heat exchangers of the reformer and catalytic burner was maintained in the APU S2, as in the sixth-generation fuel processor. The strategy is explained and experimentally-validated for a complete fuel cell system in the preceding generation, the APU S1 [51]. In this work, most of the additional functions are included in the new catalytic burner CAB 6. This was developed on the basis of the CAB 5, which was initially conceptualized for this system but could not be realized due to the technological risks associated with the laser additive manufacturing technology [52]. Therefore, in this study the same concept was further developed for conventional manufacturing technology. The features of the CAB 6 are listed below:




	-

	
CAB 6 is designed to be used with anode off-gas during the normal operation of the fuel cell system. During start-up, when the fuel cell has not yet reached its optimal operating temperature, the reformate produced in the fuel processor is fully processed in the catalytic burner in order to heat the stacks with the produced heat. In both modes of operation, the main task of the catalytic burner is the combustion of all calorific components (methane, carbon monoxide, hydrogen, and possibly higher hydrocarbons) and production of an off-gas that is mainly composed of CO2, H2O, and N2.




	-

	
As Figure 1 illustrates in a simplified manner, the catalytic burner features several inlets and outlets. In order to realize a number of various functions, CAB 6 was built as a pressure vessel featuring several shells. The monolith containing the precious metal catalyst was placed in the middle segment of the reactor and serves as a heat source for all of the heat recovery functions that are discussed in the following. Air for catalytic combustion enters the reactor from the bottom part in the middle after passing through a glow plug. The feed gases also enter the CAB at this position.




	-

	
On top of the CAB 6, some of the reforming water is sprayed via a nozzle, which is evaporated upon contact with a hot hemisphere surface. Hot combustion gases from the monolith flow through the bottom part of this surface, and are directed to a shell and tube heat exchanger after passing the first hollow volume surrounding the catalyst bed.




	-

	
The evaporated steam flows through the second hollow volume, in which a complete evaporation and slight superheating is sustained. A part of the air for the ATR is also fed through the upper section of the CAB 6, together with water for the ATR. The mixture of superheated steam and part of the reforming air leaves the CAB 6 on the lower section and these are directed to the reformer for further processing in the reformer heat exchanger via the brown line.




	-

	
The off-gas flows through the shell component of the above-mentioned shell and tube heat exchanger, which can be considered the third hollow volume. The heat exchange fluid, colored in purple, flows through the tube side of this heat exchanger. With this loop, the catalytic burner is thermally coupled to the fuel cell stack, and therefore the excess heat from reformate combustion during the start-up phase can be used to heat up the stacks.




	-

	
The remaining part of the reforming air is fed into the catalytic burner through the fourth hollow volume covering the entire reactor. Air leaves the CAB 6 through the red line on the bottom part, which is directly connected to the reformer’s fuel mixing chamber.









In summary, the integrated catalytic burner CAB 6 performs several heat exchange functions, including steam evaporation, air pre-heating over two paths, heat exchange fluid tempering, and off-gas cooling. In addition to its heat exchange functions, the CAB 6 also includes a diffusor for the homogenization of the air/feed gas mixture and a flame arrester at its inlet. The monolith has a volume of 1.29 l, whereas the complete reactor has a gross volume of 19.2 l and net volume of 10.4 l. The complete reactor has a mass of 9.6 kg, with the heat exchange area totaling 810,000 mm2. The concept development for the reactor was supported by CFD simulations, which are reported in Meißner at al. [52]. In addition to these, further CFD simulations using ANSYS Fluent were performed in order to optimize the flow distribution in the shell and tube heat exchanger, which resulted in a modified diffusor geometry to uniformly guide the off-gas flow through the heat exchanger channels. The dimensioning of the reactor walls was performed on the basis of detailed thermo-mechanical analyses that drew on the finite element method (FEM) using ANSYS Mechanical. The dimensions and type of catalyst were the same as those in CAB 3, and are outlined in detail in Samsun et al. [53].



Similarly, the new water-gas shift reactor generation WGS 6B_WÜ presented in this work represents a further development of its predecessor, the WGS 6B [48]. The main features of the WGS 6B_WÜ are as follows:




	-

	
Similar to the WGS 6B, the inner component of the reactor represents the catalytic reaction zone for the high-temperature shift (HTS) stage. After the HTS, water is sprayed onto a hot hemispheric surface, which faces a hot reformate flow on its other surface, resulting in the evaporation of steam and a strong cooling of the reformate gas from the HTS. In contrast to the concept embodied in the CAB 6, both flows are mixed and flow through the hollow volume between both shift stages, as the added water is used as an educt in the low-temperature shift stage (LTS) that covers this hollow volume. As in the case of WGS 6B, an electrical heater is positioned between the HTS and LTS stages that heats up the WGS reactor during start-up. In comparison to the WGS 6B, the heater has a higher maximum heating power of 2.6 kW.




	-

	
Similar to CAB 6, a shell and tube heat exchanger surrounds the LTS stage. The hot reformate leaving the LTS flows through the tube side, which is cooled before entering the anode compartment of the fuel cell stack. Cold air flows through the shell side of this heat exchanger, which is heated prior to entering the cathode compartment of the fuel cell. By this, the fuel cell stack and WGS reactor are thermally-coupled.









The resulting reactor has a monolith volume of 1.43 l for the low-temperature shift stage, 0.62 l for the high-temperature one, a gross volume of 12.5 l, a net volume of 10.9 l, a mass of 9 kg, and a heat exchange area of 740,000 mm2. As the catalytic section is the same as in the WGS 6B, further information on the catalyst type and its dimensions can be found in Samsun et al. [48]. Through the integration of this shell and tube heat exchanger in the shift reactor, another heat exchange function was realized without the use of additional components in the system. Similar to the CAB 6, the weight of the WGS 6B_WÜ was optimized through simulations based on FEM.



Both reactors were produced using industrial manufacturing methods in order to reduce costs in later, small series production. Figure 2 displays cross-sectional views of the newly-developed multi-functional reactors CAB 6 and WGS 6B_WÜ.



As noted above, a commercial stack technology was selected for the system. As no diesel-based fuel cell systems are currently available in the market, HT-PEFC stacks from Serenergy were used. Serenergy is not a stack manufacturer, but a producer of complete fuel cell systems with methanol reforming. Given that no data was available on the stack performance using reformate from autothermal diesel reforming, characteristic polarization curves from the previous system generation, the APU S1, were used for the dimensioning process, in which in-house-developed HT-PEFC stacks using commercial phosphoric acid-doped polybenzimidazole (PBI) membranes were employed [51]. For this, a hydrogen utilization rate of 83% and 1 (vol.)% CO concentration in wet product gas at the WGS outlet was assumed. The S 165 L liquid-cooled HT-PEFC stack from Serenergy is available in 25-, 65-, and 120-cell configurations, each of which has an active cell area of 163.5 cm2 [54]. In order to utilize the available potential of the developed fuel processor components, two stacks with the highest cell number were selected, resulting in 240 cells in total. At the selected operating point of 410 mA cm−2, a cell voltage of 475 mV is estimated, resulting in a 7.5 kWe power output from two stacks if 2520 g h−1 NEXBTL diesel is used for the reforming. With this, the power class of the APU system is also set. It must be noted that the fuel processor components are designed for a maximum fuel flow rate of 2700 g h−1. Therefore, by using two stacks with 120 cells each, the maximum hydrogen generation rate of the fuel processor is also approached. Further assumptions regarding this dimensioning are a molar oxygen-to-carbon ratio of 0.47 and steam-to-carbon ratio of 1.9 in the reformer, stack operation at λair = 2 and λfuel = 1.2, and catalytic burner operation at λair = 1.3.



However, as the selected stacks are normally used in methanol-based systems, they are mounted together with specially-developed end plates with integrated flow channels for their original use. In the case of APU S2, it was necessary to develop new end plates to operate the stacks and combine them with the fuel processor. At the same time, a sound strategy was required to ensure the homogenous distribution of the fuel, air, and heat transfer medium to both stacks. In combination with the goal of building a compact system, manifolds were developed to combine both stacks with each other and enable the implementation of space-saving interfaces to the fuel processing system. The developed geometries were optimized with the help of CFD simulations to ensure the homogenous distribution of educts to each stack. As Figure 3 shows, the distributions of the air and reformate educts were quite close to the ideal level of 50%. The larger deviation was observed for air, which is not critical, as the cathode side is operated with a large amount of excess air (see above). The anode side is also operated with an excessive quantity of reformate. The calculated values lead to a variation in the anode side stoichiometry between 1.18 and 1.22, which is unproblematic for the stack’s stable operation. In the case of the heat exchange medium, the distribution is even more homogeneous than for both educts.



The designed manifolds were manufactured using laser additive manufacturing. Figure 4 displays an illustration to explain the final geometry of the developed end plates and how they combine both stacks with one another.



Up until this step, the main system components were selected in terms of Basic Engineering. Before selecting the BoP components, which must serve all operating modes, the system design must be finalized according to Detailed Engineering parameters. The Detailed Engineering calculations were performed for various operating loads and modes for start-up, and are outlined briefly in Table 1.



In normal operation mode, a hydrogen-rich gas is produced in the reformer and WGS reactor, which is then electrochemically-converted into heat and electricity in the fuel cell stacks, together with air as the oxidant. The anode off-gas is catalytically-combusted in the catalytic burner. Three cases are defined for this scenario using the same assumptions as above for “Basic Engineering” considering reformer, stack, and catalytic burner operation.



The minimum load (2.8 kWe) is determined through the reformer load of 25.8% (696 g h−1 diesel), at which the diesel spray formation can still be sustained. This is the prerequisite for stable reformer operation. An average cell voltage of 650 mV is estimated for this point. It is also possible to achieve operation at lower loads at the expense of a higher fuel stoichiometry than λfuel = 1.2, but this option was not considered, as it leads to a higher fuel consumption and lower system efficiency. At a medium load (5 kWe) the reformer load corresponds to 53% and the average cell voltage is estimated to be 555 mV. Finally, the maximum load case corresponds to 7.5 kWe, which is already defined in the Basic Engineering at the 93% reformer load. It is clear that the reformer load does not change as a linear function of the stack power, as the average cell voltage and therefore the fuel cell efficiency drop at higher current densities.



In start phase A, the system is heated up using the electrical heating wires in the reformer and shift reactor and the glow plug that is placed in the air inlet of the catalytic burner. In order to transfer the produced heat to the system components, all of the three air compressors (reformer, catalytic burner, and cathode) are operated at 10,000 Nl h−1.



Start phase B refers to a special operating phase in which the fuel processor is already in operation but the stacks have not yet reached their minimum operating temperature of 140 °C. In this phase, all of the produced reformate is bypassed through the dashed line in Figure 1 and burned in the catalytic burner at a high air ratio of λair = 3.5. Such a high air ratio is required in order to keep the adiabatic reaction temperature in the catalytic burner below the 950 °C limit. In comparison to normal operation with the anode off-gas, the catalytic combustion of the reformate presents a huge challenge for the catalytic burner, as the complete amount of produced reformate with its calorific components of hydrogen, carbon monoxide, and methane must be converted into steam and carbon dioxide in order to ensure low-emission operation. Therefore, this operating mode is restricted with a maximum 50% reformer load in start phase B1 and even lower loads in B2 and B3. Higher reformer loads in this phase can reduce the start time, as more heat will be available to heat up the stacks.



Finally, start phase C describes the transition mode from start phase B to normal operation modes. In order to minimize the pressure increase on the anode during the switch from reformate mode to stack operation mode due to the large amount of combustion air in reformate mode, the reformer load is reduced to a minimum in this phase and the valve position at the anode inlet is changed so that the produced reformate flows through the anode instead of the catalytic burner.



Based on these principles, the set of flow rates and temperatures at different positions of the system layout were determined with the help of process simulations for different operating modes, and are listed in Table 2. NEXBTL diesel from Neste, simulated by the hydrocarbon C17H36, was used in the process simulations and experiments in this work. The fuel properties are listed elsewhere [55]. All simulations were performed using an oxygen-to-carbon ratio of 0.47 and a steam-to-carbon ratio of 1.9 in the reformer, except for start phase A, during which the system was heated up with air. A share of 70% of the reforming water was introduced to the ATR mixing chamber by being passed through the heat exchangers in CAB and ATR, following the steam path, as explained above. The remaining 30% was introduced directly through the ATR heat exchanger and was therefore mixed with the first mixture on the upper side of the reformer. Similarly, a share of 30% of the reforming air was distributed via the steam path through the heat exchangers in the CAB and ATR. The remaining share of 70% was introduced directly into the ATR mixing chamber after being pre-heated in the CAB heat exchanger. These ratios could be adjusted during the experiments as needed.



The flow rates displayed in Table 2 show clear trends. On the one hand, the normal operating modes include cases with higher reformer loads and therefore higher flow rates in the reformer and shift reactor. In addition, high amounts of air are required in the stack in order for the electrochemical reactions at the selected air stoichiometries to be realized. As most of the hydrogen is already used in the stacks, the catalytic burner is operated at comparatively lower flow rates of anode off-gas and air than in start-up phase B. On the other hand, start-up phase B shows lower flow rates in the system, apart from the catalytic burner. Here, operation with reformate results in a seven-fold increase in the maximum air flow, and the amount of off-gas is more than doubled.



Table 3 complements the data compiled for the “Detailed Engineering” analysis, with temperatures and gas compositions at selected positions in the system, such as the ATR, WGS, anode, cathode, and CAB outlets. For the first two, the design temperatures and compositions were identical in both operating modes. Again, the CO concentration at the WGS outlet was set to the target value of 1 (vol.)% in wet product gas. For the last three positions, the values differ according to the operating mode. It must be noted that a temperature increase of 10 K is allowed in the stack during APU operation mode. For the cooling and heating of the stacks, triethylene glycol (TEG) is used as the heat transfer medium. The cooling/heating loop was already presented in Figure 1. For the ATR, WGS, and CAB, the design temperatures represent those at the reactor outlet, which also includes the heat exchangers. The outlet temperatures at the catalytic zones are much higher, at around 680 °C for the ATR, 320 °C for the WGS, and 670–730 °C for the CAB. Based on the set of defined operating parameters, combined with the integrated design approach, a self-sustaining system is realized, which requires no extra heat input for the operation of the system during steady-state.



For the “Detailed Engineering”, the pressure losses were estimated in order to determine the required pressure levels of the air compressors in the system. The air compressor for the ATR, which was connected to the CAB for the above-discussed pre-heating, must deliver 1.42 bar(a). The air compressor for the stack must deliver 1.24 bar(a) and the air compressor for the CAB 1.14 bar(a). Similarly, the pressure levels for the liquid pumps for the water and fuel supply were determined so that appropriate pump-nozzle combinations could be selected, which can produce good spray behavior for the selected operating window. Accordingly, the water pumps will deliver 22 bar(a) and the diesel pump 81 bar(a). Based on this information, the BoP components were selected in the next step.



For the sake of completeness, the BoP components were categorized and listed in different groups consisting of the flow meter, compressor, pump, glow plug, valve, filter, heat exchanger, fan, and pressure transmitter in Table A1, which can be found in the Appendix A. The main selection criteria for the BoP components was their compactness and reliability. Furthermore, all BoP components could be operated at low DC voltages (12, 24 or 48 V). The three air compressors from Celeroton are turbo compressors that are not only compact but also feature very high isentropic efficiencies on the order of 58–59% [56]. Moreover, they function in battery and fuel cell modes, representing the system start and normal operation, respectively. Despite the large discrepancy between the required air flow rates from the CAB compressor for the start-up phase and normal operation (see Table 2), this task was achieved with a single compressor. As the air flow rates during normal operation are very low, the compressor delivers a higher flow rate during normal operation and a solenoid valve discharges excess air. This approach is acceptable from an energetic point of view, as the selected compressor features an exceedingly low power consumption of less than 50 W at a maximum load point during normal operation. A further highlight is the diesel micro-pump from Hydro Leduc, which enables high liquid pressures as a good alternative to fragile laboratory pumps. In addition, the membrane pumps from KNF offer a cost-effective and compact solution for water supply. Several flow meters are used in addition to compressors and pumps in order to achieve the smooth and precise operation of the complete system at pre-defined and reproducible input parameters. The BoP list also contains several valves that are used to adjust the flow distribution through different paths, such as air distribution for the reforming reaction, CAB operation with anode off-gas or reformate, or non-return valves to avoid backflows in order to sustain proper system functioning and as a safety consideration. Tailor-made heat exchangers from Thermatron were used in cooling loops, together with ebm-papst fans. Finally, several pressure transmitters were used in the system in order to monitor the operating pressure at selected locations to control the flow stability and operate the BoP components and main system components within their permissible and recommended pressure levels.



The next step in the system’s development was its packaging design. Here, the challenge was to demonstrate the 40 We l−1 target defined for fuel cell-based APUs by the U.S. DOE. For this purpose, starting from the estimated power output of 7.5 kWe, an available volume of 187.5 l was calculated as the design basis. Following preliminary design studies, it was decided to place the two stacks at the upper back portion and the fuel processor components in the frontal section. With this configuration, the lower back part of the available system volume remained for the BoP components. This available volume has the advantage of operating the critical electronics of the BoP components at an ideal temperature level. In order to combine all of the system components according to the simplified system layout presented in Figure 1, an intensive design study was performed with the help of computer-aided design (CAD), analogous to packaging concepts utilized in the automotive industry. This design study yielded the CAD model shown on the left-hand side of Figure 5.



In the next step, the system was assembled in accordance with this model. The built system, which is shown in the middle and on the right-hand side of Figure 5, featured a volume of 187.5 l, which resulted in a power density of 40 We l−1 in terms of system performance estimated in the Detailed Engineering phase, based on the process simulations.




2.2. Experimental


The next step was the validation of the design with the aid of experiments. For this purpose, the following experiments were planned:




	
Commissioning of the system and break-in procedure of the stacks.



	
Characterization of the system at steady-state: Normal system operation at different loads.



	
Optimization of the start-up phase.








For the commissioning, the BoP components were first tested and, where necessary, calibrated. The characteristic curves were generated in order to predict and assess their performance at different operating points. As this was a technical process, the details of the commissioning of the BoP components are not discussed in detail. Subsequently, the fuel processor was taken into operation without an electrochemical reaction in the stacks, as per start phases A and B.



In the second part of the commissioning, the fuel cell stacks were taken into operation. In the literature, different approaches for the break-in procedure of HT-PEFCs are reported. Tingelöf and Ihonen investigated different procedures for HT-PEFCs with phosphoric acid-doped polybenzimidazole membranes [57]. They observed that the 100 h break-in with hydrogen at a low current density (0.2 A cm−2) at 160 °C, as recommended by the membrane electrode assembly supplier, leads to a voltage increase of 20–25 mV over 100 h. They also observed a further performance increase after 100 h. In a second approach, they tested the potential cyclic break-in, but found out that this approach did not increase the cell performance. Finally, they identified a suitable break-in procedure to cover a one-day galvanostatic operation at 200 °C, followed by two days of relaxation at 160 °C.



Amongst other groups, Thomas et al. [58] compared different break-in times and analyzed the effect of operation with reformate from methanol reforming during and after break-in. The break-in was realized at a low current density of 0.2 A cm−2. Their results showed that different break-in times did not affect cell performance. The break-in tests with reformate instead of hydrogen also showed little or only negligible voltage losses during break-in.



In the case of the highly integrated system design developed in this study, it was not possible to achieve a break-in with pure hydrogen. Therefore, a break-in of at least 24 h at a low load was planned with the reformate. However, the strong drop in the average cell voltage, as will be reported in the results section, indicated that it would not be possible to conduct a 24 h break-in experiment, even at a low current density. Therefore, an alternative break-in approach was developed for this study. According to this procedure, each break-in experiment consisted of 1 h of operation at 20 A (0.12 A cm−2), followed by 1 h at 10 A (0.06 A cm−2).



After having reached a stable performance through a series of break-in experiments, the system load was varied in order to analyze the system performance with the help of polarization curves. For these experiments, the composition of the reformate at the WGS outlet was continuously analyzed using a combination of a mass and Fourier-transform infrared (FTIR) spectrometer (Cirrus 2/Multigas TM 2030). For these analyses, dry gas samples were used following their condensation at 7 °C. Further details on the equipment used and the measurement uncertainties can be found in Samsun et al. [53]. In addition, further gas analyses were performed for the reformate at the ATR outlet and off-gases at the CAB outlet at steady-state points.



The break-in and characterization experiments were conducted at different reformer loads with pre-defined parameters, such as a molar steam-to-carbon ratio (1.9) and oxygen-to-carbon ratio (0.47) in the ATR, an air ratio of 1.3 in the CAB and 2.0 in the HT-PEFC cathode, and a hydrogen utilization of 83% in the stack, unless otherwise stated in the results section.



After characterizing the system, the focus was placed on the start-up period. The U.S. DOE targets call for a start-up time of 30 min from ambient temperature [22]. As explained in the system design section, the system featured an integrated start-up capability, which means that it can be started without the need for an external heat source other than electric current. The heating up of the fuel processor reactors and the preparation of superheated steam for the autothermal reforming was enabled by the electrical heating wires in the ATR and WGS. The glow plug placed at the CAB inlet helps to heat the CAB catalyst during start-up. At the beginning of the start-up procedure, all three heaters are turned on at their pre-defined levels and the air feed begins through the catalytic burner and shift reactor inlets. The CAB glow plug is turned off after the start of catalytic combustion in the reactor. The ATR heater is turned off after having reached 500 °C in the middle of the ATR monolith and ensuring internal steam production at temperatures higher than 100 °C in the CAB, after the start of the reforming reactions. The WGS heater is turned off upon reaching 225 °C at the inlet of the LTS stage. Once the fuel processor commences operation, the system can recover its excess heat for educt recovery and the electrical heaters are turned off. This part of the start-up strategy was already validated and optimized using the sixth-generation fuel processor [48]. For the APU system, however, start-up is only completed if the fuel cell stacks are brought to ideal operating temperatures, whereby the electrochemical reactions can begin. As discussed in the system design phase, the fuel processor and fuel cell stacks are thermally-coupled through the heat exchange fluid. In the start-up phase, the excess heat from the CAB operating in reformate mode is transferred to stack heating. Thus, the experiments to optimize the start-up period have the aim of finding the best operating phase among start-up phases B1–B3 that can ensure the quickest start-up time without exceeding the temperature, pressure, and flow rate limits defined for various system components. For this purpose, a series of start-up experiments were performed, the results of which will be discussed in the next section.





3. Results


In this section, the experimental results are presented in three parts, namely: the break-in procedure, characterization, and start-up.



3.1. Break-In Procedure


During the first experiment on the full system under operation (E5), it was found that the complete current was delivered by a single stack. An electrical measurement showed no indices for a short-circuit and the final inspections before the assembly of the stacks in the system did not show any signs of a malfunction. In order to exclude the possibility of a non-homogenous distribution of educts, the upper and lower stacks were exchanged. Yet, the same stack continued to show no signs of electrochemical activity, whereas the other one delivered the complete power. This situation did not change during further experiments. The malfunctioning of the stack could be explained by defects in the cross-tightness between the anode and cathode parts of some cells, but it was not possible to determine a concrete reason for this. This issue complicated the system’s operation, as the current set-up distributed the produced reformate gas equally to the two stacks without the possibility of detaching one stack or guiding the reformate through a single stack.



The direct consequence of this issue was the operation of the functioning stack at the desired hydrogen utilization level while the non-functioning stack was operated at zero hydrogen utilization. The overall hydrogen utilization was only 41.5% instead of 83% at the design point. Consequently, the CAB had to process 58.5% of the produced hydrogen instead of 17%. As the CAB was thermally-coupled with the ATR via the steam and air paths, it is obvious that the malfunctioning of the stack also led to a shift in the design points for the upstream reactors ATR and WGS as well.



Nevertheless, it was still possible to operate the system with a single stack and test almost all of its functions. As noted in the previous section, a modified break-in procedure was applied, as it was not possible to achieve stable stack performance during its first contact with the reformate. This is because the functioning stack was also not in the ideal state at the start of the experiments. The stacks were purchased new for this system and had not been used previously. However, the long downtime of the stacks prior to their first use in the system, on the order of several years, strongly influenced their performance in a negative manner, despite their storage under vacuum conditions and frequent purging with nitrogen during this period.



A series of experiments, depicted in Figure 6, summarized the applied break-in procedure beginning with E5 and ending with E25. In the first experiment, E5, a strong decrease in the stack voltage could already be observed in the beginning of the experiment at 20 A, with a drop in the stack voltage from 69 V to 61 V within a period of 8 min. Due to this strong drop in cell voltage within this short period, it was clear that the recommended break-in procedure at a low current density for a period of 24 h would not be possible to achieve. In decreasing the current to 15 A, the decreasing rate of the voltage drop was only slightly reduced, and therefore the current was reduced to 10 A for the remaining part of the experiment, which lasted 140 min, during which the stack voltage showed a more stable trend. Especially during the last hour, the stack voltage was stable at 62 V. The next experiment, E7, featured better performance, whereby the stack was first operated for 70 min at 20 A and then another 70 min at 10 A. Despite a strong voltage drop, especially during the first period, the voltages were higher than in E5, and were again stable towards the end of the experiment. Also in E8, the voltage curves exhibited a better trend with respect to the voltage drop and were higher than those in E7. Until this point, an improvement in the stack performance had been observed in every experiment.



Experiment E10 was performed after a couple of days of no operation due to a weekend falling in between. In this experiment, especially in the beginning, a comparable performance to E8 was observed, with no performance improvement, unlike in the previous experiments. This indicates that even a short downtime of stacks for a weekend negatively affects their performance. In the course of the experiment, a stable performance was again observed, which was better than in the previous experiments. Unlike the other experiments, this experiment was continued for a longer time period in order to check the effect of slight parameter changes on the stack performance. The drop in stack voltage at around 125 min in Figure 6 can be explained by the negative disturbance that resulted in an increased CO concentration of >1 (vol.)%. In the further course of the experiment, the CO concentration at the WGS outlet was again reduced to <0.5 (vol.)%, so that the original stack voltage was restored and remained stable at the end of this extended experiment, which lasted more than 3.5 h. In the next two experiments, E11 and E12, the stack voltage curves displayed another improvement in favor of a more stable trend and higher levels. The remaining experiments exhibited a more or less similar trend. Even at 20 A, the stack voltage curves showed stable behavior and the values at 10 A could be considered totally stable at around 81 V during the 1 h of operation at this current.



As no further improvement was observed in the electrochemical performance, the break-in experiments were closed at this stage with E25. It must be noted that the resulting procedure, with 1 h of operation at 20 A and another hour at 10 A, was established as the standard break-in approach, and so these experiments were also performed after longer periods of downtime. It must be noted here that Figure 6 only shows a selection of the experiments for the sake of simplicity. Figure A1 in Appendix B displays a complete overview of further experiments corresponding to this strategy.




3.2. Normal Operation Mode


After achieving a stable voltage level following the break-in experiments, the system was characterized with the help of polarization curves. For this experimental series, the reformer load was varied for different measurement points and the current density was set to pre-defined values. The stack voltage and the produced electrical power were read as the results. In parallel, all flow rates, temperatures, and pressures were recorded and gas samples were taken for an analysis of the concentrations.



The reformer load was varied between 25.7% and 83.7% according to the accompanying parameters defined in the design section. The load changes were attained within 5 s by applying the load change strategy developed for the sixth generation fuel processor in Samsun et al. [7]. The continuous product gas analyses indicated that the CO concentration at the WGS outlet remained under 1 (vol.)% (dry gas) at all times during these experiments. As already noted, because the produced reformate was equally distributed to each stack, but electrochemical reactions took place in only one, the catalytic burner was operated at a much higher air flow rate so that the total amount of anode off-gas could be utilized in the catalytic burner. This deviation resulted in higher reaction temperatures in the catalytic burner and higher pressure drops than initially estimated. As a direct consequence, the maximum load of the reformer was limited to 83.7%, and it was not possible to achieve the pre-defined maximum load of 93%, which was required to obtain the maximum power point of 3.75 kWe per stack according to the process simulations. Thus, the potential of the reformer could not be fully exploited due to the fact that the CAB was overloaded by zero hydrogen utilization in one stack, together with the resulting high temperatures and pressures in the system.



However, it was possible to operate the stack and check all system functions despite this large deviation from the design parameters. Figure 7 shows the polarization curves from two experiments, which were reproducible. At the highest current density of 396 mA cm−2, operation at the maximum possible reformer load of 83.7% (corresponding to 2260 g h−1 NEXBTL diesel, n(O2)/n(C) = 0.48, n(H2O)/n(C) = 1.9, a share of 65% of ATR water, and 60% of ATR air via steam path through the CAB, 1790 g h−1 water feed to LTS, 32,800 Nl h−1 air for cathode via WGS, 18,000 Nl h−1 air for the CAB) resulted in 3.3 kW of electrical power from one stack.



The complete heat exchange strategy was validated in this experiment, with a steam-air mixture temperature of 356 °C at the ATR heat exchanger inlet and 460 °C at the ATR mixing chamber inlet, an ATR air temperature of 160 °C at the mixing chamber inlet, a cathode air temperature of 149 °C, and a reformate temperature of 146 °C at the stack inlets. Moreover, the heat exchange fluid had a temperature of 159 °C at the stack inlet and 167 °C at the stack outlet, revealing a highly effective cooling of the stack within the allowable limits (10 K) at the maximum load.



The main components in the analyzed dry product gas sample taken at the WGS outlet were hydrogen (41.5 (vol.)%), nitrogen (37.4 (vol.)%), carbon dioxide (19.8 (vol.)%), argon (0.6 (vol.)%), carbon monoxide (0.5 (vol.)%), and methane (0.2 (vol.)%). Balance calculations showed that the product gas also contained 22.9 (vol.)% steam, so that the concentration of CO of the wet product gas at the anode inlet dropped to 0.4 (vol.)%. The concentrations of undesired side products were at a negligible level at their detection limits.



Further balance calculations showed that the hydrogen utilization of the anode was 88%, which was even higher than the 83% targeted in the process simulations. With these results, the achieved electrical power of 3.3 kW was 450 W lower than the maximum power target defined in the process simulations. Higher power levels at a higher current density could not be achieved so as to not exceed the maximum allowable pressure difference between the anode and cathode (200 mbar) due to the overloading of the catalytic burner, with one stack operating at zero hydrogen utilization. Consequently, higher reformer loads could not be obtained, which could lead to higher power at higher current densities.



During complete system operation in APU mode, all calorific gases were catalytically-converted into steam and carbon dioxide in the catalytic burner, although one stack exhibited no hydrogen utilization, substantially increasing the load of the catalytic burner by comparison to its design point. In this mode, an example gas analysis revealed no hydrogen and carbon monoxide, 81.5 (vol.)% nitrogen, 10.9 (vol.)% oxygen, 6.4 (vol.)% carbon dioxide, 1.3 (vol.)% argon, and very low amounts of methane (0.0014 (vol.)%). During reformate operation, such as in the start phase, which presents the highest challenge for the CAB, an example gas analysis again showed no hydrogen and carbon monoxide, 80.9 (vol.)% nitrogen, 13.1 (vol.)% oxygen, 5.0 (vol.)% carbon dioxide, 1.0 (vol.)% argon, and higher but still very low amounts of methane (0.01 (vol.)%). In both cases, the undesired side products of reforming (higher hydrocarbons) were below their detection limits.




3.3. System Start


As noted in the previous section, the goal of the start-up experiments was to reach the 30 min start-up time target. Until this stage, the heating-up and start of operation were realized under mild conditions, resulting in a start-up period of 60–70 min. Such a long start-up period is energy-intensive and limits the practical applications of a fuel cell APU. The start-up segment of the system’s steady-state experiments showed that it would not be possible to achieve the 30 min target according to the parameters defined in start-up phase B3 (see Table 2).



In this section, the results of the four start-up experiments (SE) are presented. In the first two experiments, SE1 and SE2, parameters corresponding to start-up phase B2 were applied, which are based on a reformer load of 37%. The last two experiments, SE3 and SE4, were performed according to start-up phase B1 at a 50% reformer load, which is the highest possible reformer load during start-up. The reformer was always started at the minimum load of 25.7% before increasing the load level to 37% and 50%, respectively, for start-up phase B. During all stages, the molar oxygen-to-carbon ratio was set to 0.48 and the steam-to-carbon ratio to 1.9.



In the following, the results are discussed with reference to Figure 8. Figure 8a shows the typical flow rates of fuel (left) and air (right) at the inlet of the ATR mixing chamber, which play the key role in the reformer’s start-up. In each experiment, the fuel flow is set to a higher flow rate than the minimum value, corresponding to a 25.7% load for a few seconds in order to initiate a spray formation at the selected low load level. In Figure 8b, the course of carbon monoxide concentrations (dry state) at the outlet of the WGS reactor are given, which are critical for stack operation. Finally, Figure 8c shows the response of the stack with the help of the stack voltage (left) and current (right) curves.



In start-up experiment SE1, the electrical heating wires in the reformer and shift reactor were heated at 2640 We and 687 We, respectively. The glow plug at the CAB inlet was heated at 771 We. Reforming started after 8 min 30 s, with the CO concentration at the anode outlet being less than 1 (vol.)% after 12 min 24 s. Electricity generation by the stack was commenced after 30 min.



SE2 was performed with exactly the same parameters as SE1 with one exception: in SE2, the reformer load was increased to its steady-state value for reformate operation (start-up phase B2) in one step instead of three. The three-step load increase, which can be clearly observed in Figure 8a, obviously prolonged the start-up period in SE1, as this measure boosted the start-up strategy in SE2, thus reducing the start-up period to 28 min 30 s. As expected, the start-up of the reforming did not change in this experiment.



Switching to the operating parameters corresponding to start-up phase B3 in SE3, a substantial reduction in the start-up period was demonstrated without increasing the power input to heat the reactors. With this measure, the start-up time was reduced to 23 min 55 s. The start of the reforming did not change as in SE2, but took longer (13 min 39 s) to reduce the CO concentration to the target value of below 1 (vol.)% due to the load increase at the beginning.



In the final start-up experiment SE4, two additional measures were applied. First, the internal heating wire of the ATR was operated at a slightly higher power level of 3020 W. With the start of the reformer’s operation, the power was reduced to the same level as in SE1–SE3 in order to avoid overheating, before the wire was fully shut down. As a second measure, the complete ATR air was introduced through the steam path, so that the complete air amount arrived at the ATR mixing chamber and therefore the ATR catalyst at a higher temperature. With the start of reforming in the ATR, the share of air through the steam path was reduced to its steady-state value of 60% as in SE1–SE3. With the help of these two additional measures in SE4, the start of the reforming was commenced more quickly, in 7 min 22 s. The time period to reduce the CO to less than 1 (vol.)% was 13 min. The start-up was completed in 21 min 47 s, i.e., more than 2 min faster than in SE3.



The energy consumption accounted for by the electrical heating was 2.58 MJ and 2.60 MJ in SE1 and SE2, respectively. The quicker start-up in SE3 slightly reduced the energy consumption to 2.53 MJ. The quickest start-up, in SE4, was achieved at the lowest energy consumption of 2.50 MJ. Here, the negative effect of heating at higher power was compensated for by the reduced heating period for all three components. Table 4 summarizes the experimental results in start-up experiments SE 1–4.





4. Discussion


Tingelöf and Ihonen list membrane humidification, the removal of impurities from the catalyst, the ripening of the catalyst, and the redistribution of the electrolyte as possible reasons for performance improvement during the break-in period. Operation of the PBI membrane at a higher level than its design temperature can cause a decrease in performance due to the evaporation of phosphoric acid and lowering of membrane conductivity. Similarly, they did not observe an activating effect of potential cycling in the range of 0.5–0.8 V after 100 h of galvanostatic break-in [57].



Thomas et al. [58] demonstrated that the degradation rates were of the same degree of magnitude, independent of the break-in time. They also point out that break-in with hydrogen is important for ensuring greater durability when operating on reformed methanol. They point out that high degradation, which is primarily caused by mass transport, is influenced by acid redistribution in the presence of water. They also state that in the initial period, the acid is spread over the MEA non-uniformly, with water tending to drag the acid away. Thus, they suggest a break-in with hydrogen in order to achieve a uniform acid distribution prior to switching to wet reformate operation. Similarly, Lang et al. observed that short operation (90 h) under highly humidified conditions exhibited a similar degree of degradation with a long-term test (4600 h), suggesting a detrimental effect of the water [59]. Boaventura and Mendes observed an increase in catalyst activity and a decrease in ohmic resistance during the galvonastatic activation of a commercial PBI cell [60]. They suggest that an increase in the catalyst activity can be achieved by removing impurities or redistributing the electrolyte.



Traces of phosphoric acid were found in the downstream components and piping, even before the start of stack operation in this study. This suggests the presence of acid leaching during heating-up cycles and pressure tests at operating temperatures. The results from the developed break-in procedure, which consists of 1 h each of operation at low currents of 20 A and 10 A, suggest that the non-uniformity of phosphoric acid is reduced during each operation. Moreover, each start/stop cycle without longer downtime periods in between seem to have a positive influence on the performance. In contrast, longer operation does not lead to an improvement in the voltage. The modified break-in procedure results in the stack being operated at very low currents for a period of more than 30 h, which is longer than the 24 h recommended by the stack manufacturer. At the same time, the 30 h were not reached in a single experiment, but rather in 14 experiments following a mild and controlled start/stop strategy, as the performance drop was very strong in the initial experiments and longer runs only stabilized the performance, but did not lead to it improving. Instead, higher cell voltages and improved stability were observed after each start, especially in those without a long downtime.



At this stage, it is not possible to identify the concrete mechanism that resulted in a complete malfunction in one stack and lower performance in the functioning stack without further analysis. However, it is not the goal of this work to perform a post-mortem analysis on the used stacks, as they are not developed herein but bought as commercial products. Due to their commercial nature, the stacks did not allow for the possibility of single cell voltage measurements to be taken, and therefore it was not possible to identify whether some of the cells suffered from defects in cross-tightness between the anode and cathode. Araya et al. point out catalyst degradation and phosphoric acid loss as two causes of the performance decay in the initial stage of the service life, caused by a higher operating temperature and dynamic conditions such as load, start/stop, and thermal cycling [27].



Thanks to the adapted break-in procedure, it was possible to bring the functioning stack to a stable performance level. In the light of previous findings reported in the literature, the results from this work suggest that a more uniform distribution of phosphoric acid may be achieved towards the end of the experiment series. This is in agreement with Araya et al., who state that the effect of phosphoric acid loss on the cell performance decreases gradually over time [27]. At the same time, the results suggest that a long downtime prior to operation beginning, which is on the order of years in this case, must be avoided. Similarly, short downtimes on the order of days also resulted in a performance loss, which could, however, be eliminated by applying the modified break-in procedure described herein. Traces of phosphoric acid found in the piping, even before the start of electrochemical stack operation, suggest that either the dry heating of the stack with air for pre-tests or the long period of downtime resulted in the leaching of the phosphoric acid.



The results from the characterization of the system demonstrate the robustness and flexibility of the system design, notwithstanding its high level of integration. Despite a large deviation from the design parameters due to a malfunctioning stack, it was possible to find proper parameters for operating the complete system, including the fuel processor reactors, BoP components, and one functioning stack, and to achieve a maximum power level of 3.3 kWe at a high hydrogen utilization of 88% in one stack. The maximum power achieved is fairly close to the target value of 3.75 kWe per stack. This result suggests that if both stacks were to be in the same condition, a maximum power of at least 6.6 kWe (3.3 kWe × 2) would be possible, resulting in a power density of 35 We l−1. This value is lower than the U.S. DOE target of 40 We l−1, but is still better than published values for conventional APUs that range from 11 to 33 We l−1, with an average of 20 We l−1 [22]. Moreover, the state-of-the-art fuel cell APU based on SOFC technology (status 2015) is given as 16 We l−1 in the DOE targets [23]. The approach of upscaling the achieved stack power to two stacks can be justified by the fact that the produced reformate was distributed equally to both stacks, despite one showing no electrochemical performance. As higher reformer loads and current densities could not be tested due to the malfunctioning stack, although all system components had this potential, it can be stated that even higher power levels would be possible, with the second stack performing as well as the functioning one.



The developed start-up strategy using electrical wires in ATR and WGS and a glow plug at the CAB inlet for start-up of the fuel processor and to heat up the stacks recovering the heat produced in the fuel processor in the reformate operation mode of the CAB was validated and optimized in four steps. Following the middle strategy, in accordance with start-up phase B2 parameters, the start-up time could be reduced to 28 min 30 s. Applying the parameters according to the more ambitious start-up phase B1, increasing the power of the internal heating wire of the ATR slightly and introducing the complete ATR air through the steam path, a start-up period of less than 22 min was demonstrated. With this start-up time, the U.S. DOE target of 30 min is undershot. As discussed in the introduction, similar or even longer start-up times have only been reported in the literature for fuel-processing systems based on diesel reforming, with the achieved start-up time for the complete system advancing the state-of-the-art for fuel cell systems with diesel reforming in the kW class. In comparison, in the DOE targets, the 2015 status is reported as 70 min and refers to the APU system from the DESTA project, which was an SOFC APU [23].



It is important to note that the electrical start-up strategy is the outcome of an intensive development process, starting with the development of a concept with the help of a validated CFD analysis [61], as well as optimization tests on a reformer [50] and fuel processor [48] level. In this work, the complete start-up strategy was achieved for the first time, including the stack heat-up without using external means of heating such as a thermostat, which was the case in the first-generation APU system developed at Jülich [51].



Finally, the gross system efficiency can be calculated in relation to the electricity output of the stacks against the energy input of the fuel:


ηgross, system = Pout, stack/Pin, diesel.



(1)







The energy input can be calculated as follows using the lower heating value (LHV) of NEXBTL diesel (44 MJ kg−1 [24]) and the mass flow rate of the fuel used.


   P  in ,   diesel   =  LHV NEXBTL    ×      m ˙    diesel.    



(2)







For the three design cases, the gross system efficiency varies between 25% at a maximum load and 34% at a minimum one. In the experiments, the gross system efficiency varied between 24% at the maximum achieved load, which is slightly lower than the design case, and 34% at the minimum reformer load, which corresponds to 25.8%, as in the design case. Although operation at current densities lower than 121 mA cm−2 was also achieved, these operating points were not considered in the efficiency calculation, as the hydrogen utilization was low at these points. It was not possible to keep the hydrogen utilization at a high level at these low current densities, as the lowest reformer load level had already been reached at 121 mA cm−2.



By introducing two further efficiency definitions it becomes possible to analyze the shares of chemical conversion in the fuel processor and electrochemical conversion in the fuel cell stack in the overall efficiency:


ηfuel processor = Pout, hydrogen/Pin, diesel,



(3)






ηstack = Pout, stack/Pin, hydrogen.



(4)







The fuel processor efficiency, according to Equation (3), defines the conversion of diesel into hydrogen in the fuel processor. Due to the complete heat recovery in the system, the fuel processor efficiency can be defined using diesel input as the sole input term. The stack efficiency in Equation (4) relates hydrogen input from the fuel processor to the produced power in one stack. Considering both experimental points at maximum achieved load and the minimum reformer load, the fuel processor efficiency is calculated as 80%. The stack efficiency was 30% at maximum and 43% at minimum load. As expected, the multiplication of fuel processor efficiency with stack efficiency results in the gross system efficiency according to Equation (1). These results point out two findings. Firstly, the diesel fuel processing route demonstrated in this paper already consumes one fifth of the energy content of diesel fuel for hydrogen production, which quantifies the energetic disadvantage of this reformate-based system against hydrogen-based ones. Secondly, it is clear that the low stack efficiency in the case of maximum load operation is responsible for the low system efficiency at this load level.



Despite the very good agreement between the efficiency windows from the design and experiment cases, the experimental results suggest slightly poorer electrochemical performance due to two factors. Firstly, the operation window considered for the efficiency comparison was smaller in the experiment, due to the fact that the maximum planned reformer load was not achieved. As the average cell voltage typically drops at higher current densities due to higher ohmic potentials, which would be the case if operation at higher reformer loads were possible, the efficiency would drop at higher current densities. As the achieved current densities in the experiment were lower, we would expect a higher system efficiency in the experiment at a constant hydrogen utilization rate. Secondly, a higher hydrogen utilization rate was achieved in the experiment, with 88% instead of 83% assumed in the design case, with both values being constant for the window of the calculated system efficiencies. The operation at higher hydrogen utilization, which results in higher stack efficiency, was attained by achieving a much lower CO concentration of approximately 0.5 (vol.)% at the anode inlet compared to 1.0 (vol.)% in the design case. In addition, the stack was operated at slightly higher current densities for each corresponding reformer load. With the help of these indicators, it can be concluded that the condition of the stacks was not as good as that which was assumed in the design stage based on previous experience with HT-PEFC stack operation using diesel reformate.



At this point, a comparison between the condition of both stacks from the current system experiments and the first-generation system can be made. The stacks in the first-generation system were also built using PBI membranes, but not purchased as external components, and were built as a prototype using commercial MEAs [62,63]. Janßen et al. measured an average open-circuit voltage (OCV) of 0.96 V per cell for both hydrogen and synthetic reformate operation [63]. In turn, Samsun et al. measured similar values during operation with NEXBTL diesel [51]. The polarization curves displayed in Figure 7 show an average open circuit voltage of 0.86 V. This comparison suggests that the functioning stack was also negatively influenced by the long downtime before its assembly and testing in the APU system, which did not portray its ideal performance.



The demonstrated values for gross system efficiency can be compared to those discussed in the introduction for PEFC and SOFC systems. For PEFC-based systems with diesel reforming, values of 25.3–29% are reported at 2.3 kWe [17] and 2.9 kWe [18], respectively, whereas an efficiency of 34% was reported at 3 kWe for an SOFC system [21]. The gross efficiency achieved at maximum load in this work with HT-PEFC technology can compete with the lower value reported for the PEFC system, but the high value achieved by the SOFC system at maximum load could only be achieved in this study at partial load. As the consumption of the auxiliaries was not measured in this work, the net efficiency values cannot be compared with the available data at this point.




5. Conclusions


A complete fuel cell auxiliary power unit operating on diesel fuel was developed and tested. The core technologies were autothermal reforming and a high-temperature PEFC. The fuel cell system also included multifunctional reactors for the water-gas shift reaction and catalytic combustion, as well as balance of plant components. The main motivation for the system’s development was to incorporate recent scientific progress from diesel fuel processing into a complete system level and thus to bring the technology closer to real-world application. Therefore, the U.S. DOE targets for power density (40 We l−1) and start-up time (30 min) were defined as guiding objectives for the system’s development.



Despite a malfunctioning stack and the resulting deviations from the design parameters, it was possible to take the system into operation and achieve a stable and reproducible stack and system performance thanks to the modified break-in procedure developed for this study. Under these conditions, which limited the operation at the maximum reformer load defined in the design stage, a maximum electric power of 3.3 kWe was demonstrated at a high hydrogen utilization rate of 88%. By scaling this performance to two functioning stacks, the power density corresponds to 35 We l−1, which is not as good as the U.S. DOE target, but still better than the performance of conventional internal combustion engine-based APUs and demonstrated fuel cell APUs for trucks. Moreover, the developed start-up procedure could reduce the start-up period to under 22 min, which is quicker than the U.S. DOE target of 30 min.



Based on these results, it can be concluded that the developed system could advance the state-of-the-art of diesel-based fuel cell auxiliary power units in approaching the power density target and performing better than the start-up goal. The results and their discussion herein show that the performance of HT-PEFC stacks is decisive for the performance of the complete system.



Based on the promising results at the system level, the next step could be the replacement of both stacks and the characterization of the system with two new stacks. The results show that the very long downtime of the stacks prior to their first use in the system negatively influenced their performance, suggesting that such a downtime, on the order of years, must be avoided in the future. Furthermore, one stack delivering no power led to a major deviation from the design parameters. The operation with two stacks delivering a comparable performance could exploit the full potential of all system components, which could in turn further enhance the power density. In addition, future work could analyze the power consumption of auxiliary components and the extension of the operation to additional diesel- and kerosene-type fuels.
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Table A1. List of balance of plant (BoP) components used in the system.
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Component

	
Type

	
Explanation






	
Flow meter

	
ABB Sensyflow eco2

	
2x for CAB and stack air flows




	
Sensirion SFM3000-200-C

	
For ATR air




	
Bio Tech VZS 003-ALU

	
For the fuel pump ATR




	
Bio Tech VZS 003-VA

	
3x for the water pumps in ATR, WGS, CAB




	
FESTO SFAH-5U-Q6

	
For air purging of the nozzles




	
FESTO SFAH-50U.Q08

	
For excess air discharge after the CAB turbo compressor




	
Compressor

	
Celeroton CT-17-1000

	
Turbo compressor for the cathode air




	
Celeroton CT-17-700

	
Turbo compressor for the CAB air




	
Celeroton CT-18-200

	
Turbo compressor for the ATR air




	
KNF NPK 03 KV DC-B4

	
Swing piston compressor for air purging of the nozzles




	
Pump

	
Hydro Leduc PB 32.5 (Faulhaber 3274 BP4)

	
Fixed displacement micropump for diesel with a brushless DC-servomotor




	
Speck AY-2251-MK-XX (Nanotec PB6)

	
Regenerative turbine pump for the heat exchange fluid for stack cooling/heating with a brushless DC-servomotor




	
KNF NF 2.35

	
3x membrane pump for the CAB, ATR and WGS water




	
KNF NF 1.100

	
Membrane pump for nozzle cooling via water




	
KNF NF 300

	
Membrane pump for compressor cooling via water




	
Glow plug

	
BERU GH 010

	
For air pre-heating at the CAB inlet during start-up




	
Valve

	
bürkert 3280

	
Two-way motor valve for air distribution between the ATR mixing chamber and steam paths




	
bürkert 6628 NC

	
Two-way rocker solenoid valve for excess air discharge after the CAB




	
bürkert 2006

	
3/2-way seat valve for opening/closing the bypass path




	
bürkert 2301 NC

	
Two-way globe control valve for heat exchange fluid in cooling mode (APU operation)




	
bürkert 2301 NO

	
Two-way globe control valve for heat exchange fluid in heating mode (start-up phase)




	
LEE CSFX 0512800 B

	
Non-return valves: 3x for water and 3x for air purging at water nozzle inlets for the ATR, CAB and WGS




	
LEE CSFA 1876005 A

	
Non-return valves: 1x for fuel and 1x for air-purging at the fuel nozzle inlet for ATR




	
Parker 099-0080-900

	
Liquid solenoid valves for 3x water and 3x air purging at the water nozzle inlets for the ATR, CAB and WGS




	
Parker 099-0340-900

	
Liquid solenoid valves for 1x fuel and 1x air purging at ATR fuel nozzle inlet




	

	
WITT NV150-ES

	
Non-return valve for the ATR air inlet at the CAB to avoid reformate backflow to the compressor




	

	
WITT NV650

	
Non-return valve to avoid reformate backflow at the anode outlet




	

	
WITT NV650-ES

	
Non-return valve for the CAB air inlet to avoid reformate backflow to the compressor




	
Filter

	
Freudenberg FC F-0824Q

	
3x air filter before the turbo compressors for the ATR, CAB and cathode




	
Swagelok SS-2F-K4-7

	
4x filter elements for 1x the fuel inlet, 3x water inlets for the ATR, WGS and CAB




	
Heat exchanger

	
Thermatron 76MSLSO-IECR

	
Heat exchanger for cooling of the nozzle and compressor




	
Thermatron 762MLP5A01

	
Heat exchanger for the stack cooling loop




	
Fan

	
ebm-papst 618JH

	
DC axial compact fan for the nozzle and compressor cooling




	
ebm-papst 63182 TDH4P

	
DC axial compact fan for the stack cooling loop




	
Pressure transmitter

	
WIKA A-10

	
Pressure measurement: 4x for the air (CAB glow plug, CAB, WGS, and cathode inlet), 1x for the reformate (WGS outlet), 2x for the heat exchange fluid (CAB and anode inlet)




	
WIKA M-10

	
Pressure measurement: 1x for the air for nozzle purging, 1x for fuel at the nozzle inlet, 3x for water at the ATR, WGS and CAB nozzle inlets
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Figure A1. Overview of the break-in experiments (E5–E43) for the HT-PEFC stack using reformate from NEXBTL diesel reforming: Stack voltage (left) and current (right) as a function of time on the stream; stack operation at 160 °C. 
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Figure 1. Simplified layout of the APU S2 fuel cell system illustrating the system integration. Red: air streams; green: water streams; brown: steam/air mixture; purple: heat exchange fluid; blue: diesel; black: reformate, off-gas and used air streams. 
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Figure 2. Cross-sectional views of newly-developed multi-functional reactors, the CAB 6 (left) and WGS 6B_WÜ (right). 
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Figure 3. Design and CFD-supported optimization of flow channels for the stack manifolds. Left: Air; middle: Oil (heat transfer medium); and right: Reformate. The upper figures present the channel design and simulated flow rate distribution for each educt and the lower figures the simulation results for the velocity profile in each channel. 
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Figure 4. Connection of both stacks (middle) with the developed manifolds (left, right) for educt distribution and collection. 






Figure 4. Connection of both stacks (middle) with the developed manifolds (left, right) for educt distribution and collection.



[image: Energies 14 05909 g004]







[image: Energies 14 05909 g005 550] 





Figure 5. CAD model (left) of the APU S2 and built system with the fuel processor components at the front (middle) and the fuel cell stacks and BoP components at the back (right). 
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Figure 6. Summary of the selected break-in experiments (E5–E25) for the HT-PEFC stack using reformate from NEXBTL diesel reforming: (a) Stack voltage and (b) current as a function of time on stream; stack operation at 160 °C. 
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Figure 7. Polarization curves of the fuel cell stack during complete system operation with NEXBTL diesel, with a hold time of 2 min. Left: Average cell voltage (V) and Right: Power (P). 
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Figure 8. Start-up experiments (SE1–SE4) with the complete system: (a) Fuel and air flow rates in the ATR; (b) CO concentration (dry product gas) at the WGS outlet (anode inlet); and (c) stack voltage (V) and current (C). 
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Table 1. Overview of considered operating modes for detailed engineering.
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	Case
	Explanation





	APU 2.8 kWe
	Normal system operation at minimum load



	APU 5 kWe
	Normal system operation at medium load



	APU 7.5 kWe
	Normal system operation at maximum load



	Start phase A
	Heating up the system with air flow



	Start phase B1
	Reformate operation with 1350 g h−1 of fuel



	Start phase B2
	Reformate operation with 999 g h−1 of fuel



	Start phase B3
	Reformate operation with 696 g h−1 of fuel



	Start phase C
	Transition from reformate operation to stack operation at 696 g h−1 of fuel
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Table 2. Flow rates for the operation of the ATR, WGS, HT-PEFC stacks, and CAB, as well as produced reformate and off-gases in different operation modes based on process simulations. Fuel: NEXBTL diesel, n (O2)/n (C) = 0.47; n (H2O)/n (C) = 1.9. APU mode: Anode: λfuel = 1.2; cathode: λair = 2; CAB: λair = 1.3. Reformate mode: λair = 3.5 in CAB.
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Operating Mode

	

	
APU

	

	
Start Phase A

	

	
Start Phase B

	

	
Start Phase C




	

	
2.8 kWe

	
5 kWe

	
7.5 kWe

	
-

	
B1

	
B2

	
B3

	
-






	
ATR

	

	

	

	

	

	

	

	




	
fuel/g h−1

	
696

	
1435

	
2520

	
-

	
1350

	
999

	
696

	
696




	
water/g h−1

	
1684

	
3472

	
6098

	
-

	
3267

	
2417

	
1684

	
1684




	
air/Nl h−1

	
2522

	
5200

	
9133

	
10,000

	
4892

	
3620

	
2522

	
2522




	
reformate/Nl h−1

	
6352

	
13,097

	
22,999

	
10,000

	
12,321

	
9118

	
6352

	
6352




	
WGS

	

	

	

	

	

	

	

	




	
water/g h−1

	
457

	
943

	
1656

	
-

	
887

	
656

	
457

	
457




	
reformate/Nl h−1

	
6921

	
14,270

	
25,060

	
10,000

	
13,425

	
9934

	
6921

	
6921




	
Stack

	

	

	

	

	

	

	

	




	
air/Nl h−1

	
9014

	
18,586

	
32,639

	
10,000

	
17,130

	
12,676

	
8832

	
8832




	
anode off-gas/Nl h−1

	
5069

	
10,451

	
18,352

	
-

	
-

	
-

	
-

	
6921




	
used air/Nl h−1

	
9941

	
20,496

	
35,992

	
10,000

	
17,130

	
12,676

	
8832

	
8832




	
CAB

	

	

	

	

	

	

	

	




	
air/Nl h−1

	
1532

	
3158

	
5546

	
10,000

	
38,598

	
28,562

	
19,899

	
19,899




	
off-gas/Nl h−1

	
6376

	
13,146

	
23,086

	
20,000

	
49,791

	
36,845

	
25,670

	
25,670
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Table 3. Temperatures and gas compositions at selected positions in the system in different operating modes based on process simulations.
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	Position
	Temperature
	Oxygen
	Water
	Carbon Monoxide
	Hydrogen
	Carbon Dioxide
	Methane
	Nitrogen
	Argon



	
	/°C
	
	
	
	
	/(vol.)%
	
	
	



	ATR outlet
	400
	0
	24.0
	8.2
	27.4
	9.2
	0.1
	30.7
	0.4



	WGS outlet
	160
	0
	23.1
	1.0
	31.9
	15.1
	0.1
	28.4
	0.3



	Anode outlet
	
	
	
	
	
	
	
	
	



	APU operation
	170
	0
	32.2
	1.4
	7.5
	20.2
	0.2
	38.1
	0.5



	Start-up phase
	-
	-
	-
	-
	-
	-
	-
	-
	-



	Cathode outlet
	
	
	
	
	
	
	
	
	



	APU operation
	170
	9.3
	20.4
	0
	0
	0
	0
	69.5
	0.8



	Start-up phase
	145
	20.6
	1.9
	0
	0
	0
	0
	76.6
	0.9



	CAB outlet
	
	
	
	
	
	
	
	
	



	APU operation
	183
	1.1
	32.3
	0
	0
	17.3
	0
	48.7
	0.6



	Start-up phase
	167
	11.3
	16.5
	0
	0
	4.4
	0
	67.0
	0.8
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Table 4. Summary of results from start-up experiments. Power WGS heating wire: 687 We; power glow plug: 771 We. SE1: Three-step increase of reformer load. SE 2–4: One-step increase of reformer load.






Table 4. Summary of results from start-up experiments. Power WGS heating wire: 687 We; power glow plug: 771 We. SE1: Three-step increase of reformer load. SE 2–4: One-step increase of reformer load.





	Experiment
	Reformer Load
	Power ATR Heating Wire
	Start Time
	Energy Consumption





	SE 1
	37%
	2640 We
	30 min
	2.58 MJ



	SE 2
	37%
	2640 We
	28 min 30 s
	2.60 MJ



	SE 3
	50%
	2640 We
	23 min 55 s
	2.53 MJ



	SE 4
	50%
	3020 We
	21 min 47 s
	2.50 MJ
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