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Abstract

:

Hydrogen is one of the modern energy carriers, but its storage and practical use of the newest hydrogen technologies in real operation conditions still is a task of future investigations. This work describes the experimental hydrogen hybrid energy system (HHS). HHS is part of a laboratory off-grid system that stores electricity gained from photovoltaic panels (PVs). This system includes hydrogen production and storage units and NEXA Ballard low-temperature proton-exchange membrane fuel cell (PEMFC). Fuel cell (FC) loses a significant part of heat during converting chemical energy into electricity. The main purpose of the study was to explore the heat distribution phenomena across the FC NEXA Ballard stack during load with the next heat transfer optimization. The operation of the FC with insufficient cooling can lead to its overheating or even cell destruction. The cause of this undesirable state is studied with the help of infrared thermography and computational fluid dynamics (CFD) modeling with heat transfer simulation across the stack. The distribution of heat in the stack under various loads was studied, and local points of overheating were determined. Based on the obtained data of the cooling air streamlines and velocity profiles, few ways of the heat distribution optimization along the stack were proposed. This optimization was achieved by changing the original shape of the FC cooling duct. The stable condition of the FC stack at constant load was determined.
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1. Introduction


Hydrogen technologies find their use in a wide range of mobile and stationary applications. One of the most developing and applied ways for renewable energy storage is a way of electrochemical energy storage [1]. Hydrogen hybrid systems (HHSs) can utilize renewable energy sources (RESs) and eliminate the fluctuations of their power output by energy storage in form of hydrogen. These types of hybrid systems were examined and tested by the authors in different studies [2,3,4]. Typically, HHSs consist of energy production units from RESs, combined with hydrogen production and storage unit for power-to-gas conversion (PtG), fuel cell (FC) unit, and classical backup energy storage in a battery bank [5].



The proton-exchange membrane fuel cell (PEMFC) is a promising, widely developed type of the FC that could be operated at the relatively wide temperature range and uses “green” hydrogen as an alternative energy carrier for the grid-connected and off-grid installations [6]. Cells are often combined in series—FC stack [7,8,9]. Figure 1 shows a simplified diagram of the hydrogen PEMFC in terms of its design and principle of operation, where FP—flow plates, GDL—gas diffusion layers, and CL—catalyst layers.



Fuel cells use direct conversion of chemical energy into electric power, and that is the reason for their high efficiency and almost no emissions. The main type of FC emission is a thermal emission that occurs during FCs operation, especially at high loads. The FC voltage as a function of current density can be seen in Figure 2 below, where OCV is the open-circuit voltage. The value of 1.2 V represents a theoretically loss-free voltage. The actual cell voltage, including the off-load voltage, is always lower than this value.



Each FC can produce the maximum theoretical voltage of 1.187 V (for 25 °C and 101.325 kPa). The FC efficiency is calculated as the ratio of the actually produced and the theoretically achievable cell voltage


  η =    V  r e a l      E  c e l l     =    V  r e a l     1.187    



(1)




where Ecell refers to the voltage in every cell related to the Gibbs free energy. The real voltage in an actual cell is measured at the power load per cell as Vreal = 0.5–0.6 V. The off-load voltage reaches the value of 1.1 V [13]. The typical service electrochemical efficiency per cell is approximately between 40% and 50% [14].



Studied NEXA Ballard PEMFC uses the air-based heat exchange system for stack cooling. High-temperature PEMFC provides easier heat regulation, in comparison with studied low-temperature PEMFC, due to higher working temperatures and using liquid refrigerants for stack cooling [15,16,17].



Several studies were focused on hydrogen storage methods development. In some cases, due to space limitation and pressure-based safety restrictions, it is possible to use hydrogen storage in a solid-state way in metal hydrides (MHs) [18,19,20]. Joint use of fuel cell (FC) technologies with hydrogen storage systems based on metal hydrides (MHs) allows the utilization of FC excess heat energy for the MH hydrogen desorption process and thereby increases the HHS energy efficiency. MHs application for solar energy accumulation is one of the possible ways described by the authors in various papers [21,22]. In addition, using FCs and MHs in one system gives the possibility to provide the required pure hydrogen to the PEMFCs. LaNi—based alloys allow storing hydrogen at ambient temperatures of 25–40 °C and low pressures of 1.0–1.5 MPa, which makes the application of these alloys quite attractive in mentioned above specific conditions [23,24,25,26,27,28].



The complete experimental setup described in the work is an integral hydrogen hybrid system, which serves for the possibility of optimal energy storage from solar panels in various forms—in the form of electrical energy for direct use or storage in storage batteries, or in the form of gaseous hydrogen in classical gas cylinders and/or in a compact “solid” form in the form of metal hydrides.



One of the main components of this system is fuel cells and the associated fuel source, hydrogen, which, as mentioned above, can be stored in various forms. During the operation of the hybrid plant, overheating of the fuel cells was detected at loads close to maximum and automatic shutdown of fuel cells was observed at high loads when the ambient temperature rose above 25 degrees, while the maximum operating ambient temperature for this fuel cell declared in the documentation was 30 degrees. In this regard, the analysis of the fuel cell and the identification of local overheating zones were started, followed by the simulation of heat transfer along the entire stack of the fuel cell and modification of the elements of the cooling channel.



The main motivation of the work is the improvement in the FC cooling and heat transfer along the FC stack, which is an important issue of safe and efficient operation of the FC and hydrogen hybrid system (HHS) [29,30,31]. Experimental HHS was developed for joint MH and FC testing. This system, shown in Figure 3, basically consists of photovoltaic panels (PVs), a few power inverters batteries bank, hydrogen production, and storage units. Hydrogen could be stored in three different ways—in pressure vessels in a gaseous state, in metal hydrides in solid state, or converted to electricity via FC and directly used or stored in the battery bank. The lead batteries accumulation enables the storage of 550 kWh of power, and an additional 80 kWh can be stored in the lithium iron phosphate (LiFePO) batteries bank, which provides energy accumulation from the PV plant and avoid energy fluctuation for the stable H2 production via water electrolysis process.



According to the nameplate, the ambient operating temperature of the cell must be in the range of 3–30 °C. At a temperature around 22–25 °C, the maximum operating state cannot be reached due to local overheating of the PEMFC in its front part. This was the main reason to make an FC heat transfer optimization for more uniform stack cooling. The FC heat transfer could be studied using infrared (IR) thermography and appropriate PEMFC computational fluid dynamics (CFD) modeling [32]. IR thermography has been widely used in different industrial and research fields including analysis and cracks determine in membrane materials and characterizing of PEMFC parameters [33,34,35,36]. Increasing the efficiency of FC cooling is indeed a popular topic in scientific studies and can be found in a number of literature sources [37,38]. Unfortunately, many authors focus their studies on the single cell and rarely assess the behavior of the PEMFC stack as a whole; therefore, the study of more uniform stack cooling was the main goal on the way of the FC heat transfer optimization.




2. Testing and Measurement Methods


The thermal field distribution over the low-temperature PEMFC was measured by the FLIR E45 thermal camera. The hydrogen produced via the anion-exchange membrane (AEM) electrolyzer with an output pressure of 3.0 MPa before entering the MH storage system or PEMFC passes through the pressure reducer. Heat field distribution across the surface of the PEMFC body was controlled by IR thermo-vision camera. Laboratory measurements of the heating curves of the NEXA module were conducted according to the block diagram shown in Figure 4.



The following measurements were conducted on the NEXA power module of PEMFC: Rated DC power output of this system is 1200 W; operating voltage range of the system is from 26 V (at rated power) to 42 V (no-load voltage); the total numbers of 47 cells are connected in series into the stack. The system further comprises ancillary equipment necessary for its operation, i.e., control unit, hydrogen delivery system, oxidant air supply, and cooling air supply (by cooling fan and compressor). The working parameters of the studied NEXA Ballard PEMFC are shown in Table 1.




3. Experimental and Simulation Results


The measuring procedure consisted of measurements of the load characteristics of the NEXA module, its hydrogen and oxidant air consumption, water production, and the self-power consumption, which shows the relation of the power output drawn by the NEXA module from its own stack to ensure the operation of its own auxiliary devices at the certain power output. Figure 5 shows the load characteristics of the NEXA module. This module has soft source properties; the voltage of 42 V (at no load) drops to 26 V (at a rated power of 1200 W).



The fuel consumption shown in Figure 6 has been determined from the mass flow meter with an integration member after the so-called cells purging. FC was purged with H2 once the voltage has dropped below a certain level to restore the higher voltage in cells again. The above-mentioned purge deprives cells of impurities and water on a regular basis since those are accumulated on electrode surfaces to intercept the electrochemical reaction. The frequency of purges rises with the increase of FC power output. The fuel used for this cleaning is drained out of the system. This amount of H2 is included in the overall fuel consumption. The maximum H2 consumption rate of the NEXA module is 18.5 L min−1. This consumption rate is proportional to the net output power of the NEXA module. The maximum air consumption rate is 90 L min−1 at rated power. The FC consumes O2 from the ambient air.



NEXA FC stack provides power for its own support system, which consists of an oxidant air pump, cooling fan, sensors, and controllers. The required auxiliary power is 39 W (at no load). This self-power consumption increases with increasing load and is shown in Figure 7. The required auxiliary power is 290 W at rated power. The main electrical appliances include an air pump and cooling fan. The gross power of the NEXA module is given by the sum of the net output power at the module terminals and the power consumption of the module itself.



In addition, the NEXA power module efficiency is presented in Figure 8. This efficiency is defined by the ratio of the net output power of the NEXA module to the lower heating value (LHV) of H2 consumed in the reaction. In the production of electricity from H2, the NEXA module achieves the maximum efficiency at partial load (approx. 300 W). The efficiency decreases at higher—but also lower—loads than the stated 300 W. In the second case, in which the decrease is more dramatic, this is due to a larger ratio of the NEXA module’s self-consumption to the amount of H2 consumed. At maximum load (i.e., at rated power of 1200 W), the NEXA module has an efficiency of approx. 38%.



NEXA low-temperature (LT) PEMFC thermography measurements were taken at different loads set on the linked electronic DC load of 100 W, 300 W, 500 W, and 1000 W. FC temperature was measured at the cathode air exhaust of the stack.



There is no local overheating at low or middle PEMFC loads (in the range of 100–500 W), and the presented cooling system seems to be sufficient. The obtained IR thermograms show significant temperature differences between parts of the stack at higher loads; see Figure 9. The left side of the stack, located closer to the entry of the cooling air supply channel, heats up significantly more. At maximum PEMFC loads (in range of 1000–1200 W), the operation temperature of the FC reaches its limit, and FC work stops due to the thermal protection of the system. On the front side of the cooling fins, shown in Figure 9b, local overheating is visible (marked as a rectangle). The maximum value of temperature is approximately T = 338 K.



FC CFD Heat Transfer Simulation and Cooling Duct Optimization


Unequal heating of the FC stack module, detected by IR-thermography measurement, was studied by computed fluid dynamics (CFD) modeling and analyzed using the ANSYS software. The simulation determined the temperature distribution within the NEXA Ballard LT PEMFC stack. The cooling airflow velocity inside the cooling channel and cooling fins was studied. The simulation was performed at the higher problematic Pel = 1000 W load. The 47 cells connected in series form a system of channels for cooling air circulation and heat dissipation from the stack. The cooling duct for airflow circulation made from a plastic shell is located below the FC module. This plastic frame acts as well as an FC module mounting system. The inlet of the cooling channel has a shape of a rectangle hole with a dimension of W × H = 120 × 80 mm. A radial fan is mounted near the inlet of the cooling duct. All walls of the cooling duct are smooth and only the bottom side has a glued roughness surface.



Two small plastic attachments are molded on the inlet of the cooling duct and shown in Figure 10. These attachments make high distortion of the cooling streamlines, which lead to a decrease in the cooling efficiency of the system. The low cooling efficiency at the front side of the FC stack increases the temperature of cooling fins. This phenomenon was previously detected by the infrared (IR) measurements and shown in Figure 9b.



It is obvious that the presented cooling system needs to be improved to minimize the stack overheating during operation and at higher loads. One way to improve the FC cooling and heat transfer along the stack is to optimize the shape of the cooling duct. Another condition that should be met is using the original design of a radial fan without its replacement.



The model of the FC stack was designed via SolidWorks software. To simulate the performance of the NEXA PEMFC cooling system, fluid dynamics and thermal analysis were performed using the numerical model on the ANSYS CFX software. This model solves discrete Reynolds averaged Navier–Stokes equations to simulate the flow of the air coolant (heat transfer) along the stack. The governing equations are solved with a standard k–ε model for turbulence modeling. Simultaneously, the energy equation is also solved to determine the heat transfer in both solid and fluid regions [40,41]. The basic 3D model of the cooling duct including PEM and cooling fins is depicted in several view sections in Figure 11.



Internal power losses caused by chemical reactions in PEMFC and Joule’s losses produced by electric current inside the cooling fins were modeled by heat sources in mentioned solid components. Internal heat generation is set according to the selected load Pel = 1000 W. The PEMFC current and output voltage at that load point can be found in Figure 5 (Pel = 1000 W; V1 = 28.5 V; I1 = 35 A; VCELL = 0.606 V). The generated heat is calculated by the following equation [42,43]:


   Q  G E N   =  (  1.254 −  V  C E L L    )   I 1  =  P  E L    (    1.254    V  C E L L     − 1  )   



(2)






   Q  G E N   = 1000  (    1.254   0.606   − 1  )  = 1063   W  



(3)







All considered values of power losses and material properties that have been used for modeling are listed in Table 2.



The fluid domain was modeled with air as a coolant at atmospheric conditions. Part of the heat is dissipated via external areas (walls) of PEMFC by natural convection. This fact is taken into account and included in the heat transfer coefficient applied to all vertical walls of the PEMFC CFD model. For vertically oriented surfaces with natural convection conditions, the heat transfer coefficient depends on the Nusselt number, that is, properties of the coolant, geometry of the passages, and flow characteristics. The temperature dependence of the heat transfer coefficient can be evaluated by a combination of the Nusselt, Prandtl, and Rayleigh numbers [36] as follows:


  h =  k L  · N  u L   



(4)






  R  a L  =   g β  (   T S  −  T 0   )   L 3    ν α    



(5)






   P r  =  ν α   



(6)






  N  u L  =    {  0.825 +   0.387 R  a L  1 / 6        [  1 +    (    0.5   P r    )    9 / 16    ]    8 / 27      }   2   



(7)




where h—heat transfer coefficient (W m−2 K−1); g—gravity (m s−2); β—thermal expansion coefficient (K−1); L—characteristic length (m); ν—kinematic viscosity (m2 s−1), α—thermal diffusivity (m2 s−1); TS—surface temperature (K); and T0—surroundings temperature (K). Figure 12a shows the application of heat transfer coefficient on external areas of the proton-exchange membrane (PEM) and Figure 12b shows its temperature dependence derived from Equations (4)–(7).



The CFD analysis requires high-density mesh, especially inside of all fluid parts. The velocity gradient reaches high values in the solid–fluid layers, and any coarse mesh may cause serious inaccuracy of the calculation and complicate the convergence. In this regard, the inflations of mesh cells at each transition between fluid–solid parts were applied.



Figure 13a shows the distribution of air velocity at the cross section of the front part of the original FC stack cooling duct. The mentioned figure shows a phenomenon of the swirling streamlines behind the plastic attachments. The airflow is interrupted in the front part of the cooling fins. The situation is similar in the top and bottom sides of the cooling duct. A number of the performed simulations showed the reverse airflow from cooling fins because of the low pressure behind the plastic attachments. Both CFD in Figure 13b and IR in Figure 9b temperature analysis of the NEXA PEMFC stack show the local overheating at the front part of cooling fins due to the intensive swirling of the airflow.



In the simulated model, the temperature differences are somewhat slightly higher. This is mainly due to the applied simplification of the CFD model, which does not take into account the complex construction of a real PEMFC. Additional devices (humidifier, control card, sensors, etc.) are placed on the sidewalls of the PEMFC structure, which generally decrease the heat dissipation to the surroundings and thus increase its overall temperature.



In the CFD model, temperature-dependent heat transfer coefficients have been applied to the entire walls of the PEMFC stack, and the CFD model is generally better cooled. Thus, the simulated temperature distribution and values on our model differ. In the CFD model, we emphasized a precise computing network (mesh) in the air duct and the boundary layer between fluid and solid objects. The model contains more than 15 million elements, and its solution is very time consuming. We believe that even with this simplification in the construction of the model, there can be found a fairly good match with real PEMFC.



The internal plastic attachments are the integrated part of the radial fan assembly and cannot be simply removed. It is possible to slightly modify its height. To increase the airflow rate to the front part of the stack, the shape modification of the airflow streamlines has to be made. The airflow adjustment can be realized without any significant disruption of the original duct design by using appropriately formed inserts (wings) and blades placed into the cooling duct.



Several modifications of the adjustments in the inlet part of the cooling duct and in its interior have been simulated. The basis of all analyzed modifications was the insertion of variously shaped blades, which direct the flow of cooling air. Each of the mentioned options was also dimensionally modified (length of the blades, their inclination angle, and position in the cooling channel, etc.). Table 3 shows the list of the analyzed modification of the FC cooling duct.



The two most appropriate solutions of the cooling duct adjustment (Type A and Type B) are depicted in Figure 14.



Figure 14 shows streamlines and velocity profiles at the input side of the cooling duct cross section. Type A modification, shown in Figure 14a, contains two additional blades. One of the blades is slightly curved and located in the center of the cooling duct. The second one has a straight shape and creates the covering of the top plastic attachment. The bottom plastic attachment is also lowered by cutting. The used system of blades in Type A modification serves especially for suitable airflow direction to the front part of the PEM stack cooling fins. Type B modification, shown in Figure 14b, is created by covering the top and bottom plastic attachment with a round surface. The rounded surface is simply made from the appropriate cut thin PVC tube. These tube pieces are glued to the internal surface of the cooling duct and easily create an effective shape for airflow. To intensify the direction of the streamline, three additional blades in the center of the cooling duct were used. The swirl occurs behind of bottom blade, but it also gradually disappears with increasing the length of the channel.



Figure 15 shows how cooling duct modification changes the temperature distribution. The local overheating at the front side of PEM, shown in Figure 15b, that corresponded to the original design of the cooling duct has been removed. The area with a higher temperature is now closer to the middle of the PEM assembly. The maximal value of temperature is also decreased in the range of 7 K, from T1 = 338 K in the original design to T2 = 331 K in Type A and Type B modifications. Type B modification also shows the better temperature distribution along the stack, without any significant local temperature rise. Moreover, the round surfaces and straight blades in Type B modification can be simply manufactured in comparison to the complicated shaping of a curved blade used in Type A.



Figure 16 shows the temperature distribution and velocity profile on the section area located near the coolant outlet (approx. H = 5 mm). Both Type A and Type B duct modifications improve the airflow in the front part of PEMFC, which is visible mainly on the velocity profile. The temperature here also reaches lower values in comparison to the rest part of the section area. Important values of performed simulations are collected in Table 4.



The uniformity of the temperature distribution can be assessed using the homogeneity factor (temperature uniformity coefficient). The coefficient can be determined as the ratio of the temperature value to its maximum. Temperature uniformity coefficient represents the balanced distribution of temperature on the outlet surface of the PEMFC as follows:


  ε =    T  A V G      T  M A X     · 100  



(8)







Based on the performed simulations, the Type B modification (rounded covers and blades) was chosen for the final adjustment of the PEMFC cooling channel. The rounded covers were made of a plastic tube with a diameter of D = 25 mm and were fixed to the sides of the cooling channel by gluing. The straight blades were made of thin steel sheets and were also glued to the sides of the channel. The blades were adjusted to have a slight inclination with respect to the cooling air inlet from the fan; see Figure 17.



After adjusting the cooling channel, the PEMFC stack was reassembled, and its parameters were measured. To validate the results of the cooling duct optimization, a load of P = 1000 W was applied, in which the PEMFC showed a local overheating of the plates in the vicinity of the fan inlet.



Figure 18 shows the measurement of the PEMFC temperature using an infrared camera on the surface of the cooling air outlet. Figure 18a shows the original state of PEMFC without performed optimization, and Figure 18b shows the temperature distribution with an optimized cooling channel according to Type B.



Measurement of the PEMFC surface temperature shows that the modification leads to a temperature reduction and a more accurate heat distribution across the stack. The measurements also show that the temperature difference between the original and optimized variant of the cooling duct design is approximately 7 K, which was also shown by the performed CFD simulations; see Figure 13 and Figure 15.





4. Conclusions


In this work, a concept of the HHS based on low-temperature NEXA Ballard PEMFC is presented. IR measurements and CFD analysis of the FC stack determined problematic overheated zones of the NEXA FC due to unequal heat distribution (air-cooling distribution) across the stack during high loads. Ways of the FC heat transfer optimization were studied. To avoid local overheating of the stack at the air-cooling inlet side, the modification of the original cooling duct was provided. The heat transfer computer simulation of the PEMFC with different cooling duct designs allowed us to determine the optimal conditions for the NEXA stable working and sufficient cooling at high loads around Pel = 1–1.2 kW.



In search of a more advantageous shape of the inlet shape of the PEMFC cooling duct, we have performed a number of analyses and simulations of the flow in the cooling duct. We have selected the most interesting results for our publication.



The basic entry condition for these analyses was to preserve the original FC cooling duct design/structure as much as possible. Our solution is therefore a compromise between preserving the original construction and the necessary modification of the inlet shape of the duct, which leads to an improvement in the PEMFC cooling. From this point of view, our solution is also optimal because we have achieved by simple means (glued covers and blades) the improvement of the FC cooling and temperature distribution of the PEMFC stack. The internal protrusions cannot be easily removed due to the stability of the inlet fan mount. The inner protrusions form stabilizing elements that ensure resistance to the deformation of the channel structure. The inlet part of the duct, which is attached to the fan bases of these protrusions, increases the overall stiffness of the plastic structure.



Of course, it is possible to create a new shape of the cooling channel, in which the protrusions in the inlet of the channel will be on its outer part. Such a construction can be realized, for example, by means of 3D printing. However, in the upper part of the duct, this method is impossible for application due to the overlap (dimensions) of the fan. By removing the protrusions in the lower part, the rigidity of the system will be significantly reduced.



Our main goal was the stability of the operation of PEMFC, especially at operating conditions close to the maximum values. Original FC showed instability of operation even before reaching the declared maximum output power (P = 1200 W), and the PEMFC was automatically switched off due to an over-temperature state.



The CFD model of the FC was built with significant simplification. The model has been based on the complicated sandwich structure with mutually coupled chemical, electrical, and thermal processes that were assessed rather from a macroscopic point of view of heat dissipation and its effective removal from the FC body.



However, even this applied simplified model shows an unsuitable construction of the cooling channel. Using the CFD model, the influence of several modifications of the inlet part of the duct to achieve higher cooling efficiency was evaluated. On a real PEMFC, this channel modification was performed and a validation measurement of the operating condition and a measurement of the surface temperature of the PEMFC stack were performed. Although the reduction in temperature may not appear significant, the channel treatment performed resulted in more even temperature distribution and generally stabilized the operation of the PEMFC.



The PEMFC is currently operated in our laboratory tends to work with higher currents (I > 30 A); thus, we achieve lower efficiency values (ɳ < 40%). The main benefit of the performed analysis and modification of the FC cooling channel is therefore the stability of FC operation at its marginal power (P > 1000 W). By modifying the cooling duct, we were able to reduce the operating temperature of the PEMFC and minimize local overheating points. Due to more efficient cooling, the permissible ambient temperature can be slightly exceeded while maintaining the stability of PEMFC operation. We have also measured the operation parameters of the FC with an optimized cooling duct. The FC efficiency has occurred in the range shown in Figure 8.



The next possible waste heat utilizing from the stack could be applied for the LT MH H2 endothermic desorption process. The next steps of the research would correspond to the design of the optimal solution for sufficient heat exchange between NEXA FC and MH storage tank. Most likely, this solution will be based on the direct use of hot exhaust air from the top part of the stack for MH storage heating, without additional heating the liquid heat carrier and using a gas–liquid heat exchanger.
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The following abbreviations and symbols are used in this manuscript:



	AEM
	Anion-Exchange Membrane



	CFD
	Computational Fluid Dynamics



	CL
	Catalyst Layers



	FC
	Fuel Cell



	FP
	Flow Plates



	GDL
	Gas Diffusion Layers



	HHS
	Hydrogen Hybrid Energy System



	HT
	High-Temperature



	IR
	Infrared



	LHV
	Lower-Heating Value



	LT
	Low-Temperature



	MH
	Metal Hydride



	PEM
	Proton-Exchange Membrane



	PtG
	Power-to-Gas



	PV
	Photovoltaic



	PVC
	Polyvinyl Chloride



	RES
	Renewable Sources
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Figure 1. Construction and principle of hydrogen proton-exchange membrane fuel cell (PEMFC) [10,11]. 
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Figure 2. Fuel Cell (FC) polarization curve with voltage losses during FC load [12]. 
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Figure 3. The basic scheme of the experimental hybrid energy system (HHS) energetic system. 
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Figure 4. Diagram of the PEMFC heating distribution measurement. 
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Figure 5. Load characteristics of NEXA FC stack. 
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Figure 6. Fuel (hydrogen) and oxidant air consumption of NEXA FC stack. 
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Figure 7. Gross power and self-consumption of NEXA FC stack. 
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Figure 8. The output efficiency of the NEXA FC stack. 
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Figure 9. NEXA PEMFC stack infrared (IR)-thermography at P = 1000 W: (a) top view and (b) side view. 
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Figure 10. Interior of the cooling duct close to the fan outlet. (a) side view and (b) front view. 
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Figure 11. Geometric model of NEXA PEMFC stack used for computational fluid (CFD) simulation and optimization. 
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Figure 12. Applying heat transfer coefficient for external surfaces of the stack (a) application on external areas, (b) temperature dependence of heat transfer coefficient. 
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Figure 13. (a) Streamlines of the air coolant and (b) temperature distribution at Pel = 1000 W of load. 
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Figure 14. Streamlines and velocity profile of the modified cooling duct in (a) Type A and (b) Type B. 
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Figure 15. Temperature distribution on the proton-exchange membrane (PEM) stack across (a) Type A and (b) Type B. 
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Figure 16. Temperature distribution and velocity profile on section area of PEMFC outlet in (a) Type A and (b) Type B. 






Figure 16. Temperature distribution and velocity profile on section area of PEMFC outlet in (a) Type A and (b) Type B.



[image: Energies 14 02182 g016]







[image: Energies 14 02182 g017 550] 





Figure 17. Adjustment of cooling duct close to the fan outlet seen in (a) side view and (b) front view. 
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Figure 18. NEXA PEMFC stack IR-thermography at loads P = 1000 W in (a) original design and (b) modified cooling duct (Type B). 
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Table 1. The main working parameters of fuel cells and hydrogen storage system [39].
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NEXA Ballard LT PEMFC




	
Chracteristic

	
Value






	
Operation Temperature

	
65 °C




	
Rated Power

	
1200 W




	
Maximum Current I

	
230 A




	
Operating Voltage U

	
22–50 V




	
Active Area

	
120 cm2




	
Max. H2 Consumption

	
18.5 L min−1




	
H2 Pressure

	
70–120 kPa











[image: Table] 





Table 2. Material properties and power loss values used for CFD modeling [11,16].
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	FC Construction Parts
	External Plates

(Golden Coated)
	Cooling Fins

(Graphite/Composite)
	MEA

(Polymer)





	Thermal Conductivity, [W (m K)−1]
	318
	95
	0.185



	Power Losses, [W]
	-
	410
	650



	Volume of the Component, [m3]
	-
	1.08 × 10−3
	0.43 × 10−3



	Unit Loss, [W m−3]
	-
	0.37 × 106
	1.50 × 10+6
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Table 3. Analyzed modification of the cooling duct of PEMFC.
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	Cooling Duct Modification
	 [image: Energies 14 02182 i001]
	 [image: Energies 14 02182 i002]
	 [image: Energies 14 02182 i003]
	 [image: Energies 14 02182 i004]
	 [image: Energies 14 02182 i005]
	 [image: Energies 14 02182 i006]





	Applied Change
	Original
	Skewed Airfoil
	Skewed Airfoil and Blades
	Round and Straight Blades
	Round Cover and Straight Blades
	Round Cover and 3 Short Blades



	Decreasing of Temperature
	-
	0
	1
	1
	1
	1



	Simple Design
	-
	1
	0
	0
	1
	1



	Overall Improvement
	-
	0
	1
	1
	0
	1



	Final Decision
	-
	No
	No
	Yes
	No
	Yes



	Type of Modification
	-
	
	
	A
	
	B
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Table 4. Output values from analysis of CFD model.
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	FC Construction Parts
	Original
	Type A
	Type B





	Mass Flow, [kg s−1]
	0.0565
	0.0565
	0.0565



	Enthalpy Difference—Δh, [J kg−1]
	18,036
	18,525
	18,644



	Unit Heat in Coolant—Qu, [J s−1]
	1020
	1045
	1053



	Outlet Average Temperature—Tavg, [K]
	312.0
	311.8
	311.7



	Outlet Max Temperature—Tmax, [K]
	325.4
	315.8
	314.8



	Outlet Min Temperature—Tmin, [K]
	301.8
	305.9
	306.3



	Temperature Uniformity, [%]
	95.8
	98.7
	98.9
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