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Abstract

:

With regard to the best electro-chemical efficiency of an active direct methanol fuel cell (DMFC), the stacks and their balance of plant (BOP) are complex to build and operate. The yield of making the large-scale stacks is difficult to improve. Therefore, a portable power station made of multiple simpler planar type stack modules with only appropriate semi-active BOPs was developed. A planar stack and its miniature BOP components are integrated into a semi-active DMFC stack module for easy production, assembly, and operation. An improved energy management system is designed to control multiple DMFC stack modules in parallel to enhance its power-generation capacity and stability so that the portability, environmental tolerance, and long-term durability become comparable to that of the active systems. A prototype of the power station was tested for 3600 h in an actual outdoor environment through winter and summer. Its performance and maintenance events are analyzed to validate its stability and durability. Throughout the test, it maintained the daily average of 3.3 W power generation with peak output driving capability of 12 W suitable for Internet of Things (IoT) applications.
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1. Introduction


Developing intelligent services to cover remote areas, Internet of Things (IoT) networks need to be deployed in places such as farms, forest, outlying islands, infrastructure piping, etc., where there is no electricity power grid. Acquiring power supply has always been a problem. Thus, this has led to demands for long-term reliable power supplies [1]. Secondary batteries are commonly used on IoT equipment. However, due to limited energy storage, connection to a power source for charging is still necessary for long operations. In addition to engine-driven generators, two types of power sources, namely, the energy-harvesting sources [2,3,4,5] and fuel cells (FCs) [6,7], can be used to charge. When installing energy-harvesting device, we need to consider the availability of the natural energy source and location suitability. Moreover, to meet steady demand, large enough capacity of the secondary batteries is needed to buffer the inherently uncontrollable variations in the natural energy resource [8,9,10]. Therefore, these power supplies are difficult to be portable. On the other hand, FCs demonstrate stable power generation needing relatively low battery buffering capacity. They can be installed quickly with the ability to work for a long time.



The FCs generate power by electrochemical reactions of different fuel types in different reaction modes. These are: polymer electrolyte fuel cell (PEMFC), direct methanol fuel cell (DMFC), direct formic acid fuel cell (DFAFC), direct ethanol fuel cell (DEFC), and solid oxide fuel cell (SOFC) [11,12,13]. Using liquid fuel, a DMFC has a higher fuel volume energy density so that the system is lightweight, easy to replenish, safe, and can be operated at room temperature. Therefore, DMFCs are suitable candidates portable power supplies for emergency deployments and IoT applications [14,15,16].



Facilitating an optimal environment for efficient electrochemical reactions, the balance of plant (BOP) of a DMFC can be an aggressive active type or a sub-optimal passive type. A passive DMFC maintains balance during electrochemical reactions without external forces. The architecture is simple. However, its electro-chemical efficiency is sensitive to the environment, the power generation is unstable, and the system durability is poor [17,18]. In an active DMFC, BOP components are installed to regulate the conditions for optimal reactions so that high power generation efficiency, stability, environmental tolerance, and long-term durability can be maximized for marketability. Therefore, the majority of DMFC products on the market are the active type [19]. Nevertheless, active DMFCs are disadvantaged by the complexity of the stack assembly process [20], the excessive number of BOP components, and complex in-system piping. Therefore, active DMFCs have low manufacturing yield, are difficult to miniaturize, and difficult to repair [21,22]. To ensure optimal operating conditions, the complexity of an active DMFC system is necessary. On the other hand, for simplicity, the passive DMFCs may be stable for only limited power output and operation time. However, for portability and long-term power generation reliability, a marketable semi-active DMFC design needs to be weighed between complexity and optimization. To address the complexity shortcomings of the active DMFCs, modularization would be one of the primary solutions. Additionally, several studies on the modularization of FCs, including stack modular design, combination of multiple stack modules, and control management of multiple stack modules have been proposed [23,24,25,26,27].



While a modularized stack can be individually installed, put in operation and serviced conveniently, there are great advantages to having multiple stack modules functioning collectively to increase power capacity, and to enhance the durability with added redundancies. Following this strategy, a novel architecture and control of the DMFC power station is developed with specifications suitable for IoT applications. Simplifying the system architecture, the functionalities of BOP components in the active DMFCs were reviewed. Only the necessary components were miniaturized and integrated onto the passive DMFC to form a compact semi-active DMFC stack module. The mechanism of a power station was reworked with much simplified wiring and piping to accept convenient multi-stack module plug-ins and to be operated collectively by one energy management system (EMS). Space for a larger fuel tank can, therefore, be made available for a longer period before refueling.



Although managing the fuel, heat and water of a DMFC for efficiency and durability is complicated and difficult compared with other types of FC [22,28], integrating controls of the electromechanical system with the EMS to accommodate the load demand can make improvements. Simultaneous controls of the limited BOP components in multiple DMFC stacks can maintain proper operating conditions of the semi-active DMFC power station effectively such that its environmental tolerance, endurance, and power generation stability of the system can approach that of an active DMFC. In verifying our new design, long-term evaluation of the system performance, the regulation of operating conditions by the BOP components, and the changes in stack characteristics is essential [29,30]. Therefore, a prototype of our power station was tested for 3600 h in actual outdoor environments throughout winter and summer under different weathers, temperatures, and humidity to verify its suitability for IoT applications in the field.




2. Design of a Modular Semi-Active Direct Methanol Fuel Cell (DMFC) Power Station


A DMFC power station contains two major systems. One is the DMFC stack system for electrochemical reactions, and the other is the EMS to control the reaction conditions and energy balance.



2.1. DMFC Stack System


The DMFC stack system consists of a fuel-cell stack, BOP components and piping for air or liquid delivery. The DMFC stack is the core for the electrochemical reaction, and the BOP components assist in maintaining appropriate reaction conditions, supplying appropriate amount of reactants, and discharging by-products.



Figure 1 is a comparison of the BOP components in an active and our semi-active DMFC stack system. The whole block diagram represents an active system architecture, while the semi-active system consists of only a fuel tank plus the members encircled by the red dashed line. All four members enclosed in the dashed line can be constructed using only miniaturized components such that the complex active DMFC stack system can be slimmed down to a compact stack module. In addition, the semi-active DMFC stack module is made of only two separate sets of planar stack and flow field plates without the need for precise channel alignment and pressurized spacing, thereby greatly reducing the production difficulties. With a sufficient air contact area, an air blower instead of an air pump is enough and one piezoelectric dosing pump is enough to supply fuel. Thus, miniature BOPs can be integrated into the stack module.



Simplifying the active architecture, the semi-active stack module does not have active temperature, humidity control, fuel buffer tank, nor check valve, therefore, supporting measures are needed. The feedback control on the fuel-supplying dosing pump was implemented to compensate the influence of changing the fuel level height on the flow rate. Fuel tank was relocated below the DMFC stack modules to prevent leakage due to either gravity or pressure imbalances. Due to the passive water recovery mechanism, the air supply flow rate was reduced and the reaction temperature was also decreased from the electrochemical optimum of 75 °C to 45 °C to reduce excessive water evaporative loss.



Figure 2 shows the photo of the semi-active DMFC stack module proposed. The stack module has a sandwich structure, with planar DMFC stacks on both sides with the metal electrodes protruding on the top. The flow field plate is in the middle with two air blowers on the right edge blowing air supplying oxygen. The fuel dosing pump is mounted at the lower right corner with an inlet connected to the fuel tank through a hose. It has membrane electrode assembly (MEA) of 61.6 cm2, 8 cells series, operating at 2.8 V to generate 1 W nominally. Its dimension is 120 × 60 × 15 mm3 and it weighs less than 200 g.




2.2. Energy Management System (EMS)


Figure 3 is the functional block diagram of the semi-active DMFC power station. The DMFC stack system is located on the top consisting of a fuel tank and a set of four DMFC stack modules. The lower half is the function block diagram of the EMS controlling the collective operating conditions and status report communication.



The EMS has a system handler at the core of the multiple sets of FC reaction controller. FC reaction controllers coordinate the BOPs in the stack modules to work, while the FC voltage regulators keep the modules properly loaded to maintain the electrochemical reactions and manage the energy storage into the battery. The switches between the stack modules and the regulator determine the operating mode of the corresponding module, whether it is offline for maintenance or online in parallel power generation. Li-ion batteries act as energy buffer between generation and output demand. The output voltage regulator serves the output demand. There is a core supervisor monitoring the status of the batteries to control the inhibition of the power generation and the output power drive so that batteries are protected from over charge or discharge.



When DMFC stacks are activated, they can be switched online and offline independently, and their working voltages and currents can change rapidly as a variable energy source. In order to have their electricity output connected in parallel for stable power generation, the dynamic energy management control is designed to maintain the stability of their reaction voltages to the setpoint    V  s p     by the FC voltage regulator. Given the characteristics of the MEA, the generator current estimator estimates    I  e s     as the target current to draw from stacks. It also adjusts the current estimate based on the error between the present FC voltage    V  F C     and the setpoint voltage    V  s p     so that    V  F C     converges to    V  s p    . In the inner loop, the current feedback controller measures the actual output current    I o    and quickly adjusts the direct current to direct current (DC/DC) converter so that    I o    tracks    I  e s    . Meanwhile, all electricity generated, namely    I o    drawn from the stack, gets pumped into the battery for storage.



The right side of Figure 4 shows the output voltage regulator taking energy from the Li-ion battery to drive the output demand. Wherein, the output converter is a boost DC/DC converter controlled by the system handler. When enabled, it draws from the battery voltage to drive the output voltage. The output would be turned off when disabled to prevent over drawing on the batteries. An eFuse module which prevents excessive output current and reversed current against load variation improves the reliability of the power station.



The electrochemical reaction conditions of the DMFC stack modules are maintained by their individual BOPs under the coordinated control of the FC reaction controller as shown in Figure 5a. The reaction voltage calculator determines the appropriate stack reaction voltage setpoint    V  s p    , based on the ambient conditions, the stack temperature and the characteristics of the DMFC stack module, for the FC voltage regulator to follow. The fuel supply calculator determines the fuel consumption to control the dosing pumps to replenish according to the sensor-less approach equation, Equation (1). Assuming only a portion of the fuel consumed by the DMFC stack module is effectively converted into electricity    I  F C     and the rest is the temperature dependent crossover, thus derived the fuel consumption estimator according to sensing measurements.


  S =  K T    ∫  0  Δ t    I  F C   · d t +  K c  · Δ t  



(1)




where  S  is the total fuel consumption over a given period   Δ t  ,    K T    is the fuel consumption coefficient resulting in effective power generation represented by the DMFC output current    I  F C    , and    K c    is the fuel consumption rate resulting in the crossover. Both    K T    and    K c    coefficients are determined from the MEA size, the stack module characteristics, and the ambient temperature. The backbone of the controls is to maintain the proper heat generation for temperature management. The fuel consumption is estimated by Equation (1) to determine the appropriate fuel supply to maintain, to increase, or to decrease current operating temperature.



Figure 5b illustrates the state machine of the FC process controller explaining the logic behind the controls. When the power station is turned on, it first enters the idle state. When the enable signal is triggered, it enters the initial state that the controller controls the fuel supply and stack voltages to increase the stack temperature progressively. When the initial process ends, the state enters the normal operation state. If it yields an abnormal result, then the process enters the recovery state. In the normal operation state, the stack module continues to generate power, perform self-tests, and periodically switches to the activation state. If an error occurs, then the process switches to the recovery state. When the disable command is received, it switches to the shutdown state for safe turn off. While operating in the recovery state, the process attempts to resolve the stack problem. If it succeeds, the controller returns to the initial state to restart or the controller enters the fail state to stop any operations on this stack. In the activation state, the process blocks the stack current, stops supplying oxygen and waits 60 s. Afterwards, the controller returns to normal operation to generate electricity again. This process refreshes the MEAs, the reaction efficiency of which deteriorated after long usage.



The system handler of the EMS sets the system operating modes according to the commands received from the communication as well as the Li-ion battery voltage monitored. The power output is disabled when the battery voltage is less than 3.5 V, and it will be reactivated only until the voltage exceeds 3.7 V. The station power generating is enabled when the battery voltage falls below 3.8 V and will be disabled when the charged voltage rises above 4.1 V. The overall power balance of whole DMFC power station is described by Equation (2)


   P  B A T   =  P  F C   ·  η  R e g   −  P  L o a d   ·  D  L o a d   −  P  E M S    



(2)




where    P  B A T     denotes the power charging the batteries,    P  F C     is the total FC power generation,    η  R e g     is the efficiency of the FC voltage regulator,    P  L o a d     is the power station output power to the external load,    D  L o a d     is the working duty of the external load, and    P  E M S     is the power consumption of EMS. With the battery buffering and the output voltage regulator,    P  L o a d     is designed up to 12 W exceeding    P  F C     and to be suitable to drive IoT applications.




2.3. DMFC Power Station


Figure 6a shows the front view of the portable DMFC power station. Its dimension is 26 × 22 × 22 cm3, and it weighs approximately 2 kg. A fuel injection port is located at the left of the front cover, a heat sink was attached on the right side cover, and vent holes were provided on the top and side for good air circulation.



Figure 6b shows the rear view of the inside. A 4 L fuel tank approximately half of the height of the power station was placed at the bottom providing 1.5 to 2 kWh energy generation capacity to last longer than 20 days of continuous operation. DMFC stack module sockets to accept four stack modules were placed on the upper left side. The number of modules to be plugged in can be determined by the power demand of the targeted application. The EMS control board is located on the upper right. The Li-ion batteries are placed at the right front of the fuel tank. The installation and replacement of the DMFC stack modules are simple and quick, connecting the dosing pump to the fuel tank with a hose, plugging electronic signal and power cables into the corresponding EMS sockets, and it is done. The power station is easy to assemble, to maintain, and portable. We conducted a long-term field test to demonstrate its feasibility for IoT applications in outdoor environments.





3. Experimental Setup


To verify the viability for field applications, the ability of long-term stable electric power generation in a real outdoor environment is a key issue. The experimental test was performed over half a year, beginning in winter and ending in summer, thus covering a variety of weather conditions with wide temperature and humidity variations. From the test, the degradation of components was assessed, and the controls, the fueling, and the maintenance strategies was further refined.



Figure 7a depicts the experimental environment and instrument configuration. The power station was placed in a small outdoor rain-proof cabinet on the roof of a building to simulate an actual field environment. A supervising personal computer was placed indoors for remote status check and data logging. Figure 7b shows the inside of the cabinet where the power station was placed in the test and the dummy load acting as its power demand. Throughout the test, supervising the system for debugging as well as validation purposes, the data recorded are the voltage, current, temperature of the stack modules, the Li-ion battery, the outdoor ambient, and the inside of the cabinet. The performance data were accumulated to one sample per minute for analysis.



To test the power station to its full capacity, with 4 stack modules installed, the power generating capability is 3 to 4 W. To guarantee continuous electricity generation at full power for shortening test time, a 10 W thermoelectric cooler was selected as the dummy load. Therefore,    P  L o a d     was set to 10 W and    D  L o a d     was set to 1 in the power balance Equation (2), and the battery voltage varied between 3.5 V to 3.7 V due to the EMS over-drainage protection.




4. Results and Discussion


The full 3600 h of long-term outdoor power generation test data are shown in Figure 8. The figure shows the history of temperatures, the variations of stack power generations, and the maintenance events.



4.1. Temperature


The temperature outdoors and that inside of the cabinet is shown in green and blue respectively. The temperature inside can be higher by as much as 10–15 °C due to direct sunlight and self-heating by the power station. In the winter, the outdoor temperature fell below 10 °C, while it was always higher than 20 °C inside with the power station in operation except for a short time from a cold start. In the summer, the maximum outdoor temperature reached 40 °C while it rose to 50 °C inside the cabinet.




4.2. Power


The four thin lines in brown, red-orange, yellow-orange, and yellow, at the bottom of Figure 8 represent the power generation of the four stacks, respectively. The power fell to zero periodically as the power generation was suspended for the stack refreshing in the activation state. The theoretical optimal power generation of a single stack was approximately 1 W, and the actual power generation decreased when the reaction temperature deviated to either side from the optimal.



The thin line in red depicts the total power generated, while its 24-h daily moving average is shown by the dark red dotted line. The total power generated reached 4 W at the beginning then decreased gradually down to less than 3 W after hour 1600 when the weather warmed up. In order to compensate for the evaporation of water at high summer temperature, the methanol concentration was reduced to 80 v/v% after hour 2006 from the pure methanol for the winter. The power generation recovered to 3.3 W throughout the rest of the experiment.




4.3. Maintenance


In Figure 8, the sudden changes in the daily power average represented an abnormal event of the power station and they are marked by event numbers in chronological order. Event at hour 55 (➊), the power station suffered a shutdown due to initial wiring mistake. Normal operation resumed after correction. Events at hour 497 (➋), hour 1602 (➌), and hour 2280 (➎) were shutdowns caused by exhaustion of fuel. The power station resumed operation after replenishment. At hour 2006 (➍), the fuel concentration was changed for the summer. Event at hour 3165 (➏) was the first failure when the rusted buckle of dosing pump 2 broke and the deteriorated dosing pump 4 was also replaced. The power station resumed power generation after maintenance. After hour 3581 (➐) the characteristics of 4th stack became abnormal, and the rest of the stacks became flooded and failed subsequently. The power station stopped its operation and concluded the long-term test after hour 3628.




4.4. Failure Analysis


Investigating the episodes resulting in the final failure, Figure 9 zooms in on the records of the four stacks in the range of hour 3581 to 3631. The frames show the voltages, the power generation, and the temperature from top to bottom. The figure shows a normal operation initially in which the power outputs from the stacks were all approximately 1 W, the voltages were controlled at 2.8 V, and the stack temperatures were rising above 55 °C as the ambient temperature rose.



The failure event started to develop at 3582 h into the experiment when the power generation and, thus, also the temperature, of the 4th stack on one side of the station, as shown in yellow, became lower than other stacks. The 4th stack was cut off and shut down because an abnormality was determined by the EMS at hour 3589 (➊) and its voltage peaked briefly and dropped gradually to zero followed by its temperature reaching 7 °C lower than others. It started to sink heat from the others. After hour 3591, the power of the 2nd stack, shown in red-orange, began to oscillate and become frail even though the ambient temperature fell back. At hour 3600 (➋), the 2nd stack got cut off, and stopped generating power causing temperature drops. Since it is sandwiched by the still normal and heat generating stacks 1 and 3, its temperature did not decrease as much as the 4th stack. The power of the 1st stack also became frail, as shown in brown, until it stopped at hour 3606 (➌). At this time, the power generation of the 3rd stack, shown in orange, briefly increased to compensate for the over-cooling temperature, and then finally diminished. At hour 3621 (➍), the researcher came to check and restarted the power station. Although the 1st and 2nd stacks could still be restarted, their powers quickly failed again. The EMS determined that the system could not operate anymore at hour 3628 (➎) and stopped. Based on this final episode, from the first stack power failure to the total shutdown took about 32 h. With multiple stack modules in the system, the redundancies enhanced durability and provided lead time to call for maintenances.



A forensic engineering study was carried out on the failed stack modules, and the final failure was caused by the aging of MEAs. The degradation of electrochemical efficiency leads to increasing fuel demand at the targeted operating condition beyond MEA capability and successively causing damage by flooding.




4.5. Fault Management


Analyzing the episode of the aforementioned failure events for causes and effects, the design and control logics can be refined for better durability. In the final failure, it commenced when a stack had an abnormality and was turned off, whereby the abnormal stack stopped generating power and started sinking the heat from other stacks causing the EMS to make wrongful judgments that led to other flooding failures successively. While the logic of the aggressive fault tolerant auto-recovery feature is still under development, a conservative fault-management strategy could be preferred during the verification to reduce the risk of chained faults. In the case of any stack failure, just shut down the station, and send a notification of abnormality for forensic investigation, maintenance, and improvements.




4.6. Discussion


The long-term performance of our system was determined from the test record, which is compared with other DMFC systems reported in the literature as shown in Table 1.



In designing the power driving capability, although our semi-active DMFC with 4 stack modules has only rated 4 W, we added Li-ion battery buffering as well as an output regulator to boost intermittent load-driving capability to 12 W. With 12 W, it can drive high-power sensors, actuators, or a wireless device for radio communications. Therefore, the design is suitable for IoT applications. Due to the simplified components and piping, our effective system volume-based energy density reached a comparable 152 Wh/L despite a low 10% electrochemical conversion efficiency and low fuel volume-based energy density of 500 Wh/L. Moreover, due to mechanical compactness in exchange for a larger fuel tank while maintaining portability, 480 h of operating time between refueling is more than 3 times that of other systems under persistent full power demand.



This system demonstrated a stable average power generation above 3.3 W throughout the 3600 h of test. With semi-active controls, adjusting the methanol concentration from pure to 80 v/v% helped to improve the power-generation efficiency in hot summer. For the long run, operating characteristics could be updated to reflect the deterioration, or the geometric thermal conditions, so that premature flooding can be avoided and the life can be further extended. To increase power capacity, enlarging the stack for a larger reaction area, increasing the number of stack modules, and improving the reaction efficiency and stability by further optimizing the thermal balance controls are all possible. While increasing the volume energy density for portability, the space utilization of the system can be further polished.





5. Conclusions


A novel portable DMFC power station has been developed for long-term field IoT applications with modularized semi-active stacks and mechatronic controls. Its configuration and controls are introduced in detail. The architecture of the active DMFC stack system was simplified to solve the problems of low manufacturing yield and high maintenance difficulties of active systems. Meanwhile, the EMS was redesigned to achieve coordinated controls on multi semi-active DMFC stack modules to increase configuration flexibility and power capability while overcoming the instability of the passive systems.



The prototype of the power station was tested for 3600 h operation in an actual outdoor environment throughout winter and summer with the ambient temperature ranging from 10 °C to 40 °C and a variety of weather conditions to verify its in-field feasibility and reliability. The causes of the 3 faults were discovered and resolved fundamentally. Therefore, the power station is proven to have long-term outdoor weather endurance, stable power generation, high system volume-based energy density, and easy portability. It is also enhanced with Li-ion batteries buffering and an output regulator to provide an intermittent high-power output drive. Therefore, it is feasible and marketable for remote mobile IoT applications.
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Figure 1. Comparing full balance of plant (BOP) components in an active direct methanol fuel cell (DMFC) stack system with that of a semi-active system marked in red, where a DMFC stack module is enclosed by the red dashed line. 
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Figure 2. Semi-active DMFC stack module. 
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Figure 3. Semi-active DMFC power station functional block diagram. 
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Figure 4. The fuel-cell (FC) voltage regulator and the output voltage regulator block diagram. 
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Figure 5. (a) Functional block diagram of an FC reaction controller; (b) the state machine of the FC process controller. 
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Figure 6. Portable DMFC power station. (a) Front view; (b) rear view internal configuration 






Figure 6. Portable DMFC power station. (a) Front view; (b) rear view internal configuration



[image: Energies 13 03547 g006]







[image: Energies 13 03547 g007 550] 





Figure 7. DMFC power station experiment setup. (a) Outside view; (b) inside view. 
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Figure 8. Long-term power-generation test data in an actual outdoor environment. 
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Figure 9. High-resolution experimental record from 3581 to 3631 h. 
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Table 1. Performance specifications of the DMFC generating systems reported in the literature [19,31].
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	Generating Power
	System Volume-Based Energy
	Fuel Volume-Based Energy
	Conversion Efficiency
	Cartridge Volume and Generating Time





	Motorola Lab [32]
	2 W
	155 Wh/L
	956 Wh/L
	20%
	48 h with 200 cc methanol



	LG Chem [33]
	25 W
	250 Wh/L
	1250 Wh/L
	26%
	10 h with 200 cc methanol



	Toshiba [34]
	1 W
	143 Wh/L
	800 Wh/L
	16%
	20 h with 25 cc methanol



	SFC EFOY COMFORT 80i [35]
	40 W
	163 Wh/L 1
	1100 Wh/L
	22%
	137.5 h with 5 L methanol



	Our system
	4 W

(output 12 W)
	152 Wh/L
	500 Wh/L
	10%
	480 h with 4 L methanol







1 Consider with M5 fuel cartridge.
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