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This paper is on the subject of sensor development and sensor-set size optimization approaches for Proton Exchange Membrane Fuel Cell (PEMFC) system in Fuel Cell Electric Vehicles (FCEV) applications. Sensors are classified as physical sensors and gas sensors. Physical sensors are used to detect signals (pressure, mass flow, etc.) which are related to PEMFC system operating state and control. Gas sensors consist of the hydrogen leakage detector for safety reasons and the environment sensor system which is built with various gas sensors to detect gas contaminations (CO x , SO x , etc.). Depending on the sensor development review and the sensor specifications comparisons, sensors owning low cost, small volume, fast response, high resolution, excellent stability and durability are favored in FCEV applications. Nevertheless, numerous sensors result in the increase of system complexity, cost, and even the reduction of effectiveness for the fuel cell prognostics and health management algorithms. Thus, sensor-set size optimization and capability validation approaches (model-based, data-driven and hybrid) are reviewed in detail. As a result, a sensor-set size optimization framework is proposed. Some future work on fuel cell sensor system development and optimization is also suggested to facilitate the move towards commercialization.

Introduction

During the last decade, greenhouse gas emission due to transportation has become one of the most severe trends for our living environment [START_REF] Hissel | Diagnostic & health management of fuel cell systems: issues and solutions[END_REF]. Hydrogen energy-based technologies are more and more regarded as perfect solutions. Fuel Cell Electric Vehicles (FCEVs), which are based on Proton Exchange Membrane Fuel Cells (PEMFCs), are already commercialized and treated as an extremely promising and environmentally friendly technology to change the current 1 transportation mode [START_REF] Xu | Multi-objective component sizing based on optimal energy management strategy of fuel cell electric vehicles[END_REF][START_REF] Wang | A review of DC/DC converter-based electrochemical impedance spectroscopy for fuel cell electric vehicles[END_REF].

Sensors, which are widely used in PEMFC systems of FCEVs, are essential to monitor the fuel cell state and control the system. Meanwhile, sensors are also requested for Prognostics and Health Management (PHM) of PEMFC in order to improve the stability and durability [START_REF] Candusso | Fuel cell operation under degraded working modes and study of[END_REF].

In this study, sensors of PEMFC systems were divided into physical sensors and gas sensors [START_REF] Candusso | Fuel cell operation under degraded working modes and study of[END_REF]5]. On the one hand, physical sensors, which reflect the system operating state and relate to the control procedure, are used to detect physicals signals, e.g., pressure, mass flow rate, temperature, relative humidity, etc. Gas sensors are primarily employed for safety reasons [START_REF]H2 tools[END_REF][START_REF] Co | [END_REF][START_REF] Hübert | Developments in gas sensor technology for hydrogen safety[END_REF]. On the other hand, various gas contaminations exist, which can result in PEMFC degradation and even lead to irreversible damages to the fuel cell. Jing et al. [START_REF] Jing | The effect of ambient contamination on PEMFC performance[END_REF] studied the influences of SO 2 and NO x led to a fuel cell. Based on the test results, the authors pointed out that in the ambient air, the low-level concentration of contaminations can affect the PEMFC performance. Nagahara et al. [START_REF] Nagahara | The impact of air contaminants on PEMFC performance and durability[END_REF] also studied the impact of sulfur compounds (SO 2 , H 2 S) and nitrogen compounds (NO x , NH 3 ) to PEMFC. The authors found that sulfur compounds caused most severe performance loss of the fuel cell; however, the cell performance was recoverable by flushing out of sulfate from the catalyst layer with high relative humidity (RH). Cheng et al. [START_REF] Cheng | A review of PEM hydrogen fuel cell contamination: impacts, mechanisms, and mitigation[END_REF] reviewed the PEMFC contaminations and highlighted that carbon oxide, especially carbon monoxide (CO), impacted the fuel cell performance significantly. Therefore, the gas contamination sensors system, which is also identified as the environment sensor system of FCEV, attracts more and more attentions of researchers nowadays to help alarm the appearance of gas contaminations and decrease the negative impacts on PEMFC [5].

Sensor selection processes require to make compromise among various sensor specifications that differ a lot in terms of technical and measurement features. For example, the mass flow meter based on the ultrasonic technique has fast response and high accuracy, however, the volume and weight are large [12]. In automotive applications, the mass flow meters owning lightweight and small volume are obviously more suitable [START_REF] Bosch Gmbh | Automotive Handbook[END_REF]. Electrochemical gas sensors own low power consumption and good sensitivity, but the cross-sensitivity is unavoidable [START_REF] Gatty | MEMS-based Electrochemical Gas Sensors and Wafer-Level Methods[END_REF]. Solid-state gas sensors have a fast response and excellent sensitivity; nevertheless, they are more susceptible to interfere gases [START_REF] Moos | Solid state gas sensor research in Germany-a status report[END_REF].

Hence, even the commercialized sensors used in automotive applications and laboratory applications have different requirements, it is also necessary to compare them globally and find out the similarities of developing directions. Furthermore, novel techniques employed by sensor prototypes in-lab are also instructive and meaningful to the future sensor development.

With respect to FCEV application, the literature published by Mao et al. emphasized the significance of sensor-set size optimization for PEMFC systems as it helps to reduce cost and complexity of the system, improve the utilization of detected signals, and optimize the accuracy and effectiveness of PHM for the fuel cells [START_REF] Mao | Selection of optimal sensors for predicting performance of polymer electrolyte membrane fuel cell[END_REF][START_REF] Mao | Effectiveness of a novel sensor selection algorithm in PEM fuel cell on-line diagnosis[END_REF][START_REF] Mao | Polymer electrolyte membrane fuel cell fault diagnosis and sensor abnormality identification using sensor selection method[END_REF]. Although the sensor-set size can be optimized, usability and availability are also requested to be verified. The performance prediction and PHM capability are always the validation indexes [START_REF] Wu | Fault detection and assessment for solid oxide fuel cell system gas supply unit based on novel principal component analysis[END_REF][START_REF] Khelif | Direct remaining useful life estimation based on support vector regression[END_REF]. Typical PHM procedure is illustrated in Fig. 1, which consists of three parts: observe, analyze and act [START_REF] Hissel | PHM of Fuel Cell Systemsa State of the Art, Tutorial[END_REF]. The observed raw data-sets are used to study failure behaviors (diagnosis) and anticipate failure (prognostics, which is usually represented by Remaining Useful Life (RUL)). Then, decision support can be acted, and mitigation actions can be enabled based on estimated RUL. At last, the useful system life can be increased, and the mission achievement is also ensured. Obviously, the "observe" step influences PHM capability significantly. Sensor-set size optimization helps make a balance between the quantity and the quality of raw data. Thus, the efficiency and accuracy of data acquisition and processing can also be enhanced.

This paper is organized as follows. Section 2 details the classifications of physical sensors and gas sensors in FCEV. The comparison of commercialized sensors and in-lab prototype sensors are addressed. Sensor selection process and sensor locations in PEMFC system are proposed. Section 3 reviews sensor-set size optimization approaches and validation methods thoroughly. A framework of sensor optimization and validation steps is proposed at the end. This paper is concluded in the final section 4. incoming air is pulsating heavily.

The primary components of the hot-wire air-mass meter are a thermistor, a platinum hot-wire, and an electronic control circuit [START_REF] Bosch Gmbh | Automotive Handbook[END_REF]26]. The thermistor measures the temperature of the incoming air. The hot-wire is maintained at a constant temperature in relation to the thermistor by the electronic control circuit. An increase in air flow will cause the hot-wire to lose heat faster, and the electronic control circuit will compensate by sending more current through the wire. The electronic control circuit simultaneously measures the current flow and puts out a voltage signal in proportion to the current flow [START_REF] Bosch Gmbh | Automotive Handbook[END_REF]. Some of the benefits of a hot-wire and hot-film air-mass meters are: responds very quickly to changes in air flow, low airflow restriction, smaller overall package, less sensitive to mounting location and orientation, etc. However, for the hot-film air-mass meter, the film resistors on the ceramic substrate are exposed to the air mass under measurement. For reasons associated with the flow, this sensor is far less sensitive to contamination than a hot-wire air-mass meter, and there is no need for the ECU to incorporate a self-cleaning burn-off function.

The operating principle of cold-wire Mass Air Flow (MAF) sensor is similar to the hot-wire air-mass meter; however, it uses an additional "cold" resistor to measure the ambient air and provide a reference for the "hot" resistor element used to measure the air flow [START_REF] Paranthoen | The effect of the thermal prong-wire interaction on the response of a cold wire in gaseous flows (air, argon and helium)[END_REF]. The main drawback of the cold-wire air-mass meter is that oil and dirt can coat the MAF sensor and skew its readings.

The Karman Vortex MAF meter always consists of three main parts: vortex generator, mirror (metal foil) and photo coupler (LED and photo transistor) [START_REF] Pankanin | The vortex flowmeter: various methods of investigating phenomena[END_REF]. The intake air flow reacting against the vortex generator creates a swirling effect to the air downstream and this phenomenon is referred to as a "Karman Vortex". The frequencies of the vortices vary in proportion to the intake air velocity. The vortices are metered into a pressure directing hole from which they act upon the metal foil mirror. The air flow against the mirror causes it to oscillate in proportion to the vortex frequency. This causes the illumination from the photo coupler's LED to be alternately applied to and diverted away from a photo transistor. As a result, the photo transistor alternately grounds or opens the voltage signal to the Engine Control Module (ECM). This creates a voltage square wave signal that increases frequency in proportion to the increase in intake air flow. Because of the rapid, high frequency nature of this signal, accurate signal inspection at various engine operating ranges requires using a high quality digital multimeter with frequency capabilities [START_REF] Pankanin | The vortex flowmeter: various methods of investigating phenomena[END_REF].

The H2/Air mass flow meters, which are used for laboratory applications, are always integrated with the mass flow controllers [12,47,48]. The thermal mass flow meters and controllers (for example, the Brooks® Model 5800 series [47]) include the advantages such as excellent signal to noise performance, superior long-term stability, isothermal packaging, wide flow range and fast response performance. The heart of the system is the highly stable sensor which produces an electrical output signal linear with flow rate. The fundamental operating principle of thermal mass flow meters is thermodynamic. A precision power supply directs heat to the midpoint of the sensor tube carrying the flow. On the same tube equidistant upstream and downstream of the heat input, are resistance temperature measuring elements. With no flow, the heat reaching each temperature element is equal. With increasing flow, the flow stream carries heat away from the upstream element and an increasing amount towards the downstream element. An increasing temperature difference develops between the two elements and this difference is proportional to the amount of gas flowing or the mass flow rate. A bridge circuit interprets the temperature difference and an amplifier provides the output to the control circuitry.

For the ultrasonic based mass flow meters (for example, FLEXIM® FLUXUS G809 [12]) are specially designed for the stationary use in hazardous areas and explosive atmospheres. The transducers are mounted on the pipe which is completely filled with the fluid. The ultrasonic signals are emitted alternately by a transducer and received by the other. The physical quantities are determined from the transit times

Property sensed

Automotive industrial application Laboratorial application

Mass flow rate H 2 /Air Hot-Film-Meter [START_REF] Bosch Gmbh | Automotive Handbook[END_REF][START_REF] Suzuki | [END_REF][START_REF] Stoltman | [END_REF][START_REF] Rittmann | Air flow meter 8. Generation: a modular approach for new diesel system challenges[END_REF][START_REF] Akansu | Experimental study of gasoline-ethanol-hydrogen blends combustion in an SI engine[END_REF]; Hot-Wire-Meter [START_REF] Bosch Gmbh | Automotive Handbook[END_REF][26][27][28]; Cold-Wire sensor [START_REF] Gilles | Automotive Service: Inspection, Maintenance, Repair[END_REF]; Karman Vortex type meter [START_REF] Bosch Gmbh | Automotive Handbook[END_REF][START_REF] Miyoshi | [END_REF].

Thermal flow sensor [47];

Based on ultrasonic [12]; MEMS thermal flow sensor [48].

Liquid coolant

Electromagnetic flow meter [33,34]; Ultrasonic fluid flow sensor [31,[START_REF] Bates | A combined ultrasonic flow meter and binary vapour mixture analyzer for the ATLAS silicon tracker[END_REF]; Turbine meter [33,35,[START_REF] Baker | Turbine flowmeters: II. Theoretical and experimental published information[END_REF]. Pressure H 2 /Air Micromechanical based [START_REF] Bosch Gmbh | Automotive Handbook[END_REF] Micro machined silicon strain gauge based [START_REF] Ikeda | Silicon pressure sensor integrates resonant strain gauge on diaphragm[END_REF]. Temperature H 2 /Air NTC thermistor [37][START_REF]Amphenol Advanced Sensors[END_REF][START_REF] Honeywell | [END_REF]. PTC or NTC thermistor [START_REF] Honeywell | [END_REF]; Thermocouple [START_REF] Ali | Thin film thermocouples for in situ membrane electrode assembly temperature measurements in a polybenzimidazole-based high temperature proton exchange membrane unit cell[END_REF]. Liquid coolant PTC or NTC thermistor [START_REF] Honeywell | [END_REF]. Relative humidity H 2 /Air Capacitive RH sensor [START_REF] Kang | A high-speed capacitive humidity sensor with on-chip thermal reset[END_REF][START_REF] Schubert | A polyimide-based capacitive humidity sensor[END_REF][START_REF] Kim | Capacitive humidity sensor design based on anodic aluminum oxide[END_REF];

Resistive RH sensor [START_REF] Kim | Thick films of copper-titanate resistive humidity sensor[END_REF][START_REF] Kiasari | Room temperature ultrasensitive resistive humidity sensor based on single zinc oxide nanowire[END_REF][START_REF] Farahani | Humidity sensors principle, mechanism, and fabrication technologies: a comprehensive review[END_REF][START_REF] Najeeb | Organic thin-film capacitive and resistive humidity sensors: a focus review[END_REF].

Capacitive RH sensor [START_REF] Lamanna | Determination of effective water vapor diffusion coefficient in pemfc gas diffusion layers[END_REF][START_REF] Honeywell | [END_REF].

Sensor classification

Physical sensor

Physical sensors for a PEMFC system consist of mass flow rate meter, pressure sensor, temperature sensor and relative humidity sensor. Physical sensors are necessary to be installed in PEMFC systems due to the fact that the physical signals such as hydrogen/air mass flow, coolant temperature and others are closely related to the fuel cell performance monitoring and control. In this study, both commercialized and in-lab developed physical sensors for PEMFC system applications are reviewed in section 2.1.1 and section 2.1.2, respectively. Then, a brief discussion is presented in section 2.1.3.

Commercialized physical sensor

The commercialized physical sensors, which are applied in both automobile industries and laboratory applications, are globally compared in Table .1. The operating principles of different sensors are detailed in the following subsections.

Commercialized gas mass flow m eter.

Air-mass meters applying thermal methods (hot-wire or hot-film air flowmeters) are used which can follow sudden flow changes without mechanically moving parts. The hot-film air-mass meter is a thermal sensor which operates according to the following principle: a centrally situated heating resistor on the measuring cell heats a sensor diaphragm and maintains it at a constant temperature [START_REF] Bosch Gmbh | Automotive Handbook[END_REF][START_REF] Suzuki | [END_REF]. The temperature distribution on the diaphragm is registered by two temperature-dependent resistors which are mounted upstream and downstream of the heating resistor so as to be symmetrical to it. As soon as air flows over the measuring cell, the uniform temperature profile at the diaphragm changes. On the inlet side, the temperature characteristic is steeper since the incoming air flowing past this area cools it off. On the opposite side, the temperature characteristic only changes slightly, because the incoming air flowing past has been heated by the heater element. The change in temperature distribution leads to a temperature difference between the measuring points. The heat dissipated to the air, and therefore the temperature characteristic at the measuring cell is dependent on the air mass flowing past. The temperature difference is a measure of the air-flow mass. It is also direction-dependent so that the air-mass meter can record both the amount and the direction of an air-mass flow. Due to its very thin micromechanical diaphragm, the sensor has a highly dynamic response (<15 ms [START_REF] Bosch Gmbh | Automotive Handbook[END_REF]), a point which is of particular importance when the Table 1 PEMFC system commercialized physical sensor current status. circuitry, pressure signal is maximized enhancing stability. A key step for eliminating machining stress in the diaphragm is the glass fusion process used to bond the strain gauges to the sensor diaphragm. By using silicon strain gauge technology and the glass fusion bonding method, there is no stress induced from thermal gradients between structural materials.

Commercialized temperature sensor.

Positive Temperature Coefficient (PTC) thermistors and Negative Temperature Coefficient (NTC) thermistors are the most common temperature sensors for both the gas and the liquid temperature measurements. PTC thermistors are resistors that have a positive temperature coefficient (of the order of a few ‰/K) [START_REF] Bosch Gmbh | Automotive Handbook[END_REF]. The resistance value increases with rising temperature. PTC thermistors conduct electricity better at low temperatures than at high temperatures. A typical application of PTC thermistors is applied as heater elements for auxiliary heaters. The greater resistance with increasing temperature allows heat output to be adjusted automatically NTC thermistors have a marked negative temperature coefficient. The electrical resistance decreases with increasing temperature. Their temperature coefficients can be as much as -6%/K [START_REF] Bosch Gmbh | Automotive Handbook[END_REF]. The typical application of NTC thermistors is used as temperature sensors.

Thermocouple is an electrical device consisting of two dissimilar electrical conductors forming an electrical junction. Thermocouple produces a temperature-dependent voltage as a result of the thermoelectric effect, and this voltage can be interpreted to measure temperature. Thermocouples are widely applied as temperature sensors with features such as inexpensive, interchangeable and wide range of measuring temperature.

Commercialized humidity sensor.

The capacitive humidity sensor is a small capacitor consisting of a hygroscopic dielectric material placed between a pair of electrodes [START_REF] Kang | A high-speed capacitive humidity sensor with on-chip thermal reset[END_REF][START_REF] Schubert | A polyimide-based capacitive humidity sensor[END_REF][START_REF] Lamanna | Determination of effective water vapor diffusion coefficient in pemfc gas diffusion layers[END_REF]. At normal room temperature, the dielectric constant of water vapor is much larger than the constant of the sensor dielectric material. Therefore, the absorption of moisture by the sensor results in an increase in sensor capacitance. At equilibrium conditions, the amount of moisture present in a hygroscopic material depends on both ambient temperature and ambient water vapor pressure. This is true also for the hygroscopic dielectric material used in the sensor. By definition, relative humidity is a function of both the ambient temperature and water vapor pressure. There is a direct relationship between relative humidity, the amount of moisture present in the sensor, and sensor capacitance. This relationship is at the base of the operation of a capacitive humidity instrument. A capacitance variable humidity sensor element features excellent linearity and is capable of measuring from a relative humidity of 0% RH [START_REF] Schubert | A polyimide-based capacitive humidity sensor[END_REF]. However, it has disadvantages such as making circuits highly complex and expensive and requiring regular calibration [57].

In a variable resistance humidity sensor, the resistance of the sensor element changes in response to humidity changes, and the resistance changes are extracted as electrical signals [START_REF] Kim | Thick films of copper-titanate resistive humidity sensor[END_REF][START_REF] Kiasari | Room temperature ultrasensitive resistive humidity sensor based on single zinc oxide nanowire[END_REF]. Inside the resistive RH sensor, a noble metal thick film conductor such as gold or ruthenium oxide is printed in a comb shape on an alumina substrate, and it is fired to form electrodes. Next, a polymer material is applied to these electrodes to form a humidity sensing film. The sensing mechanism of the polymer film can be explained by the existence of movable ions that are enabled to move freely through the absorption of water molecules. Namely, it is believed that it treats impedance changes caused by the changes in the number of movable ions as electrical conduction. The resistive RH sensor has disadvantages such as difficulty in performing measurement in the low humidity range (5% RH or lower), difficulty in securing a dynamic range in circuits, and large property fluctuations due to temperature [57,58].

In-lab developed physical sensor

In Table .2, in-lab developed prototype physical sensors, which are of the ultrasonic signals. As the fluid where the ultrasound propagates is flowing, the transit time of the ultrasonic signal in flow direction is shorter than the one against the flow direction. The transit time difference is measured and allows the flowmeter to determine the average flow velocity along the propagation path of the ultrasonic signals. A flow profile correction is then performed in order to obtain the area averaged flow velocity, which is proportional to the volumetric flow rate. The integrated microprocessors control the entire measuring cycle. The received ultrasonic signals are checked for measurement usability and evaluated for their reliability. Noise signals are eliminated. Nowadays, Microelectromechanical Systems (MEMS) flow sensor based thermal gas mass flow meters are developed and commercialized to help users improve quality and save energy. The features of the MEMS flow sensor are: ultra-miniature structure, high resolution, high speed response, wide range, high repeatability, symmetric structure measures reverse flow as well, unaffected by changes in pressure and temperature [48]. The operating principle of a MEMS thermal flow sensor is that when there is no gas flow, the temperature distribution around the heater is symmetric. When gas starts to flow, the temperature upstream of the heater begins to decrease, while the temperature downstream increases, causing a distortion of the symmetric temperature distribution. This temperature difference causes a difference in resistance in a temperature sensor (a thin platinum film) and is used to calculate the mass flow rate (flow rate multiplies density).

Commercialized liquid mass flow m eter.

Electromagnetic flow meter is designed for the measurement of engine coolant flow [33,34]. The flow meters own small footprint, lightweight and are ideal for on board automotive applications where accuracy, zero pressure drop and no moving parts are essential requirements. The electromagnetic flow meter bases its operation on the Faraday Principle, by which a conductor crossing a magnetic field generates a potential. The resultant potential is directly proportional to the flow velocity.

The operating principle of ultrasonic fluid flow meter is similar to the ultrasonic based gas mass meter. The main advantages of ultrasonic fluid flow meter are compact size, no moving parts, lightweight, high accuracy, repeatable and fast response for dynamic flows [31,[START_REF] Bates | A combined ultrasonic flow meter and binary vapour mixture analyzer for the ATLAS silicon tracker[END_REF].

Turbine flow meter is provided in automotive application measuring coolant flow in engines [33,35,[START_REF] Baker | Turbine flowmeters: II. Theoretical and experimental published information[END_REF]. The commercialized turbine meters feature high accuracy and repeatability, compact size, and fast speed of response. However, auxiliary electronic devices are requested for measurements where temperature changes during the test.

2.1.1.3. Commercialized pressure sensor. In automotive application, the Manifold Air Pressure (MAP) are commonly measured based on micromechanical pressure sensors for engine-management systems [START_REF] Bosch Gmbh | Automotive Handbook[END_REF]. Micromechanical pressure sensors determine the absolute pressure of gases by measuring the pressure differential in relation to a reference vacuum. The operating principle of the micromechanical pressure sensors is that the diaphragm of the sensor cell is deflected to varying degrees depending on the voltages across them. This leads to a change in the measurement voltage. This as yet unamplified voltage is, therefore, a measure of the pressure applied to the diaphragm. The Wheatstone bridge circuit is used to obtain higher measurement voltage permitting a higher sensor sensitivity. The signal-conditioning electronic circuitry is integrated on the chip to amplify the bridge voltage, compensate for temperature influences, and linearize the pressure curve. The output voltage is supplied via electrical connections to the engine control unit. The control unit uses this output voltage to calculate the pressure.

A number of current transducers rely on technologies that have problems with zero and span drift, thermal shift, and case stress. According to Ref. [START_REF] Ikeda | Silicon pressure sensor integrates resonant strain gauge on diaphragm[END_REF], micro machined silicon strain gauges that are ultra-stable and suitable for high purity and ultra-high purity requirements. A design feature for controlling stress is the use of dual paired gauges. By using two paired gauges in Wheatstone bridge based on different novel techniques for PEMFC system, are listed. Due to the fact that temperature and relative humidity distributions are closely related to water management and performance of the fuel cell, the development of relative humidity sensor and temperature sensor are most concerned [START_REF] Shao | In-situ measurement of temperature and humidity distribution in gas channels for commercial-size proton exchange membrane fuel cells[END_REF][START_REF] Lee | Use of flexible micro-temperature sensor to determine temperature in situ and to simulate a proton exchange membrane fuel cell[END_REF][START_REF] Pei | In situ measurement of temperature distribution in proton exchange membrane fuel cell I a hydrogen-air stack[END_REF][START_REF] Ali | Thin film thermocouples for in situ membrane electrode assembly temperature measurements in a polybenzimidazole-based high temperature proton exchange membrane unit cell[END_REF]. The operating principles of sensors in Table .2 are also detailed.

The in-lab developed physical sensors can be classified as insertion models and embedment models. The insertion models, which are inserted into PEMFC from fuel inlet and outlet channels of bipolar flow plate, are always based on the optical fiber technique, for example, Fiber Bragg Grating (FBG) based sensors [START_REF] David | In-fibre Bragg grating sensors for distributed temperature measurement in a polymer electrolyte membrane fuel cell[END_REF][START_REF] David | In situ measurement of relative humidity in a PEM fuel cell using fibre Bragg grating sensors[END_REF]. Pei et al. [START_REF] Pei | In situ measurement of temperature distribution in proton exchange membrane fuel cell I a hydrogen-air stack[END_REF], Ali et al. [START_REF] Ali | Thin film thermocouples for in situ membrane electrode assembly temperature measurements in a polybenzimidazole-based high temperature proton exchange membrane unit cell[END_REF], and Tang et al. [START_REF] Tang | Thin film thermocouple fabrication and its application for real-time temperature measurement inside PEMFC[END_REF] also developed novel thermocouples to study thermal distributions within fuel cell stacks. The embedment models, which are embedded directly in gas inlet and outlet channels during fuel cell stack assembly procedure, are usually based on the MEMS technique, especially the flexible MEMS [START_REF] Lee | Use of flexible micro-temperature sensor to determine temperature in situ and to simulate a proton exchange membrane fuel cell[END_REF][START_REF] Lee | Embedded flexible micro-sensors in MEA for measuring temperature and humidity in a micro-fuel cell[END_REF][START_REF] Lee | A novel method for in-situ monitoring of local voltage, temperature and humidity distributions in fuel cells using flexible multifunctional micro sensors[END_REF][START_REF] Lee | In-situ measurement of high-temperature proton exchange membrane fuel cell stack using flexible five-in-one micro-sensor[END_REF][START_REF] Wang | Analyzing in-plane temperature distribution via a micro-temperature sensor in a unit polymer electrolyte membrane fuel cell[END_REF].

FBG-based sensor.

A fiber Bragg grating (FBG) is a type of distributed Bragg reflector constructed in a short segment of optical fiber that reflects particular wavelengths of light and transmits all others [START_REF] Hill | Fiber Bragg grating technology fundamentals and overview[END_REF]. The fundamental principle behind the operation of an FBG is Fresnel reflection, where light traveling between media of different refractive indices may both reflect and refract at the interface [START_REF] Rao | Fiber Bragg grating sensors: principles and applications[END_REF]. When the grating is illuminated with broadband light, the reflected power spectrum has structure caused by interference of the light with the planes of the grating, much like Bragg diffraction. The peak of the spectrum, in this case, occurs at a wavelength corresponding to twice the optical path length between adjacent planes, and is called the Bragg wavelength. When the grating is subjected to mechanical or thermal strain its pitch changes, causing a shift in the Bragg wavelength.

David et al. [START_REF] David | In-fibre Bragg grating sensors for distributed temperature measurement in a polymer electrolyte membrane fuel cell[END_REF] provided a new application of FBG sensors for the study of temperature distribution inside a PEMFC. The authors locate four FBGs from inlet to outlet on the lands between the flow channels in the cathode collector plate of a single test cell. The operating temperature range of the cell is from 20 • C to 80 • C. According to the results, a relative error which is less than 0.2 • C has been obtained. David et al. [60] proposed an approach to study the difference of relative humidity inside a fuel cell based on a new FBG sensor. The authors use the hygroscopic expansion and contraction of a polyimide recoated FBG RH sensors. Once the concentration of water vapor surrounding FBG changes, the strain in the fiber changes and causes a shift in the Bragg wavelength of the FBG. The FBG RH sensors are installed at two separate channel and lands in the flow channels of anode and cathode. According to the results obtained by the FBG RH sensors, obvious differences of RH exist between land and channels under dynamic conditions especially on the cathode. The result indicates that the RH measurements in the channels are not enough to infer the membrane hydration degree on the cathode side.

2.1.2.2. Flexible MEMS-based sensor. Lee et al. [START_REF] Lee | Use of flexible micro-temperature sensor to determine temperature in situ and to simulate a proton exchange membrane fuel cell[END_REF] proposed a flexible micro-temperature sensor on a stainless-steel foil substrate (SS-304 with a thickness of 40 μm) to monitor temperature inside a fuel cell.

MEMS-based fabrication technique is used to develop the sensor.

Compared with traditional thermocouple, the flexible MEMS sensors own characteristics as small volume, highly sensitive, flexible and strong, ease of mass production, and can be placed anywhere. Lee et al. locate the flexible MEMS temperature sensors on the cathode bipolar plate at both the upstream and downstream side. The experiment results indicate that temperature inside a PEMFC was not stable as measured by a thermocouple.

Wang et al. [START_REF] Wang | Analyzing in-plane temperature distribution via a micro-temperature sensor in a unit polymer electrolyte membrane fuel cell[END_REF] also studied the temperature distribution inside a fuel cell. The authors use six flexible micro-temperature sensors to measure the temperature distributions of the fuel inlet part, the center area and the outlet region. The temperature distribution is monitored more precisely.

Lee et al. [START_REF] Lee | Embedded flexible micro-sensors in MEA for measuring temperature and humidity in a micro-fuel cell[END_REF] proposed a two-in-one flexible MEMS-based micro sensor aiming at temperature and RH measurements inside a fuel cell.

The proposed flexible micro sensor is 2 μm thick. The area of temperature sensor is 180 μm × 180 μm, and 180 μm × 220 μm of the humidity sensor. A flow channel was integrated in a stainless-steel base (SS-304) with micro-channels that are 300 μm wide and 200 μm deep using wet-etching technology. The temperature sensor is a resistance temperature detector (RTD) which has a positive temperature coefficient. The humidity sensor is capacitive-based as the temperature variation affects resistive sensors. The authors install one micro-sensor into the center of MEA to measure precisely the temperature and humidity at various flow channels. At last, the authors indicate that this technique can help provide the optimal operating parameters of fuel cell for improving fuel cell performance.

Lee et al. [START_REF] Lee | A novel method for in-situ monitoring of local voltage, temperature and humidity distributions in fuel cells using flexible multifunctional micro sensors[END_REF][START_REF] Lee | In-situ measurement of high-temperature proton exchange membrane fuel cell stack using flexible five-in-one micro-sensor[END_REF] proposed three-in-one (temperature, relative humidity, voltage) and five-in-one (temperature, flow, pressure, voltage, current) flexible micro-sensors successively. The three-in-one micro-sensor is fabricated for PEMFC application and the five-in-one micro-sensor is employed in high-temperature PEMFC (HT-PEMFC) application. Nevertheless, their sensing principles are the same. The micro temperature sensor, whose area is 400 μm × 400 μm, is an RTD and has a PTC. The micro voltage sensor has a sensing area of 200 μm × 200 μm and is a miniaturized voltage probe. The film-type probe is installed inside a fuel cell to ensure the voltage is measured in particular locations. The micro pressure sensor is designed with the capacitive sensing element and with sensing area of 800 μm × 800 μm. The hot-wire micro flow sensor is utilized to monitor the flow inside channels of the fuel cell. The micro current sensor consists of the micro voltage probe (400 μm × 350 μm) and the micro resistance probe (350 μm × 350 μm). The probes are integrated in the thickness of a 40 μm stainless steel sheet. The front-end probe is exposed while the other parts are isolated. Hence, the micro current sensor can detect the current of a particular area.

Thermocouple-based sensor.

Pei et al. [START_REF] Pei | In situ measurement of temperature distribution in proton exchange membrane fuel cell I a hydrogen-air stack[END_REF] measured temperature mapping by micro-thermocouples which are embedded into the cathode plate of the fuel cell. The temperature distributions of a single cell and complete fuel cell stack are both studied. Pei et al. investigate the temperature distribution characteristic in a 46 cells' PEMFC stack, and four sample cells (1st,11th, 23rd, 46th) are embedded with the micro-thermocouples. For each cell, nine thermocouples (T type) are divided into three groups and installed in the top, middle and bottom of the inlet, respectively. According to the results, Pei et al. indicate that in the stack, the highest temperature and the lowest temperature appear in the bottom-middle and the top-middle of the single cell separately. Furthermore, during the optimal design, especially at the high current densities, the heat exchange between the coolant and the middle bipolar plates should be paid special attention.

Ali et al. [START_REF] Ali | Thin film thermocouples for in situ membrane electrode assembly temperature measurements in a polybenzimidazole-based high temperature proton exchange membrane unit cell[END_REF] proposed a novel technique that Type-T thin film 

Discussion

Although the application fields are different, similarities still exist in commercialized physical sensors. Firstly, the operating temperature limitation of sensors must satisfy the operating temperature range. PEMFC operating temperature is in the range of 50-90 • C. Nowadays, FCEVs are also required to operate at cold environment. To meet the requirements, manufacturers also developed physical sensors which can hold the crucial working conditions. For example, the hot-film based mass air flow meter developed by Bosch can operate in the temperature range from -40 • C to 120 • C [START_REF] Bosch Gmbh | Automotive Handbook[END_REF]. Secondly, thermistor-based temperature sensors are widely selected to detect coolant temperature and gas temperature for both applications. The thermistor-based sensors feature advantages such as low cost, relative high accuracy, linear with temperature change, etc. [START_REF] Honeywell | [END_REF]. Sometimes thermocouple temperature detectors are also selected for the laboratory applications [START_REF] Ali | Thin film thermocouples for in situ membrane electrode assembly temperature measurements in a polybenzimidazole-based high temperature proton exchange membrane unit cell[END_REF]. Thirdly, capacitive relative humidity sensors are widely used for both applications. At last, for relative humidity sensors and temperature sensors, the time constant sometimes is possible to be big, e.g., 5 s [START_REF]Available[END_REF]. However, too slow response can result in testing errors and make it difficult to develop fuel cell model with high precision [START_REF] Kim | Capacitive humidity sensor design based on anodic aluminum oxide[END_REF][START_REF] Kim | Thick films of copper-titanate resistive humidity sensor[END_REF][START_REF] Lamanna | Determination of effective water vapor diffusion coefficient in pemfc gas diffusion layers[END_REF].

The differences are mainly important in mass flow meters and pressure sensors. For the automotive industrial application, the sensor elements are much simple and build with fewer auxiliary components [START_REF] Bosch Gmbh | Automotive Handbook[END_REF][START_REF] Rittmann | Air flow meter 8. Generation: a modular approach for new diesel system challenges[END_REF][START_REF] Honeywell | [END_REF]. The control part is embedded in an engine control unit (ECU) which is a separate device. The packages of sensors are mostly industrial plastic and, in this way, the weight and costs can be reduced. The most important characteristics are stability, durability and accuracy for the sensors which are used in automotive applications. For the laboratory applications, the sensor elements are more complicated and always comprise several components [48]. The controllers are always integrated with the sensor elements and operate as the whole [12]. The packages are usually in steel; hence, the weight, volume and cost are increased. The most important characteristics are here response time, resolution and sensitivity for the sensors which are applied in the laboratorial application.

According to the comparative study, the miniaturization of physical sensors is a trend as it can help to improve the compactness of the sensor system. Meanwhile, all-in-one sensors are favored to reduce the complexity of the system.

Gas sensor 2.2.1. Hydrogen leakage detector (safety reason)

Hydrogen leakage detectors are essential to be fitted on FCEVs for the safety concern by reason of the combustibility of hydrogen. The locations of hydrogen detectors in Honda Clarity FCEV and Toyota Mirai are presented as examples in Fig. 2.

In Honda Clarity FCEV, four hydrogen sensors are present: three sensors inside the motor room, and one inside the filling lid [START_REF]H2 tools[END_REF]. On the other hand, two hydrogen detectors are fitted with Toyota Mirai: one detector inside the motor room, and the other inside the filling nozzle [START_REF] Co | [END_REF]. Once a potentially hazardous leakage is detected, the hydrogen flow from the tank will be stopped automatically by the system controller [START_REF]H2 tools[END_REF].

The hydrogen detector of Toyota Mirai is developed by FIS Inc., a group company of Nissha Printing Co., Ltd. The developed catalytic combustion sensors detect any hydrogen leaks within 1 s before the fuel cell vehicle starts up. Meanwhile, the coil-shaped sensing element maximizes the catalyst surface area and extends the sensor's service life [START_REF] Co | [END_REF]. The new compact sensing element detects rises in combustion temperature caused by contact between the catalyst electrodeposited on the platinum wire and the hydrogen. The establishment method of the electrodeposition resolves the conflicts of minimizing size and maximizing catalyst surface area, fast detection and long durability. The hydrogen sensors are also widely developed for in-lab use and based on different techniques: solid-state hydrogen sensor, nano-material based hydrogen sensor, optical hydrogen sensor, MEMS based hydrogen sensor, etc. [START_REF] Hübert | Developments in gas sensor technology for hydrogen safety[END_REF]. The operating principles of these gas sensors will be detailed in the following part.

No matter in real FCEV application or in laboratory study, the requirements of hydrogen leakage sensors are the same: fast response, high resolution, excellent stability and durability.

Gas contaminations of PEMFC

The contaminations of PEMFC can be caused by impurities in hydrogen fuel and air feed streams into anodes and cathodes of fuel cells [START_REF] Cheng | A review of PEM hydrogen fuel cell contamination: impacts, mechanisms, and mitigation[END_REF]. The impurities can result in stack performance degradation, and sometimes lead permanent damage to the membrane electrode assemblies (MEA). In Table .3, different gas contaminations sources and their impacts on PEMFC are listed out [START_REF] Jing | The effect of ambient contamination on PEMFC performance[END_REF][START_REF] Moore | The effects of battlefield contaminants on PEMFC performance[END_REF][START_REF] Jiménez | Assessment of the performance of a PEMFC in the presence of CO[END_REF][START_REF] Janssen | Modelling study of CO2 poisoning on PEMFC anodes[END_REF][START_REF] Shi | Hydrogen sulfide poisoning and recovery of PEMFC Pt-anodes[END_REF].

The hydrogen impurities are mainly coming from its manufacturing process. Today, the majority of hydrogen (~95%) is produced from fossil fuels by steam reforming or partial oxidation of methane [START_REF] Dicks | Hydrogen generation from natural gas for the fuel cell systems of tomorrow[END_REF], and only a very small part by other routes such as biomass gasification [START_REF] Hamelinck | Future prospects for production of methanol and hydrogen from biomass[END_REF], hydrolysis of sodium borohydride [START_REF] Wee | Sodium borohydride as the hydrogen supplier for proton exchange membrane fuel cell systems[END_REF] and electrolysis. Hence, the hydrogen production process results in unavoidable impurities such as carbon oxides including CO and CO 2 , and sulfur compounds including H 2 S and sulfur organics [START_REF] Mohtadi | Effects of hydrogen sulfide on the performance of a PEMFC[END_REF]. Moreover, the use of ammonia as a tracer gas in natural gas distribution systems can result in NH 3 impurity (at a level of few ppm (parts-per-million)) in the reformate gas [START_REF] Halseid | Influence of ammonium on conductivity and water content of Nafion 117 membranes[END_REF].

Chugh et al. [START_REF] Chugh | Performance evaluation of PEM fuel cell stack on hydrogen produced in the oil refinery[END_REF] experimentally studied and identified the impact of impurities present in refinery hydrogen on PEMFC performance. High level of CO (~80 ppm) was detected in refinery hydrogen, and according to the experiment results, even 10 ppm of CO in hydrogen fuel led to almost 30% voltage loss after an operation of 4 h. Rajalakshmi et al. [START_REF] Rajalakshmi | Effect of carbon dioxide and ammonia on polymer electrolyte membrane fuel cell stack performance[END_REF] studied the effect of impurities (CO 2 and NH 3 ) presented in the anode side of PEMFC. The authors found that CO 2 presence in anode gas decreased the performance of PEMFC by up to 10%. The voltage loss caused by CO 2 was recoverable with passing pure hydrogen fuel. Even worse, 20 ppm of NH 3 in anode gas caused the fuel cell permanent failure in a short duration.

Air is the most practical and economical way to feed the cathode side of the fuel cell stack. However, air pollutants, namely nitrogen oxides (NO x , including NO and NO 2 ), sulfur oxides (SO x , including SO 2 and SO 3 ), carbon oxides (CO x , including CO and CO 2 ), ozone, and other organic chemical species (such as benzoic compounds) contaminate the fuel cell, resulting in MEA damage and performance degradation. The thermocouples (TFTCs) are fabricated on a Kapton substrate to measure the internal temperature distribution of HT-PEMFC. TFTCs are promising to measure the internal temperature of an operating fuel cell benefitting from the small size, fast response and flexibility in design. Type-T TFTCs are selected as they own the lowest temperature coefficient of resistance and the highest thermal electromotive force. Meanwhile, the operating temperature range of Type-T TFTCs (-200 • C-350 • C) is appropriate for the working temperature range of HT-PEMFC (120 • C-200 • C). The TFTCs are fabricated on a 75 μm thick Kapton foil which is a rectangle. Finally, the sealed TFTCs are embedded between the flow plate and the MEA (Celtic® P-1000). Five Type-T TFTCs are used to measure the temperature in the four corners and the center. According to the results, the TFTCs, which own stable performance, are embedded with minimal interference to the performance of the fuel cell. This novel manufacturing technique provides new ways for in situ temperature measurements for fuel cells. major sources of these contaminants are the automotive vehicle exhaust and industrial manufacturing processes.

Erbach et al. [START_REF] Erbach | Influence of operating conditions on permeation of CO2 through the membrane in an automotive PEMFC system[END_REF] investigated the influence of operating conditions on CO 2 crossover from fuel cell cathode to anode in an automotive PEMFC system. The automotive full-size fuel cell experiments were carried out on a research platform system for the development of Daimler AG's Mercedes Benz GLC F-Cell. The supplied air at cathode contained 400 ppm of CO 2 , and during operation, CO 2 concentrations in the range of 100-200 ppm were monitored on the anode side. CO 2 permeation through membrane reduced the electrochemical active surface area (ECSA) after reduction to CO which absorbs on Pt surface to form Coad. 200 ppm of CO 2 in the anode feed resulted in blocked ECSA of 26% through operation of 24 h. Erbach et al. pointed that a hydrocarbon-based membrane was a better permeation barrier and the system should be operated at low pressures, low relative humidity and low temperatures to minimize the CO 2 crossover to the anode side. For the first time ever, Talke et al. [START_REF] Talke | Influence of urban air on proton exchange membrane fuel cell vehicles-Long term effects of air contaminants in an authentic driving cycle[END_REF] experimentally studied the influence of urban air on automobile fuel cell short stacks with an authentic driving cycle. Tests with a semi-dynamic profile were executed for more than 1560 h and shown an irreversible damage of PEMFC by nitrogen oxides. In some special situations, over 10% power loss occurred for FCEVs in urban areas. Furthermore, even NH 3 only caused a power loss less than 3%, permanent failure was led to the fuel cell.

Therefore, the environment sensor system is promising to be installed on FCEV to detect and analyze the gas contaminations, and improve the fuel cell control systems to avoid fuel cell performance loss, even irreversible damage caused by fuel and gas impurities.

Gas sensor development

As the main elements of environment sensor system for FCEV, gas sensors are highly developed by various techniques and are comparatively presented in Table . [START_REF] Candusso | Fuel cell operation under degraded working modes and study of[END_REF]. The operating principles of different gas sensors are detailed and illustrated in Fig. 3.

The electrochemical gas sensors have been developed since 1950s. Electrochemical sensors operate by reacting with the target gas and producing an electrical signal proportional to the gas concentration Fig. 2. Hydrogen detectors/sensors locations in the commercialized FCEV: left-side: Honda Clarity FCEV [START_REF]H2 tools[END_REF]; right-side: Toyota Mirai [START_REF] Co | [END_REF].

Table 3

Different gas contaminations' sources and impacts to PEMFC [START_REF] Cheng | A review of PEM hydrogen fuel cell contamination: impacts, mechanisms, and mitigation[END_REF]. Catalyst layer [START_REF] Shi | Hydrogen sulfide poisoning and recovery of PEMFC Pt-anodes[END_REF] Degrade the cell performance significantly through the poisoning effect of the Pt catalysts [START_REF] Mohtadi | Effects of hydrogen sulfide on the performance of a PEMFC[END_REF].

Cathode exposure to high concentration hydrogen sulfide can lead to a complete deterioration of cell performance in short period [START_REF] Murthy | The effect of temperature and pressure on the performance of a PEMFC exposed to transient CO concentrations[END_REF].

SO x

Air pollutant Catalyst layer [START_REF] Jing | The effect of ambient contamination on PEMFC performance[END_REF] Membrane [START_REF] Moore | The effects of battlefield contaminants on PEMFC performance[END_REF] Lead to "morning voltage drop" in a fuel cell stack and MEA pH be depressed [START_REF] Knights | Fuel Cell Seminar 2005: Fuel Cell Progress. Challenges and Markets[END_REF]; Make FC current density dropped [START_REF] Mohtadi | Assessing durability of cathodes exposed to common air impurities[END_REF]; Strongly adsorb on the Pt catalyst and be responsible for catalyst poisoning [START_REF] Loučka | Adsorption and oxidation of sulphur and of sulphur dioxide at the platinum electrode[END_REF]; Lead to difficulties in oxygen reduction [START_REF] Contractor | The nature of species adsorbed on platinum from SO2 solutions[END_REF]. NH [START_REF] Wang | A review of DC/DC converter-based electrochemical impedance spectroscopy for fuel cell electric vehicles[END_REF] Reformate hydrogen fuel Air pollutant Catalyst layer Membrane [START_REF] Jing | The effect of ambient contamination on PEMFC performance[END_REF] Reduce the proton conductivities of both the Nafion membrane and the anode catalyst ionomer layer [START_REF] Uribe | Effect of ammonia as potential fuel impurity on proton exchange membrane fuel cell performance[END_REF][START_REF] Halseid | Influence of ammonium on conductivity and water content of Nafion 117 membranes[END_REF]. NO x Air pollutant Catalyst layer [START_REF] Jing | The effect of ambient contamination on PEMFC performance[END_REF] Lead to "morning voltage drop" in a fuel cell stack and affect the ionomer and/or the catalyst-ionomer interface [START_REF] Knights | Fuel Cell Seminar 2005: Fuel Cell Progress. Challenges and Markets[END_REF][START_REF] Mohtadi | Assessing durability of cathodes exposed to common air impurities[END_REF]; At the cathode, compete with the oxygen reduction reaction for catalyst active sites [START_REF] Mohtadi | Assessing durability of cathodes exposed to common air impurities[END_REF]; A linear relationship between a cathode Pt catalyst surface coverage and nitric oxide concentration was observed [START_REF] Dicks | Hydrogen generation from natural gas for the fuel cell systems of tomorrow[END_REF]. ➢ Fast response at high concentration, long life expectancy, versatility [START_REF] Korotcenkov | Metal oxides for solid-state gas sensors: what determines our choice?[END_REF].

➢ Susceptible to interference gases [START_REF] Sun | Metal oxide nanostructures and their gas sensing properties: a review[END_REF][START_REF] Korotcenkov | Metal oxides for solid-state gas sensors: what determines our choice?[END_REF]. Catalytic combustion Based on the catalytic principle [START_REF] Lee | Micromachined catalytic combustible hydrogen gas sensor[END_REF]. ➢ Detect combustible gases [START_REF] Lee | Micromachined catalytic combustible hydrogen gas sensor[END_REF].

➢ Catalyst poisoning, sensor cracking, sensor inhibitors exist [111]. Thermal conductive Use Wheatstone bridge circuit sense changes in the thermal conductivity and compare it to a reference flow [START_REF]Modern Practice of Gas Chromatography[END_REF].

➢ Bad sensitivity and selectivity [START_REF] Korotcenkov | Metal oxides for solid-state gas sensors: what determines our choice?[END_REF]; avoid interrupting gas flow when the filament is hot [START_REF] Operating | Series II and HP 5890 Series II Plus[END_REF]. [START_REF] Tierney | Electrochemical gas sensor with extremely fast response times[END_REF]. A typical electrochemical sensor consists of a sensing electrode (or working electrode), and a counter electrode separated by a thin layer of electrolyte. Gas that comes in contact with the sensor first passes through a small capillary-type opening and then diffuses through a hydrophobic barrier, and eventually reaches the electrode surface. This approach is adopted to allow the proper amount of gas to react at the sensing electrode to produce a sufficient electrical signal while preventing the electrolyte from leaking out of the sensor. The gas that diffuses through the barrier reacts at the surface of the sensing electrode involving either an oxidation or reduction mechanism. These reactions are catalyzed by the electrode materials specifically developed for the gas of interest. With a resistor connected across the electrodes, a current proportional to the gas concentration flow between the anode and the cathode. The current can be measured to determine the gas concentration. Because current is generated in the process, the electrochemical sensor is often described as an amperometric gas sensor or a micro fuel cell. Although the cross sensitivity unavoidably exists, electrochemical sensors feature some advantages such as linear output, good resolution, excellent repeatability, etc. [START_REF] Bidan | Electroconducting conjugated polymers: new sensitive matrices to build up chemical or electrochemical sensors[END_REF]. NDIR (Non Dispersive InfraRed) gas detection is a well-developed measurement technology. The main advantage is that the detector does not directly react with the target gas. The main components of an NDIR sensor are an infrared detector, an infrared source, an optical filter, and a gas cell or light path. The bandpass filter is important for the selectivity of target gas [START_REF] Barritault | Low power CO2 NDIR sensing using a micro-bolometer detector and a micro-hotplate IR-source[END_REF]. The infrared source is directed through the gas cell towards the infrared detector. In parallel, a reference gas cell is required in which filled with a pure target or reference gas. The infrared detector gets its base reading from the reference cell and the gas signal is acquired from the sample cell. According to the Beer-Lambert law, the gas in the cell leads to the absorption of specific wavelengths. Therefore, the gas concentration will be determined by the infrared detector with the measurement of the attenuation of these wavelengths. However, the interference exists due to the spectral aliasing of different gases [START_REF] Dinh | A review on non-dispersive infrared gas sensors: improvement of sensor detection limit and interference correction[END_REF] and there is always a limitation of minimum detection level for NDIR sensor [START_REF] Sklorz | Detection limit improvement for NDIR ethylene gas detectors using passive approaches[END_REF].

Solid-state gas sensor always consists of metal oxide or semiconductor, and measure the change of conductivity once the target gas presents [START_REF] Moos | Solid state gas sensor research in Germany-a status report[END_REF][START_REF] Moseley | Solid state gas sensors[END_REF]. A solid-state sensor consists of one or more metal oxides from the transition metals, such as tin oxide, aluminum oxide, etc. There are two common ways of fabricating solid-state sensors: bead-type sensor and chip-type sensor. The metal oxides are processed into a paste to fabricate the bead-type sensor. On the other hand, the metal oxides are vacuum deposited onto a silica chip in order to generate the chip-type sensor. Due to that the made-up solid-state sensors display different gas response characteristics at various temperature ranges, a heating element is essential to be integrated with the solid-state sensor to regulate the sensor temperature. Different heating elements exist, such as the platinum alloy wire, the resistive metal oxide, the thin layer of deposited platinum, etc. During the operation, the solid-state sensor will be heated to a specific high temperature to realize the detection of the target gas. Once the target gas occurs, the gas will be dissociated into charged ions resulting in the transfer of electrons. A pair of biased electrodes are embedded into the metal oxides to detect its conductivity change. The changes in the conductivity of the sensor are measured as a signal. High sensitivity and fast response are the main advantages of the solid-state gas sensor [START_REF] Azad | Solid-state gas sensors: a review[END_REF]. Nevertheless, solid-state sensors are more susceptible to interference gases than other types of sensors [START_REF] Sun | Metal oxide nanostructures and their gas sensing properties: a review[END_REF][START_REF] Korotcenkov | Metal oxides for solid-state gas sensors: what determines our choice?[END_REF]. A heating element is also essential to be integrated with the sensing element as solid-state sensors feature different gas response characteristics at different temperature ranges.

Catalytic combustion sensors are primarily used to detect combustible gases [START_REF] Lee | Micromachined catalytic combustible hydrogen gas sensor[END_REF]. Combustible gas mixtures will burn or ignite below • Response time [START_REF] Warburton | Amperometric gas sensor response times[END_REF].

Technically, response time is the time of a sensor or a detector takes to react to a given input. For gas sensors, the target gas is the input. Sensors combined with fast response capabilities are more welcomed no matter for in-situ applications or real industrial applications. For example, in FCEV, hydrogen leakage detectors are requested responding quickly enough to avoid dangerous situations since hydrogen is inflammable gas. Gas sensor response time is commonly united by seconds and is always represented by the time it takes to display 90% of the actual concentration (t 90 time).

• Resolution [START_REF] Nazemi | Advanced micro-and nano-gas sensor technology: a review[END_REF].

Resolution is the minimum amount of change of a specimen under test that a sensor can measure. Resolution is also known as the capability of measuring the minimum increment. Typically, sensors should have a resolution finer than the accepted occupational exposure limit for the target gas. For gas sensors, the resolution has the same unit as gas concentration (ppm).

• Sensitivity [START_REF] Choi | Novel fabrication of an SnO 2 nanowire gas sensor with high sensitivity[END_REF].

Sensitivity represents the lowest measurable concentration of a gas sensor and is an absolute quantity. Sensitivity is the ability of a sensor to correctly measure the target gas.

• Operating temperature

Operating temperature indicates the ideal operating temperature range of a gas sensor and is usually united by degrees Celsius ( • C). Sensors consist of electrical, chemical and optical elements. Hence, sensors must work in the demanded operating temperature range to obtain correct readings and good performances. Otherwise, sensors may operate abnormally and are exposed to permanent damages.

• Cross-sensitivity [START_REF] Ghosh | High temperature CO 2 sensing and its crosssensitivity towards H 2 and CO gas using calcium doped ZnO thin film coated langasite SAW sensor[END_REF].

Cross sensitivity is a sensor's reaction to other gases which can "interfere" with how the sensor reacts. Exposing a sensor to a gas that is not the target gas can cause an undesirable effect; this may be a positive response, negative response or inhibition. Cross sensitivity is a nondimensional number and is represented by a percentage.

• Stability

Stability of a sensor represents the degree that sensor characteristics keep over the lifetime. Variations of stability can be caused by components aging, components sensitivity reduction, signal to noise ratio change, etc.

• Durability

Durability is the ability of a sensor operating normally under proper functioning over its design lifetime without excessive repair requirement. In a real application, the durability of a sensor is represented by years of life, hours of use, and the number of operational cycles.

• Power consumption

Electric power is required by internal electronics of sensors to maintain normal working. Quantity of sensors are fitted on real vehicles; hence, sensors featuring low power consumptions provide advantages in practical applications.

• Cost & Maintenance

Cost is necessary to be considered in real applications. Sensors owning high performances are no doubt important for monitoring system state and performing control strategy timely. On the contrary, a compromise between sensor performance and cost is an inevitable part of commercialization. Furthermore, sensors which are easy for maintenance is also an important aspect in practical applications.

The main characteristics of different gas sensors are compared and presented in Fig. 4. Both advantages and disadvantages exist for different gas sensors [START_REF] Korotcenkov | Metal oxides for solid-state gas sensors: what determines our choice?[END_REF]. Compared with other three types of gas sensors, the overall performances of electrochemical gas sensor and solid-state gas sensor are at relative high levels. However, the solid-state gas sensors have higher power consumption and are more prone to be affected by interference gases [START_REF] Korotcenkov | Metal oxides for solid-state gas sensors: what determines our choice?[END_REF]. Hence, electrochemical gas sensors are more suitable for the environment system in FCEV application.

In-lab developed gas sensor

The developments of in-lab prototype gas sensors are compared in Table .5 and their operating principles are also detailed.

Optical fiber-based sensor.

Optical fiber-based techniques are widely used in the new gas sensors. Hung et al. [START_REF] Hung | A portable Array-type optical fiber sensing instrument for real-time gas detection[END_REF] developed a portable oxygen, carbon dioxide and ammonia detector based on optical fiber array. In the sensor array, Long-Period Fiber Grating (LPG) and FBG technique are utilized to detect ammonia. LPG is also known as the transmission fiber grating and its period ranges from tens to hundreds of micrometers [START_REF] Hung | A portable Array-type optical fiber sensing instrument for real-time gas detection[END_REF]. Hung et al. integrated the FBG and the LPG together as a mixed type fiber grating to measure the temperature and the concentration of NH 3 . The sensing principle is based on varied light intensity measurement. The FBG is designed as the sensing element and the LPG is used as the filter. The loss bands exist in the transmission spectrum of LPG. Benefiting from the loss bands, a linear spectrum region is created with a wide range. The central reflection wavelength of FBG arranges particularly on this loss bands. When a variation of strain or temperature occurring, the central reflection wavelength of FBG shifts. The relative shift between the central reflection wavelength of FBG and the transmission spectrum loss bands of LPG leads to the reflected light intensity which is measured by the photodiode. The NH 3 their ignition temperatures if certain chemical medias present. The specific phenomenon is known as the catalytic combustion, which is the basic operating principle of the catalytic combustion gas sensors [START_REF] Lee | Micromachined catalytic combustible hydrogen gas sensor[END_REF]. Many metal oxides and their compounds own catalytic properties. Platinum compound is one of the most excellent catalysts for combustion and is widely used in the automobile exhaust system. The Wheatstone bridge circuits are commonly used to measure the output of catalytic sensors. Several drawbacks exist for catalytic combustion sensors, for example, the possibility of catalyst poisoning [111]. Hydrogen, which is the fuel of PEMFC, is a typical combustible gas and as stated previously, the catalytic combustion sensors are used in real FCEVs to detect the hydrogen leak.

Thermal conductive sensors are used to quantify gas concentrations based on varying thermal conductivities of the target gases corresponding to the reference gas [START_REF]Modern Practice of Gas Chromatography[END_REF]. The temperature can affect the thermal conductivity of gas strongly. A Wheatstone bridge circuit is established inside the sensor and is supplied with a constant voltage. The sensing element is open to the atmosphere under test and the reference element is supplied sealed in reference air. The response of the devices depends on the difference between the thermal conductivity of the atmosphere under test and the reference air. The sensitivity and selectivity of this kind of gas sensor are poor [START_REF] Korotcenkov | Metal oxides for solid-state gas sensors: what determines our choice?[END_REF].

Gas sensor characteristics comparison

In order to compare the characteristics of various gas sensors, the explanations of some main specifications are presented at first. sensing film is processed specially by the solution adjusting its pH value. Different concentrations of NH 3 changes reaction pH values of the sensing film to produce different wavelengths. Hence, the concentration of NH 3 can be measured.

Shao et al. [START_REF] Shao | A new hydrogen sensor based on SNS fiber interferometer with Pd/WO 3 coating[END_REF] proposed a hydrogen sensor based on a single mode-no core-single mode (SNS) fiber interferometer structure. Pd/WO 3 film is used to coat the surface of the no core fiber (NCF) to measure the variation of hydrogen concentration. When the hydrogen concentration changes, the reflective index of NCF is changed, causing a shift into the resonant wavelength of the interferometer. Hence, the hydrogen concentration can be determined by measuring the shift of the resonant wavelength.

Nugroho et al. [START_REF] Nugroho | A fiber-optic nanoplasmonic hydrogen sensor via pattern-transfer of nanofabricated PdAu alloy nanostructures[END_REF] firstly fabricate a noble metal (PdAu) alloy nanostructure arrays by Hole-Mask Colloidal Lithography (HCL). Then, the authors transfer the PdAu alloy nano-disk arrays onto optical fibers. In this way, a hysteresis-free optical fiber nano-plasmonic hydrogen sensor is produced. The nanoparticles of the optical fiber sensor adsorb hydrogen. Then, the evanescent field of the light transferred through the optical fiber varied by coupling to the localized surface plasmon resonance (LSPR) in the nanoparticles. The permittivity of the nanoparticles is proportional to the hydrogen concentration in the optical fiber environment. The transmitted light intensity is rose which has a wavelength-dependent variation. Then, the light is reflected back by an aluminum mirror at the tip into a spectrometer through a bypass fiber. The produced optical fiber hydrogen sensor owns a significantly shorter response time and excellent stability to increasing and decreasing hydrogen partial pressure in the optical fiber sensors' environment.

MEMS-based sensor.

Solid-state gas sensor requires heat-plate to heat the sense element up to the operating temperature. MEMS technique is usually utilized to minimize the volume of heat-plate. Micro-heaters based on MEMS technique can be much tinier than the conventional heat-plate ones. The operating temperature can increase much faster while the stability and durability are also improved.

Lee et al. [START_REF] Lee | Micromachined catalytic combustible hydrogen gas sensor[END_REF] proposed a catalytic combustion hydrogen sensor which is fabricated by MEMS technology. The basic operating principle of the proposed sensor is the same as the traditional catalytic combustion gas sensors. The innovation point of this work is that the sensing elements and the reference elements are integrated into the suspended micro heaters, respectively. The micro heaters are fabricated by MEMS technology owning several advantages such as low power consumption, small size, fast response and quick recovery.

Gerdroodbary et al. [START_REF] Gerdroodbary | Calibration of low-pressure MEMS gas sensor for detection of hydrogen gas[END_REF] made a numerical study of a micro electrochemical In-plane Knudsen Radiometric Actuator (MIKRA) for hydrogen detection. MIKRA operates based on the thermal-driven force inside the MEMS sensor. Two micro beam arrays are separated on the plate of MIKRA by a small gap on the order of microns. One micro array is moveable, and the other is fixed. Hydrogen flow inside the sensor can make the moveable array move towards or backwards the fixed micro array. The motions are measured via a series of comb sense capacitors. Depending on the numerical study, the performance of MIKRA is affected by hydrogen concentration, temperature and partial pressure.

Vasiliev et al. [START_REF] Vasiliev | Non-silicon MEMS platforms for gas sensors[END_REF] developed ceramic MEMS platforms for chemical sensors to assure micro-hotplate stable at high temperature. The range of working temperature was increased to 550 • C at least. CO and hydrogen mixture gas test were conducted as an example. The sensor was heated up to 450 • C and the concentrations of CO and hydrogen were both 3 ppm. The selectivity coefficient (CO to hydrogen) reached up to 10 and the power consumption reduced down to 50 mW. Prajesh et al. [START_REF] Prajesh | MEMS based integrated gas sensor for NO 2 and NH 3[END_REF] proposed a two-in-one metal-oxide gas sensor (NO 2 and NH 3 ) integrated with micro-heater using MEMS techniques. The sensor operating temperature increased to 343 • C with power consumption lower than 86 mW. Although significant fast responses were achieved, the proposed sensor was only validated by NO 2 of 200 ppm and NH 3 of 5000 ppm which were under high concentration conditions.

MEMS technique is also considered in NDIR gas sensor. Vincent et al. [START_REF] Vincent | A low cost MEMS based NDIR system for the monitoring of carbon dioxide in breath analysis at ppm levels[END_REF] also developed a novel NDIR CO 2 sensor which was based on MEMS silicon on insulator (SOI) wideband infrared (IR) emitter for breath analysis. The novelty of this study is that MEMS silicon on insulator wideband infrared emitter is employed. The proposed NDIR sensor obtains the features like low power consumption, fast response, low concentration detectable, etc. The detectable concentration of CO 2 was up to 50 ppm with an 80 mm path length bench top detection system while the power consumption was reduced down to 0.35W.

Gatty et al. [START_REF] Gatty | MEMS-based Electrochemical Gas Sensors and Wafer-Level Methods[END_REF] proposed a two-in-one electrochemical sensor measuring the nitric oxide (NO) gas and the hydrogen sulphide (H 2 S) gas for asthma monitoring. The basic operating principle is similar to the tradition electrochemical gas sensor. The innovation of this work is that the working electrode of the proposed sensor is fabricated by MEMS process. The proposed senor has the parts-per-billion (ppb) detection capability and features fast response characteristic.

Prajesh et al. [START_REF] Prajesh | MEMS based integrated gas sensor for NO 2 and NH 3[END_REF] presented the design, fabrication and characterization of a two-in-one metal-oxide gas sensor detecting the nitrogen dioxide (NO 2 ) gas and the ammonia (NH 3 ) in industrial applications. The authors utilize MEMS technology to fabricate a platinum micro-heater integrating inside the proposed metal-oxide gas sensor. Therefore, the power consumption of the proposed sensor is low and the response is fast for both NO 2 and NH 3 measurements.

Other techniques-based sensor.

There are also other novel technique-based gas sensors, for example, the carbon nanotube-based gas sensor [START_REF] Kawano | An electrothermal carbon nanotube gas sensor[END_REF] and the micro/nano gas sensor [START_REF] Xu | Micro/nano gas sensors: a new strategy towards in-situ wafer-level fabrication of high-performance gas sensing chips[END_REF] which were for gas detection.

Kawano et al. [START_REF] Kawano | An electrothermal carbon nanotube gas sensor[END_REF] proposed a gas sensor which is based on the electrothermal effect of a multiwalled carbon nanotube (MWCNT) and has the capabilities of sensing both gas pressure and species. When the tested gas mixture occurs in the sensor, the conductive heat-transfer variations of gas molecules result in the change of the resistance of a heated MWCNT. In order to realize this mechanism, a suspended MWCNT is constructed between two Si Microstructures: the hot growth structure and the cold second structure. By the local electrical-field-guided chemical vapor deposition, the hot growth structure activates the MWCNT growth and the cold second structure provides bias of the local electrical field. The proposed MWCNT electrothermal sensors feature compact structure, fast and reversible in responses, and capability of integrating with microelectronics.

Xu et al. [START_REF] Xu | Micro/nano gas sensors: a new strategy towards in-situ wafer-level fabrication of high-performance gas sensing chips[END_REF] proposed a new strategy towards the in-situ wafer-level fabrication of SnO 2 nanopore array (NPA) gas sensing chip integrated with micro-hot-platform (MHP). Solid-state gas sensors widely employ tin dioxide (SnO 2 ) since it has high sensitivity, low operating temperature and low cost. When SnO 2 is exposed to a reducing gas, for example, hydrogen, electrons are released back to SnO 2 due to surface reactions. Then, the resistance of the space charge layer is decreased. The proposed solid-state sensor gains features like high sensitivity (down to ~20 ppb), fast response time (down to ~1s) and low power consumption (down to ~30 mW to reach up to 350 • C).

In summary of the new technique-based gas sensors, the miniaturization is an obvious trend. Meanwhile, high accuracy, fast response, high stability and high durability are also required. Moreover, the power consumption of sensor must be reduced. Gas sensor which can avoid the cross sensitivity to un-target gas is undoubtedly attractive. Similar to the development of physical sensors, all-in-one gas sensors which have good selectivity are also welcomed. Table 5 Gas sensor in-lab prototype development.

sensitivity of gas sensor also must be taken into consideration. The output signal of gas sensor can be influenced significantly if high-level cross-sensitivity exists. The gas sensor cross-sensitivity can be compared from two aspects: firstly, the quantity of possible crosssensitive gases, which is mainly depending on the natures of crosssensitive gases; secondly, the effect degree of each possible crosssensitive gas. Obviously, a gas sensor, which features fewer crosssensitive gases and harder to be affected, is more suitable for the environment sensor system in real FCEV applications.

Sensor position in PEMFC system

According to the literature, a typical PEMFC system is illustrated as Fig. 6. The fuel cell stack is integrated with other four auxiliary parts: hydrogen supply sub-system, air supply sub-system, temperature management sub-system and environment sensor system.

The hydrogen supply sub-system maintains the hydrogen supply of the stack. At the outlet of the hydrogen tank, a pressure sensor is fitted to monitor the tank pressure. The hydrogen enters the stack from the anode inlet and is recycled at the anode outlet. The pressure sensor, mass flow meter and temperature sensor are installed at the inlet of anode while the pressure sensor, temperature sensor and relative humidity sensor are located at the outlet of anode. At the hydrogen inlet, the pressure is Fig. 5. Diagram of sensor selection process.

Sensor selection process 2.3.1. Sensor selection

Development of sensor technologies contributes to improving sensor performances in various applications. In addition, the sensor selection process is also becoming more complex due to the progress. Sensors based on different technologies are designed for different applications. Hence, during the sensor selection process, once the target property and the application are confirmed, the first step is to select a sensor type which is suitable for the specific purpose. For example, both the capacitive humidity sensor and resistive humidity sensor can measure the relative humidity of gas stream in a fuel cell stack. Nevertheless, the performance of a resistive humidity sensor can be affected by temperature fluctuation of gas stream while the capacitive humidity sensor can work stably. Thus, the capacitive humidity sensor is the suitable type of sensor for relative humidity measurement in fuel cell applications.

In Fig. 5, a diagram is presented to illustrate the selection processes of physical sensors and gas sensors. The sensor selection is a process of making compromise among the characteristics of candidates. To be emphasized, the comparisons of gas sensor characteristics are not limited among the typical specifications, e.g., response time, resolution, measurement range, operating temperature, price, etc. The crossmeasured by the pressure sensor. Hydrogen intake flow rate is measured by the mass flow meter. Thanks to the upstream humidifier for hydrogen, hygrometry level of reactant gases can be regulated and monitored by the relative humidity sensor at the hydrogen inlet. At the hydrogen outlet, the downstream gases pressure, temperature and relative humidity are also measured by the sensors respectively to monitor the operating state of the stack.

At the cathode, the installation of the sensors in the air supply subsystem is the same as in the hydrogen supply sub-system. Hence, the mass flow rate of hydrogen fuel and air can be well detected and controlled. Furthermore, the stack humidity can also be monitored. In the air supply subsystem, air flow rate and air pressure in the stack are regulated by the downstream mass flow controller. The air inlet flow rate and inlet pressure can be measured by the mass flow meter and pressure sensor separately. Similarly, hygrometry level of intake air is regulated by the upstream humidifier and monitored by the relative humidity sensor at the air inlet. At the air outlet, the downstream air pressure, temperature and relative humidity sensors are also installed to monitor the operating condition inside the cathode channels.

The main element of the temperature management sub-system is the temperature regulator. The liquid temperature sensors are installed at both inlet and outlet of the regulator. Therefore, the flow rate of coolant can be well-controlled to maintain the stack temperature in the optimal range. The environment sensor system, which consists of gas sensors, is installed at the inlet and outlet of anode and cathode respectively to detect the possible gas contaminations and to analyze their impact of PEMFC.

Fuel cell internal temperature measurement

To be emphasized, non-negligible temperature differences exist inside fuel cells, which can be caused by different membrane materials, different gas diffusion layer materials as well as different gas flow channel structures of a bipolar plate. In many studies [5,[START_REF] Erbach | Influence of operating conditions on permeation of CO2 through the membrane in an automotive PEMFC system[END_REF][START_REF] Candusso | Characterisation and modelling of a 5 kW PEMFC for transportation applications[END_REF][START_REF] Li | Data-driven Fault Diagnosis for PEMFC Systems[END_REF], fuel cell stack temperatures are represented by coolant temperatures which are measured by the temperature management sub-system. However, complex electrochemical reactions inside a fuel cell stack result in the cell temperatures differing from each other at various locations. Moreover, the non-uniform internal temperature distributions lead to internal water distribution differences. Hence, it is necessary to study the internal temperature distributions of a fuel cell stack no matter for performing water-management or for modeling fuel cell reactions more precisely. Temperature sensors, which are essential equipment for temperature measurements, attract main research attentions to study internal temperature distributions of fuel cell stacks. To realize this objective, the following characteristics are requested to be satisfied:

• sensors are embeddable inside fuel cells;

• sensors feature fast response, good sensitivity, stability, etc.;

• appropriate locations must be selected to integrate sensors in fuel cells;

• embedded sensors don't affect normal fuel cell stack performances;

• embedded sensors own certain mechanical strength.

It is evident that sensors are required having a small size to be embedded inside fuel cells measuring temperatures at different locations, e.g., the temperature in center of a fuel cell [START_REF] Lee | Embedded flexible micro-sensors in MEA for measuring temperature and humidity in a micro-fuel cell[END_REF].

Shao et al. [START_REF] Shao | In-situ measurement of temperature and humidity distribution in gas channels for commercial-size proton exchange membrane fuel cells[END_REF] punched on the opposite side of the air flow field of the cathode plate and installed twenty-seven commercial sensors by through holes. The sensors are distributed into five channels and in each channel, the spaces between sensors are uniformed to measure the temperature variation in the airflow direction. On the one hand, although the temperature distributions are precisely measured, the through-holes must be well sealed to avoid leakage of air. On the other hand, the proposed method is less suitable for a fuel cell stack since the temperatures of interlayers can't be measured by it. The FBG-based temperature sensors [START_REF] David | In-fibre Bragg grating sensors for distributed temperature measurement in a polymer electrolyte membrane fuel cell[END_REF] and the micro-thermocouples [START_REF] Pei | In situ measurement of temperature distribution in proton exchange membrane fuel cell I a hydrogen-air stack[END_REF] have also been provided to study internal temperature distributions of a fuel cell. However, the main drawback of these two means is that grooves are requested to be processed on the ribs separating the flow channels of the cathode flow plate to land the sensors.

The flexible MEMS-based micro temperature sensors [START_REF] Lee | Use of flexible micro-temperature sensor to determine temperature in situ and to simulate a proton exchange membrane fuel cell[END_REF][START_REF] Lee | Embedded flexible micro-sensors in MEA for measuring temperature and humidity in a micro-fuel cell[END_REF][START_REF] Lee | A novel method for in-situ monitoring of local voltage, temperature and humidity distributions in fuel cells using flexible multifunctional micro sensors[END_REF][START_REF] Lee | In-situ measurement of high-temperature proton exchange membrane fuel cell stack using flexible five-in-one micro-sensor[END_REF][START_REF] Wang | Analyzing in-plane temperature distribution via a micro-temperature sensor in a unit polymer electrolyte membrane fuel cell[END_REF] ant the thin film thermocouples [START_REF] Ali | Thin film thermocouples for in situ membrane electrode assembly temperature measurements in a polybenzimidazole-based high temperature proton exchange membrane unit cell[END_REF][START_REF] Tang | Thin film thermocouple fabrication and its application for real-time temperature measurement inside PEMFC[END_REF] are the most attractive methods to measure the internal temperature distributions of a fuel cell or a fuel cell stack. The sensors have the abilities as good sensitivity, fast response, small and flexible size, good mechanical strength, etc. The product thickness of these two types of sensors is tens of micrometers, and the sensors are possible to be located at anywhere inside fuel cell without affecting its normal performances. Furthermore, the bipolar plate can be integrated with the sensors without any special processing.

Different measurement locations inside a fuel cell influence monitoring result a lot. Meanwhile, different gas flow channel structures of bipolar plates affect the measurement points selection. Serpentine flow channel and parallel flow channel are mostly used according to the studies [START_REF] David | In-fibre Bragg grating sensors for distributed temperature measurement in a polymer electrolyte membrane fuel cell[END_REF][START_REF] Shao | In-situ measurement of temperature and humidity distribution in gas channels for commercial-size proton exchange membrane fuel cells[END_REF][START_REF] Lee | In-situ measurement of high-temperature proton exchange membrane fuel cell stack using flexible five-in-one micro-sensor[END_REF][START_REF] Wang | Analyzing in-plane temperature distribution via a micro-temperature sensor in a unit polymer electrolyte membrane fuel cell[END_REF]. For bipolar plate which is based on parallel flow channels, it can be classified as the inlet area, the center area and the Fig. 6. Illustration of sensor position in PEMFC system [5, [START_REF] Erbach | Influence of operating conditions on permeation of CO2 through the membrane in an automotive PEMFC system[END_REF][START_REF] Candusso | Characterisation and modelling of a 5 kW PEMFC for transportation applications[END_REF][START_REF] Li | Data-driven Fault Diagnosis for PEMFC Systems[END_REF].

Investigation of PEMFC sensor selection techniques

PEMFC sensor selection techniques consist of two closely related parts: sensor-set size optimization and optimized sensor-set validation. Sensor-set size optimization focuses on selecting a minimal set of sensors to maintain PEMFC system operating normally. Naturally, it is essential to validate whether the optimized sensor-set can keep even diagnose and predict system performance or not. During optimization, selection of proper evaluate indexes is the key issue to be settled. On the other hand, utilization of appropriate diagnosis and/or prediction algorithms is important in term of optimized sensor-set validation.

In section 3, correlative literatures of these two parts are reviewed separately. A framework is proposed at the end of this section to illustrate PEMFC sensor selection techniques.

Sensor-set size optimization approaches

Although sensors are essential in FCEVs, high quantity of sensors can not only lead to the increase of system complexity but also make the cost and weight increase. Therefore, sensor-set size is meaningful to be optimized. Sensor-set size optimization approaches are reviewed in Table .6. The key technology concept of sensor-set optimization is to extract the most important features.

In PEMFC systems for FCEV, sensors are used for several purposes: system control, stack performance monitoring and PHM. However, too many signals can lead to an increase of calculation amount and meanwhile an increase in the complexity of the algorithm. Even worse, the interference of signal features will reduce the accuracy and efficiency of the PHM of the stack [START_REF] Mao | Selection of optimal sensors for predicting performance of polymer electrolyte membrane fuel cell[END_REF].

Hence, the purpose of sensor-set size optimization for PEMFC system is to reduce the sensor-set size as much as possible while guaranteeing the system normal performance and improving the efficiency and accuracy of PHM.

The optimization approaches can be classified into model-based ones, data-driven ones and hybrid ones.

The model-based approaches require a good understanding of the system and it is really difficult to model the system with very high accuracy. With respect to PEMFC applications, Sarrate et al. [START_REF] Sarrate | Model-based optimal sensor placement approaches to fuel cell stack system fault diagnosis, Fault Detection[END_REF] reviewed three different model-based methods to optimize sensor placement for fault detection and isolation (FDI) purpose. 8 candidate sensors were used and the heuristic approach was the most efficient as the solution was found in 0.12 s. The two optimal sensors were cathode and anode pressure sensors. In Ref. [START_REF] Sarrate | Model-based optimal sensor placement approaches to fuel cell stack system fault diagnosis, Fault Detection[END_REF], cost of sensor was the optimizing index and was assigned according to the ease of installation and the price of corresponding sensor.

Towards the data-driven approaches, huge amount of data-sets are requested. Data-driven approaches are always based on statistical methods, signal processing methods and artificial intelligence methods [START_REF] Zheng | A review on non-model based diagnosis methodologies for PEM fuel cell stacks and systems[END_REF]. Lin et al. [START_REF] Lin | Hydrogen fuel cell diagnostics using random forest and enhanced feature selection[END_REF] applied Incremental Principle Component outlet area as in Fig. 7(a) [START_REF] David | In-fibre Bragg grating sensors for distributed temperature measurement in a polymer electrolyte membrane fuel cell[END_REF][START_REF] Shao | In-situ measurement of temperature and humidity distribution in gas channels for commercial-size proton exchange membrane fuel cells[END_REF][START_REF] Lee | Use of flexible micro-temperature sensor to determine temperature in situ and to simulate a proton exchange membrane fuel cell[END_REF][START_REF] Pei | In situ measurement of temperature distribution in proton exchange membrane fuel cell I a hydrogen-air stack[END_REF][START_REF] Tang | Thin film thermocouple fabrication and its application for real-time temperature measurement inside PEMFC[END_REF]. At each area, two sensors can be located at both sides of the cell separately. Moreover, another sensor can also be embedded at center of the cell where the highest temperature appears [START_REF] Lee | Embedded flexible micro-sensors in MEA for measuring temperature and humidity in a micro-fuel cell[END_REF]. For bipolar plate based on serpentine flow channels, temperature sensors can be embedded at turnings, center, as well as gas inlet and outlet ports as in Fig. 7(b) [START_REF] Ali | Thin film thermocouples for in situ membrane electrode assembly temperature measurements in a polybenzimidazole-based high temperature proton exchange membrane unit cell[END_REF][START_REF] Lee | A novel method for in-situ monitoring of local voltage, temperature and humidity distributions in fuel cells using flexible multifunctional micro sensors[END_REF][START_REF] Lee | In-situ measurement of high-temperature proton exchange membrane fuel cell stack using flexible five-in-one micro-sensor[END_REF][START_REF] Wang | Analyzing in-plane temperature distribution via a micro-temperature sensor in a unit polymer electrolyte membrane fuel cell[END_REF]. In this way, internal temperature distribution of a fuel cell can be completely measured for in-situ monitoring.

reviewed in Table .7.

The performance prediction of fuel cell is the most direct method. Mao et al. [START_REF] Mao | Selection of optimal sensors for predicting performance of polymer electrolyte membrane fuel cell[END_REF] proposed ANFIS approach to validate the capability of selected sensor-set by using the PEMFC test data from IEEE 2014 PHM data challenge [137]. Two constant current loading conditions were selected: a constant current of 0.7 A/cm 2 , and a constant current of 0.7 A/cm 2 with high frequency (5 kHz) current ripples ( ±10% of the constant value). The authors indicated that the performance predictions of fuel cell stack voltages were with good qualities.

Fault diagnostics are mostly utilized to validate the optimal sensorset for PEMFC system. Mao et al. proposed off-line and on-line PEMFC fault diagnostics to validate optimal-sensor set in literatures [START_REF] Mao | Effectiveness of a novel sensor selection algorithm in PEM fuel cell on-line diagnosis[END_REF][START_REF] Mao | Application of the sensor selection approach in polymer electrolyte membrane fuel cell prognostics and health management[END_REF] respectively. Fuel cell flooding faults, which were tested based on an 80W fuel cell stack of Pragma Industries, were selected for the diagnosis. The proposed approach used Kernel Principal Component Analysis (KPCA) to reduce the dataset dimension, Wavelet Packet Transform (WPT) to extract features and Singular Value Decomposition (SVD) to determine the features containing most useful information for the classification. According to the results, the flooding faults were distinguished clearly as normal state, transition state and flooding state by using the selected sensors. No confusion existed among the three states by the comparison between predicted results and actual datasets. Mao et al. [START_REF] Mao | Effect of sensor set size on polymer electrolyte membrane fuel cell fault diagnosis[END_REF] also validated the capability of optimal sensor-set by using flooding fault and membrane dehydration fault together. With the selected sensors, both normal state and faulty state were clearly separated. Furthermore, the flooding state and dehydration state were also distinguished obviously. In Ref. [START_REF] Mao | Polymer electrolyte membrane fuel cell fault diagnosis and sensor abnormality identification using sensor selection method[END_REF], authors verified the performance of selected sensors also by the fuel cell flooding faults which were classified as normal state, minor flooding state, medium flooding state and severe flooding state. The improvement in Ref. [START_REF] Mao | Polymer electrolyte membrane fuel cell fault diagnosis and sensor abnormality identification using sensor selection method[END_REF] was that based on the optimal sensor-set, the four fault states were discriminated clearly and no confusion existed. The results indicated that with the proposed technique, the fuel cell faults could be identified at early stage. Lin et al. [START_REF] Lin | Hydrogen fuel cell diagnostics using random forest and enhanced feature selection[END_REF] used various data-driven approaches to validate the selected sensors. Compared with classifiers as Support Vector Machine (SVM), K-Nearest Neighbors (KNN) algorithm, Artificial Neural Network (ANN) algorithm, decision tree and Boosting algorithm, Random Forest (RF) classifier obtained the best average results with the experiment datasets of selected sensors.

Therefore, among different approaches, data-driven methods are favored due to that the validation results can be evaluated comparatively with real tested datasets, and in practical fuel cell systems, accurate physical models are extremely difficult or even impossible to be developed [START_REF] Liu | Prognostics methods and degradation indexes of proton exchange membrane fuel cells: a review[END_REF]. Machine learning methods are already widely used in PEMFC developments such as performance prediction, material selection and PHM [START_REF] Wang | Fundamentals, materials, and machine learning of polymer electrolyte membrane fuel cell technology[END_REF]. The algorithms such as Grid Long-Short-Term Memory (G-LSTM) cell based Recurrent Neural Network (RNN) [START_REF] Ma | Data-driven proton exchange membrane fuel cell degradation predication through deep learning method[END_REF], Echo State Networks (ESN) [START_REF] Li | Adaptive prognostic of fuel cells by implementing ensemble Echo state Networks in time-varying model space[END_REF][START_REF] Morando | Proton exchange membrane fuel cell ageing forecasting algorithm based on Echo State Network[END_REF], Gray Neural Network Model (GNNM) [START_REF] Chen | Degradation prediction of proton exchange membrane fuel cell based on grey neural network model and particle swarm optimization[END_REF] and Greedy-NAR (Nonlinear Autoregression) [START_REF] Xing | Greedy nonlinear autoregression for multifidelity computer models at different scales[END_REF] are also attractive to be employed for sensor-set size optimization and optimized sensor validation.

Sensor-set optimization and validation framework

To summarize the comparative studies done in section 3.1 and 3.2, a framework which explains sensor-set optimization and validation step by step is proposed as illustrated in Fig. 8.

In sensor-set size optimization process, firstly, the optimizing index is essential to be defined. According to the literatures review, sensor sensitivity and sensor noise-resistance are proven to be effective indexes. Then, the optimization approach type and proper algorithm can be selected. The hybrid algorithms are promising solutions which combine the advantages of model-based methods and data-driven methods. Once the optimized sensor-set size and time consumption are acceptable, the optimal sensor-set candidates can be confirmed.

At the beginning of validation step, the approach type and validation [START_REF] Mao | Polymer electrolyte membrane fuel cell fault diagnosis and sensor abnormality identification using sensor selection method[END_REF] used wavelet packet transform (WPT) to extract sensor features, evaluate sensor conditions and reduce sensor-set dimension. Finally, the original sensor-set with 9 sensors was decreased to 4 sensors. The optimal sensors were used for PEMFC diagnosis and abnormal sensor identification. Hybrid approaches are also developed for PEMFC performance prediction. Mao et al. [START_REF] Mao | Selection of optimal sensors for predicting performance of polymer electrolyte membrane fuel cell[END_REF][START_REF] Mao | Application of the sensor selection approach in polymer electrolyte membrane fuel cell prognostics and health management[END_REF][START_REF] Mao | Effect of sensor set size on polymer electrolyte membrane fuel cell fault diagnosis[END_REF] proposed a sensor sensitivity and noise resistance-based method to optimize sensor-set size of PEMFC system. Sensor sensitivities were generated based on the numerical fuel cell model and were defined as the percentage variation in sensors due to the unit change in fuel cell health parameters. Membrane resistance, cell active area and liquid water inside cell were chosen as the health parameters. Sensor measurement noise was also used in the selection process and was expressed by a set of response errors which were generated randomly in the range of ± 2% sensor measurements. Sensor-set sizes were reduced from 16 to 3 and from 10 to 3 in Refs. [START_REF] Mao | Selection of optimal sensors for predicting performance of polymer electrolyte membrane fuel cell[END_REF][START_REF] Mao | Application of the sensor selection approach in polymer electrolyte membrane fuel cell prognostics and health management[END_REF] respectively. In Ref. [START_REF] Mao | Effectiveness of a novel sensor selection algorithm in PEM fuel cell on-line diagnosis[END_REF], Mao et al. proposed the sensor sensitivity and stack failure mode weighting-based optimization method. The sensor sensitivity generation was the same as in Refs. [START_REF] Mao | Selection of optimal sensors for predicting performance of polymer electrolyte membrane fuel cell[END_REF][START_REF] Mao | Application of the sensor selection approach in polymer electrolyte membrane fuel cell prognostics and health management[END_REF][START_REF] Mao | Effect of sensor set size on polymer electrolyte membrane fuel cell fault diagnosis[END_REF]; three failure modes (flooding, membrane dehydration and cell active area reduction) of the fuel cell were selected which caused various levels of system performance degradation. The original sensor-set size was reduced from 10 to 4. Meanwhile, compared with sensor sensitivity and noise resistance-based approach, the proposed method in Ref. [START_REF] Mao | Effectiveness of a novel sensor selection algorithm in PEM fuel cell on-line diagnosis[END_REF] was time-saving.

In summary, hybrid optimization approaches own more advantages than model-based and data-driven methods. During the design of optimization algorithm, the effectiveness differs a lot among various methods. The algorithms which owns short calculation period are more attractive. Meanwhile, different evaluate items can lead to different optimization results. Thus, it is essential to select proper evaluation indexes to make a good selection among the sensors.

Optimal sensor-set validation approaches

A complete sensor-set size optimization procedure must contain the validation process of the selected sensors. The purpose of validation is to verify the correctness, effectiveness and accuracy of the system only based on the optimal sensor-set. Various validation approaches are

Table 7

Optimal sensor set validation approaches. index are necessary to be determined. PHM of PEMFC system is usually utilized to verify the performance of sensor-set candidate. For the purpose of improving algorithm time consumption, the dimensions of dataset tested by sensor-set candidates are requested to be reduced. Before validating the performances of sensor candidates, dataset features with as more as possible useful information will be extracted and classified. Finally, sensor-set which feature smallest size and best performance is determined as the optimal solution.

Conclusion

In this paper, the sensor-set developments and optimization approaches for the PEMFC system in FCEV applications are reviewed.

The sensors are classified as physical sensors and gas sensors. Physical sensors are used to detect the essential physical signals, e.g., hydrogen mass flow rate, liquid coolant temperature, air pressure, stack relative humidity, etc. The physical sensors are necessary for the system control, stack state detection and performance monitoring. A comparative analysis of physical sensor development has been done in this study.

The gas sensors consist of the hydrogen leakage detectors and the environment sensor system. The hydrogen leakage detectors are essential to be fitted on the actual FCEV for the safety reason as hydrogen belongs to combustible gases. Meanwhile, since gas contaminations can lead to fuel cell performance degradations and even irreversible damages to the stacks, the environment sensor system is promising to be integrated with PEMFC systems to reduce gas impurities impact on the stack. Both commercialized sensors and in-lab prototype sensors are reviewed in order to generally analyze the current status and research trend of sensors used in the design of PEMFC systems for FCEV application. Electrochemical sensors are most suitable for the detection of gas contaminations. Sensors with MEMS technique gain advantages such as miniaturization, low power consumption, fast response, high accuracy, etc. Then the sensor selection process of both physical sensors and gas sensors has been proposed in this study.

Although more sensors can help obtain more information, the cost and complexity of PEMFC system will also be increased. Hence, the sensor-set size is required to be optimized to realize the most effective • Physical sensors: For FCEV applications, integrated and miniaturized physical sensors are more suitable to reduce the complexity of a PEMFC system. Operating principles of various physical sensors, which are reviewed and compared in this study, also provide the possibility of realizing this purpose. For example, relative humidity measured by a capacitive humidity sensor is a function of both the ambient temperature and water vapor pressure. Thermal mass flow meters are based on the variation of heat carried by gas flow stream.

Hence, an integrated temperature, pressure, relative humidity and mass flow sensor is possible to be fabricated. Meanwhile, flexible micro-sensor based on MEMS technology provides the ability to miniaturize sensors even embedding inside a fuel cell without affecting the performance.

• Gas sensors: No matter for hydrogen leakage detector or environment sensor system, the ability of fast response is very important. Meanwhile, gas sensors are needed to be developed with a wider operating temperature range to satisfy different working conditions. Cost of gas sensors is also required to be reduced. Moreover, the environment sensor system is supposed to have better selectivity of a gas mixture, and own fewer cross-sensitivity to non-targeted gases.

• Sensor-set size: For sensor-set size optimization, proper evaluation indexes and optimization algorithms must be selected or proposed. Hybrid method and data-driven method are mostly used during optimization. Machine learning algorithms which show advantages in PHM of PEMFC are promising to be utilized for sensor set-size optimization and optimized sensor set validation. However, the majority of fuel cell operating conditions are tested under steady states. Hence, fuel cell state is needed to be measured with dynamic processes and even based on real driving profiles. Only in this way, an optimized sensor set can be suitable for real FCEV applications.

For validation of optimized sensor-set size, more types of PEMFC faults are needed to be taken into consideration, e.g., carbon monoxide poisoning, catalyst degradation, starvation, etc., to validate the performance of optimized sensor set more comprehensively.
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 3 Fig. 3. Schematic diagrams of gas sensors operating principles.
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 4 Fig. 4. Characteristics comparison of various types of gas sensors (4: excellent; 3: good; 2: poor; 1: bad.).
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 7 Fig. 7. Embedded temperature sensors locations on bipolar plate based on (a) parallel flow channels [130] (b) serpentine flow channels [131].
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 8 Fig. 8. Diagram of sensor-set optimization and validation procedure.

  

Table 2

 2 PEMFC system in-lab prototype physical sensor development. Tang et al. [69] also used Type-T TFTCs to monitor the temperature distribution inside PEMFC. The authors fabricate 25 μm thick Type-T TFTCs by MEMS. The hot junction size of TFTC is selected as 100 μm × 100 μm to obtain enough resolution and durability. Eight TFTCs are embedded between the flow field plate and the MEA to measure the internal temperature distribution of the cell. Finally, Tang et al. state that more frequent temperature fluctuation occurs at the position closer to the bottom of the flow field plate.

Table 4

 4 Comparison of different types of gas sensors.

	Sensor type	Principle	Characteristic
	Electrochemical Nondispersive Infrared (NDIR) Solid-State	Oxidize the target gas at an electrode [94,96]. Use a broadband lamp source and an optical filter to select the spectral band of target gas [97]. Measure the change of conductivity as a signal in the presence of target gas [103-106,108,109].	➢ Linear output, low power consumption, good resolution, excellent repeatability and accuracy, anti-poison by other gases, low cost [95]. ➢ Cross-sensitivity existence, short shelf life and limited temperature range. ➢ Low energy consumption [98,99]. ➢ Interference, detection limit, large size and high cost [98,100-102].

Table 6

 6 Sensor-set size optimization approach.

	Ref.	Application field	Approach	Type	Original sensor-set size	Optimized sensor-set size
	[132] [16] [134] [17] [135] [136] [19] [18]	PEMFC system PEMFC system PEMFC system PEMFC system PEMFC system PEMFC system SOFC system gas supply unit PEMFC system	Incremental search; Heuristic search; BILP Sensor sensitivity & noise resistance-based Sensor sensitivity & noise resistance-based Sensor sensitivity & Stack failure mode weighting based Sensor sensitivity & noise resistance-based PCA method PCA method WPT	Model-based Hybrid Hybrid Hybrid Hybrid Data-driven Hybrid Data-driven	8 16 10 10 9 20 -9	2 (cathode pressure; anode pressure) 3 (stack temperature; cathode outlet flow; cathode inlet flow) 3 (stack temperature; cathode outlet flow; cathode inlet flow) 4 (cathode inlet flow; cathode outlet flow; anode outlet flow; stack temperature) No information. 8 -4 (stack thermocouple; cathode outlet thermocouple; cathode outlet pressure gauge; anode outlet humidification sensor)

  IPCA) algorithm to generate proper features for PEMFC diagnosis. IPCA algorithm was compared with other two methods: Factor Analysis (FA) and Linear Discriminant Analysis (LDA). Compared with FA algorithm, IPCA calculation was much time-saving. On the other hand, LDA reduced the data dimension too much and loose effective information. The original sensor-set size was 20 and reduced to 8 by IPCA.Mao et al. 

	Analysis (				
	Ref.	Approach	Type	Algorithm	Fault type	On/ Off-line
	[16] [134] [17] [135] [136] [19] [18]	Performance prediction Performance prediction Fault diagnosis Fault diagnosis Fault diagnosis Fault diagnosis Fault diagnosis Fault diagnosis	Data-driven Data-driven Data-driven Data-driven Data-driven Data-driven Data-driven	ANFIS ANFIS KPCA, WPT, SVD KPCA, WPT, SVD WPT, KPCA Random forest algorithm PCA; EWMA control chart KPCA, WPT, SVD	--Flooding Flooding Flooding; Dehydration No information -Flooding	Off-line Off-line On-line On-line Off-line Off-line & On-line On-line
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