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A B S T R A C T   

Among hydrogen technologies, a proton exchange membrane fuel cell (PEMFC) is known as an 
efficient device using hydrogen as the fuel. Although different real-time fault-diagnosis methods 
are available (i.e., voltage-based or electrochemical-based), the problem with these methods is 
their dependency on being directly connected to a computer, higher costs, lower security, and the 
need to perform the tests in a laboratory. The focus and the solution of this study are to propose a 
novel design of printed circuit board (PCB) that enables the implementation of the required 
sensors to detect/measure the operational parameters/contamination of PEMFC. The communi
cation of the considered PCB will be with a server without direct contact through the Internet of 
Things (IoT). A specified computer. exe file has also been developed to directly connect to a 
personalized network hotspot (to increase security) and enable the wireless communication of the 
sensor and the computer. The outputs of this study can be considered a novel fault diagnosis kit 
that measures H2S wirelessly using IoT. To verify the result 11 ppm and 12 ppm of H2S was 
injected into the system, the IoT kit’s measured data is compared with the experiments. The 
results comparison validated the suitability of the system.   

1. Introduction 

With the current limitations for the usage of fossil fuels, hydrogen has been suggested as an alternative [1–3]. Using hydrogen as the 
fuel, proton exchange membrane fuel cell (PEMFC) can produce electricity with water as the side product without any other emission 
[4–7]. PEMFCs can be used both in low and high temperature conditions in which the former is mainly suitable for portable appli
cations such as hydrogen cars, and the latter is for stationary usages [8]. Considering the recent initiatives to reach net-zero carbon and 
pollutant-free industries, the transition from combustion engines to fuel cells and batteries is needed with special considerations on the 
heat transfer [9–13]. 

Although PEMFCs are efficient considering the output power and the environmental aspect compared to fossil fuel-based power 
generators, the lifetime should be considered deliberately [14]. Although there have been many studies on the durability of the PEMFC 
systems [15] and operational parameters optimizations [16], further attention should be given to the real-time detection of H2S 
contamination in PEMFC just like similar studies that have tried to mitigate the hydrogen sulfide amount in different applications [17]. 
Based on the defined targets by the Department of Energy (DOE), the lifetime of 8000 h at a voltage of 0.8 V and the performance of 
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300 (mW/cm− 2) is aimed at 2025 [18]. 
The recent advancements in autonomous sensing systems have led to novel designs of printed circuit boards (PCBs) that enable 

wireless communication through the Internet of Things (IoT) [19]. The more efficient design of the PCBs enables the low-cost, 
energy-efficient, more compact, multi-purpose processing/sensing in different domains [20]. For example, all the existing environ
mental/operating parameters can be controlled/measured in the domains of home automation, mobile health care, medical aids, smart 
grids, automotive, traffic management, industrial automation, food contamination, etc. [21]. 

The development of smart sensors has enabled the advancement of intelligent systems that can monitor/control industrial pro
cesses. The conventional methods were to measure the changes of a parameter (e.g., temperature, degradation, contamination, etc.) 
using a sensor followed by manual post-processing of the measured data by a human operator [22]. However, the post-processing 
(including calibration and the impacts of aging/temperature, etc.) and telecommunication can be done by IoT in a dedicated soft
ware [23]. In other words, IoT enables the communications of computer systems and sensors without the involvement of human 
operators [24]. Recent studies have also demonstrated the role of machine learning and deep learning in facilitating automated fault 
diagnosis of pipelines [25] and to monitor spatially distributed cracks using distributed fiber optic sensors [26], respectively. Wireless 
machine-to-machine communication also minimizes human errors, increases safety (e.g., sensing the contaminants that can have 
adverse effects on health), enables complex measurements (e.g., sensing and communication when human access to the sensor is not 
possible), and reduces the operational costs [27]. 

Recent investigations have suggested the integration of smart sensors and IoT in different sectors [28]. Tariq et al. [29] developed 
real-time measurements of the temperature, humidity, pressure, geo-position, Nitrogen dioxide, etc. as air pollution parameters to 
optimize the air quality at Qatar University. The results indicated that the developed methodology can optimize the desired output 
independently from the commutative anomalies. Sharma et al. [30] used a similar concept to detect fire locations in agricultural 
domains using fuzzy logic. The implementation of IoT in that project enabled reporting of the active fire locations to the stakeholders 
and government agencies to prevent the fire spread in addition to the determination of the farmers’ names involved in the burning. 
Although the integration of IoT and sensing devices can be found in a wide range of usages, the proposed methodology has not been 
implemented in the field of fuel cells yet. 

Among different types of methods to improve the durability of the PEMFCs, preventing the cell from contamination and estab
lishing the methodology to measure and communicate the contamination level is the goal of this study. Although using the sensors is 
more reasonable to detect the contamination, compared to voltage/electrochemistry-based methods, communication of the data, 
security, calibration, costs, and dependency on being connected to a computer are the limitations that should be solved. The goal of this 
study is to propose a kit that uses a novel PCB, where the sensor will be located, and is connected to a Wireless Fidelity (Wi-Fi) module 
to transfer the measured data to a Personal Computer (PC). To ensure security, the kit will only work with a specified domain of the 
network (e.g., personal hotspot of a cellphone). For the calibration and the post-processing of the results, computer software has been 
developed that directly presents the measured data by the sensor in a real-time condition in the same domain of the network (e.g., 
personal hotspot of a cellphone). Calibration of the data can be also done using the developed computer software. Considering the 
costs, the kit is considerably cheaper than voltage-based and electrochemistry-based fault-diagnosis methods. The kit is also cheaper 
than the available sensors in the market (that are not using IoT, they are connected to a PC directly in a wired manner, there is no 
specified computer software assigned to the measured data, requires the presence of a person on-site, calibration should be done 
physically, etc.) 

Embodiments of the present invention are related to the PCB layout of the fuel cell monitor system, which should be assessed 
through the network (or internet). More particularly, embodiments related to the positioning, selection, and design of the most 
important sensors which can monitor the fuel cell performance and degradation, software that retrieves information from the sensed 
values, and methods that are utilized to provide access through the network (or internet) on a single PCB board. The layout of the PCB 
includes several design considerations such as size, weight, energy consumption, and shape to ensure the comfortable operation of the 
control system by a user. 

In one embodiment, the proposed kit provides a set of sensors (current, voltage, humidity, and temperature, and Hydrogen Sulfide) 
that measure the performance, degradation, and contamination of the PEMFC. The reason for selecting Hydrogen Sulfide was to 
include a detecting procedure of a contaminant in a PEMFC. The current, voltage, humidity, and temperature sensors were selected as 
the representative of the operational parameters of the PEMFC. 

In another embodiment, the proposed kit provides software that runs in the provided microcontroller and retrieves the information 
from the sensed values. This information is then passed to the trans receiver modules to transfer to the users through the wired,e.g., 
Recommended Standard (RS)-232, RS-485, Universal Serial Bus (USB), or On-Board Diagnostics (OBD) II, or wireless,e.g., Global 
System for Mobile communications (GSM) or WiFi, links. It should be noted that the method of transfer depends on the preference of 
the user and any type of data transferring method can be used. Furthermore, the commands that are generated from the users will be 
passed to the microcontroller for processing through the communication modules. 

In another embodiment, the communication modules provide different interfaces to connect the monitor system to external systems 
where the produced information is sent. The communication modules are selected so that the monitor system can be easily connected 
to a wide range of external devices by supporting various protocols and standards. 

2. Detailed description and experimental methodology 

The architecture of the PCB depicted in Fig. 1 (further details about Fig. 1 are presented in the Appendix) has three groups of 
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components, i.e., sensing components, processing components, and communication components. With the aid of this PCB alongside 
fuel cells, the performance of these cells can be monitored and utilized more efficiently. Fig. 1 also shows the schematic of the PCB and 
its elements, i.e., the current sensor, voltage sensor, humidity and temperature sensor, Hydrogen Sulfide sensor, Microcontroller, 
Wireless transmitter/receiver module, Wired transmitter/receiver module, and vehicle interface. Table 1 also describes the compo
nents used in Fig. 1. It should be noted that including all the details of the designed PCB in one figure demanded decreasing the font of 
the contents in Fig. 1, hence, the details of this figure are enhanced in separate figures that are shown in Appendix starting from Fig. 1 
(s) to Fig. 12(s). 

As mentioned, the architecture of the proposed monitor system has three groups of components, i.e., sensing components, pro
cessing components, and communication components (see Fig. 1). The processing components of the proposed monitor system will be 
introduced in detail. The main part of the processing element in the proposed monitor system is the ESP32 microcontroller from 
Espressif company. ESP32 has two 240 MHz processing cores and supports many communication protocols such as Wi-Fi and Bluetooth 
which simplifies development processes. Furthermore, it includes many peripheral circuits required to connect the mentioned sensors. 
The ESP32 is also responsible for running the main program which is developed to handle the monitor system operations. 

Fig. 2 shows the two-dimensional view of the proposed monitor system. Due to the high current range of the fuel cells, the shunt is 
used to measure the electric current from the fuel cell with high precision by the current sensor utilized in the monitor system. To 
measure the current value, the voltage across the shunt resistance, which is a low resistance, is converted into current by the equation 
V––RI. A 12-bit Analog-to-Digital (AD) converter is used to measure the voltage of the two ends of the shunt resistance by the internal 
AD converter in the microcontroller. Then, the current information is sent to the controller and used to optimize the currents and 
accurately control the performance of the fuel cell. The use of internal AD converters of the microcontroller can reduce the complexity 
of the circuit compared with utilizing external AD converters, and it also consumes less power. 

The proposed monitor system also utilizes a voltage sensor as can be seen in Fig. 2. The output voltage of the fuel cell is measured by 
this sensor. The sensed value helps the monitor system optimize the output voltage by changing the input of the fuel cell and applying 
appropriate configuration according to the application’s requirements. Like the current sensor, the voltage sensor utilizes the 12-bit 
internal AD converter of the microcontroller. 

The proposed monitor system also benefits from humidity and temperature sensors. The temperature and humidity of the envi
ronment can have a significant effect on the efficiency of the fuel cell. The operating temperature for the membrane inside the PEMFC 

Fig. 1. The architecture of the used PCB in this study.  
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Table 1 
The description of the used components in the proposed architecture.  

Designator Description Footprint LibRef Comment Quantity 

C1 CAP 0805 CAPC3413 × 12 N CAP SMD 0805 0.1uF 1 
C2 Cap electrolitic radial Cap electrolitic radial 

5x11-2 
Cap ELECTROLITIC TOTAL 
SIZE 

100μF50V 1 

C3 Solid Tantalum Chip Capacitor, T510 Series - 
Ultra-Low ESR 

E T510E  1 

C4 CAP 0805 CAPC3413 × 12 N CAP SMD 0805 10uF 1 
C5 CAP 0805 CAPC3413 × 12 N CAP SMD 0805 33 pF 1 
C6 CAP 0805 CAPC3413 × 12 N CAP SMD 0805 10 pF 1 
C7, C9, C18 CAP 0805 CAPC3413 × 12 N CAP SMD 0805 100 nF 3 
C8 CAP 0805 CAPC3413 × 12 N CAP SMD 0805 1 nF 1 
C10, C11, C12 CAP 0805 CAPC3413 × 12 N CAP SMD 0805 22 pF 3 
C13 Cap electrolitic radial Cap electrolitic radial 

5x11-2 
Cap ELECTROLITIC TOTAL 
SIZE 

10 nF 1 

C14 CAP 0805 CAPC3413 × 12 N CAP SMD 0805 5 nF 1 
C15, C16, C19 Cap electrolitic radial Cap electrolitic radial 

10x20-5 
Cap electrolitic radial 
10x21 

Cap 10x21 3 

C17 CAP 0805 CAPC3413 × 12 N CAP SMD 0805 10 nF 1 
D1, D2, D6 Typical RED, GREEN, YELLOW, AMBER 

GaAs LED 
3.2X1.6X1.1 LED2 LED2 3 

D3, D5 DIODE GEN PURP 75V 200 MA DO213AA SOD80, LL-34 1N4148UR-1 1N4148UR-1 2 
D4 Schottky Diode SMB D Schottky D Schottky 1 
DZ1 DIODE ZENER GENERAL SOD80, LL-34 ZENER GENERAL DIODE 5.1V 500 mW 1 
DZ2 DIODE ZENER GENERAL SOD80, LL-34 ZENER GENERAL DIODE 3.3V 1 
E1, E2 Generic Antenna PIN1 Antenna Antenna 2 
IC1 x.x Volt, 800 mA Low-Dropout Linear 

Regulator, 3-pin TO-252 
TD03B_N LM1117DT-x.x LM1117DT-x.x 1 

J1 DC-DC Converter Output Input PJ-313 PJ-313 PJ-313 1 
J2 7 _6 + 1_ Position Card Connector Micro SIM 

Surface Mount, Right Angle Gold 
GCT_SIM7100-6-1- 
15-00-A_REVC 

SIM7100-6-1-15-00- 
A_REVC 

SIM7100-6-1-15- 
00-A_REVC 

1 

J3 Receptacle Assembly, 9 Position, Right Angle DSUB1.385–2H9 D Connector 9 D Connector 9 1 
J4 Jack Modular Connector 6p6c (RJ11, RJ12, 

RJ14, RJ25) 90Â◦ Angle (Right) Unshielded 
Cat5 

615006138421 615006138421 615006138421 1 

L1, L2 2.2 μH Unshielded Wirewound Inductor 770 
mA 169 mOhm Max 1210 (3225 Metric) 

INDM3225 × 240 N Inductor 2.2 μH 770 mA 
1210 

NLCV32T-2R2M-PF 2 

L3 POWER INDUCTOR 10x12 (200 mils) Inductor 10x12 (200 
mils) 

POWER INDUCTOR 10x12 
(200 mils) 

100uH 3A 1 

P1 Header, 5-Pin HDR1X5 Header 5 Header 5 1 
P2, P3 SMB Straight Connector SMB_V-RJ45 SMB SMB 2 
P4 Header, 4-Pin HDR1X4 Header 4 Header 4 1 
P5 Header, 6-Pin HDR1X6 Header 6 Header 6 1 
Q1, Q2, Q3, Q4 NPN Switching Transistor SOT23_N MMBT3904 MMBT3904 4 
R1, R3, R5, R8, 

R20 
RES 0805 RESC3413 × 04 N RES 0805 0.125W 4K7 5 

R2 RES 0805 RESC3413 × 04 N RES 0805 0.125W 47K 1 
R4, R23, R27, 

R28, R31, 
R32 

RES 0805 RESC3413 × 04 N RES 0805 0.125W 10K 6 

R6, R7, R12, R13, 
R14, R16, 
R35 

RES 0805 RESC3413 × 04 N RES 0805 0.125W 1K 7 

R9, R15 RES 0805 RESC3413 × 04 N RES 0805 0.125W 5K6 2 
R10, R11 RES 0805 RESC3413 × 04 N RES 0805 0.125W 390 2 
R17, R18, R19 RES 0805 RESC3413 × 04 N RES 0805 0.125W 51 3 
R21 RES 0805 RESC3413 × 04 N RES 0805 0.125W 120 1 
R22 RES 0805 RESC3413 × 04 N RES 0805 0.125W 510 1 
R24 RES 0805 RESC3413 × 04 N RES 0805 0.125W 2K2 1 
R25 RES 0805 RESC3413 × 04 N RES 0805 0.125W 500 1 
R26 RES 0805 RESC3413 × 04 N RES 0805 0.125W 510(optional) 1 
R29, R30 RES 0805 RESC3413 × 04 N RES 0805 0.125W 30K 2 
R33 Square Trimming Potentiometer 3296W RES_POT 4K7 1 
R34 RES 0805 RESC3413 × 04 N RES 0805 0.125W 470 1 
T1 4 Pitch: 5.08 mm Color: green Contact 

surface: Tin Assembly 
MSTB 2,5/4-G-5,08 CON_Phoenix_MSTB_04 1759033 1 

U1 SIM868 GNSS, GSM RF mikroBUSâ„¢ Clickâ 
„¢ Platform Evaluation Expansion Board 

XCVR_SIM868 SIM868 SIM868 1 

U2 Bluetooth, WiFi Transceiver Module 2.4 GHz 
~ 2.5 GHz Surface Mount 

MODULE_ESP32- 
WROOM-32 

ESP32-WROOM-32 ESP32-WROOM-32 1 

(continued on next page) 
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stack should be around 65 ◦C–85 ◦C to optimize the proton conductivity [31]. Higher temperatures below the mentioned temperature 
range result in drying of the membrane while lower temperature leads to flooding and extra water inside the cell. A similar concept 
applies to humidity since the electrochemical operation of the PEMFC is altogether to have saturated water to prevent drying the 
membrane and increasing the resistivity for proton conductivity. The utilized temperature and humidity sensor measures the values 
related to the environmental conditions and sends them to the controller to set the appropriate temperature and humidity settings. To 
this end, the SHTC3 temperature and humidity sensor was used, which has very high accuracy (0.2 degrees of temperature mea
surement accuracy and 2 % humidity measurement accuracy). It is also considered a very low energy consumption sensor. SHTC3 is 
connected to the microcontroller with an I2C interface and the clock stretching method was used to save more energy. 

The last group of components that were utilized in the proposed monitor system are communication components. The most 
important module in this group was SIM868 which enables internet connectivity for the proposed monitor system so it can send and 
receive information to/from the internet. These features allow users to monitor fuel cell status and update settings for lower emissions 
and higher power by leveraging centralized cloud processing. The protocol used to connect the proposed monitor system to the internet 
is Message Queuing Telemetry Transport (MQTT), a well-known communication protocol in IoT applications. Furthermore, the 
SIM868 module can locate the monitor system through an embedded GPS module on it. In this regard, the manufacturing companies of 
the fuel cell stack can implement this kit on their stacks and provide a maintenance team to predict the performance and the lifetime of 
each stack in addition to being enabled for taking actions once contamination occurs. 

Another communication component utilized in the monitor system is the RS485-RS232 module. RS485-RS232 is a standard 
communication in industrial environments that is usually used for communication between PLC controllers. Since the first-generation 
fuel cells are controlled using PLCs, the monitor system is equipped with an RS485-RS232 module to communicate with such fuel cells. 
The proposed monitor system is also capable of communicating with vehicles through the OBD II interface. Indeed, in a vehicle that 
benefits from a fuel cell, the proposed monitor system should connect to the vehicle control system through an automotive standard 
port (OBD II) to obtain information from the fuel cell. 

Regarding the verification of the measured H2S amount, the obtained H2 S values are going to be compared with the results of the 

Table 1 (continued ) 

Designator Description Footprint LibRef Comment Quantity 

U3 3.3V CAN Transceiver with Standby Mode, 
17 mA, − 40 to 85 degC, 8-pin SOIC (D), 
Green (RoHS & no Sb/Br) 

D8_N SN65HVD230D SN65HVD230D 1 

U4 useing SN65HVD230D instead of MC33290 D8_N SN65HVD230D MC33290 1 
U5 SIMPLE SWITCHER® 3A Step-Down Voltage 

Regulator, 5-pin TO-263, Pb-Free 
TS5B_N LM2576S-ADJ/NOPB LM2576S/LM2596- 

ADJ/NOPB 
1  

Fig. 2. The two-dimensional view of the proposed monitor system.  
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experimental tests. In this case, a certain amount of H2S contaminant will be injected into the PEMFC system and then the developed 
kit will measure the existing contaminant separately. If the measured and the injected values are the same, a verification can be 
concluded. 

3. Results and discussion 

The other sensor that was utilized in the proposed monitor system is the Hydrogen Sulfide (H2S) sensor. By detecting and measuring 
the concentration of H2S at the input of fuel cells, this sensor provides information to the monitor system that helps to detect failures or 
the occurrence of fuel cell malfunction. Indeed, during the hydrogen production processes, it is possible to have impurities, hence 
acting as contaminants for the PEMFC, which uses pure hydrogen as the fuel. The main goal of this study was to prepare a kit that 
measures the H2S contaminant at the inlet of the cathode and anode side (it is also possible to have H2S contaminant on the cathode, 
where air flows inside the cell). To measure the amount of H2S in the monitor system, the FECS50-100 sensor which is manufactured by 
Figaro company was used. It should be noted that the type of sensor is not limited and any other type of H2S sensor from different 
manufacturing companies can be used. Additionally, the invention is not limited to the detection of H2S contaminant, in other words, it 
is possible to implement other types of the contaminant sensor (e.g., NOx, SOx, COx, etc.) on the novel PCB, and the proposed 
monitoring methodology would be the same (i.e., communication of the measured data using IoT and being displayed by the developed 
software). The output of this sensor was amplified with an EM-FECS amplifier circuit. Then, the output PPM (Part per Million) of 
hydrogen sulfide is obtained. To have less error in the measurement due to the induced environmental noise and the length of the 
sensor connection wire, a reference voltage equal to 0 ppm is used. Additionally, Median and Bessel filters were used to remove the 
noises from the measured real-time data. It is noteworthy to mention that Median and Bessel filters were selected arbitrarily and it is 
possible to use other types of filters in the back-end of the developed. exe file to report the sensor data. Fig. 3 shows the developed kit to 
measure the H2S contamination using the IoT technology. 

Fig. 4 shows the developed. exe file that can operate in a computer and connect to the developed kit using the secure network (e.g., 
a personal hotspot to ensure security). Fig. 4(a) shows the. exe file before operation and the Fig. 4(b) shows the one after the injection 
of the hydrogen into the system. To test the developed kit, the kit was located in a pipe, that later H2S was injected. The amount of 
injected H2S could be controlled afterward hence the operation of the kit could be tested. At the bottom-left corner of Fig. 4(b), the first 
raw received data from the sensor are being shown, that includes noises. At the top-right corner of Fig. 4(b) the median filter has been 
used on the first raw data followed by the Bessel filter that is shown in the top-left corner Fig. 4(b). At the end, the filtered data are 
rounded to the nearest discrete number in the bottom-right corner of Fig. 4(b). To improve the operation of the filters, the related 
parameters can be changed through the. exe file, the mentioned numbers in Fig. 4 have been selected arbitrarily to calibrate the 
system. 

Fig. 5 also compares the amounts of the injected H2S by the operator on the experimental setup with the measured H2S by the 
sensor and communicated to the computer using IoT. As can be seen, the obtained data are quite close and the only problem is the 
oscillation before and after the changes in the values of the injected H2S. This can be solved by adding more filters or deliberately 
changing the involved parameters of the existing filters. 

Regarding the scientific discussion of the obtained results, the developed kit can measure the amount of injected H2S contamination 
with lower costs, high precision, and accuracy, wirelessly, low volume settings, in the remote condition of the server and the sensors, 
and high speed. Although the existing Electrochemical Impedance Spectroscopy and other available methods are efficient, the pro

Fig. 3. The developed kit to measure the H2S contamination using the IoT technology.  
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posed system can be the next generation of fault diagnosis systems more compactly and efficiently. 

4. Conclusion 

In summary, this study aimed to pioneer the development of a cutting-edge kit tailored for measuring H₂S contamination in 

Fig. 4. The developed. exe file to communicate the obtained data by the sensor to the computer using IoT: (a) the. exe file before operation (in
jection of the H2S), (b) the. exe file after operation (injection of the H2S). It should be noted that the details and the labels in Fig. 4b may not be seen 
in details due to the lack of camera resolution but they are the same as presented in Fig. 4a. The goal of Fig. 4b is to confirm the operation of the 
developed H2 S kit and the changes in the amount of injected contaminant. 
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PEMFCs. The envisioned solution sought to embody qualities of wireless operation, robust security, precise accuracy, compactness, and 
operational independence, culminating in seamless integration with a dedicated computer. exe file for streamlined data reporting to a 
server. 

Through the meticulous design of a bespoke printed circuit board and the strategic integration of essential sensors, the developed 
kit successfully achieved the intended objective of measuring H₂S contamination levels. Rigorous experimental validation, involving 
deliberate injection of H₂S for measurement, underscored the kit’s capability for real-time detection with exceptional accuracy, 
thereby affirming its practical suitability. 

Looking ahead, future endeavors could explore the refinement of the kit’s capabilities by devising an advanced PCB capable of 
concurrently measuring all requisite operational parameters. This evolution, coupled with consistent communication methodologies, 
holds promise for further enhancing the efficacy and versatility of such monitoring systems. 

In summary, this article contributes to advancing the state-of-the-art in fault diagnosis methods for PEMFCs, offering insights into 
innovative engineering design approaches, regulatory compliance, and the broader implications for energy systems with the following 
key findings:  

• Innovation in detection technology 

This study introduced a novel H2S contamination measurement in PEMFCs, emphasizing wireless operation, robust security, 
precise accuracy, compactness, and operational independence. This innovation aligns with the current trend towards IoT integration 
and remoted monitoring in engineering systems.  

• Practical implementation 

By designing a bespoke PCB and integrating essential sensors, the developed kit successfully achieved its objective of measuring 
H2S contamination levels. This highlights the practical application of advanced engineering design principles in addressing real-world 
challenges in energy systems.  

• Rigorous experimental validation 

This article conducted rigorous experimental validation, including deliberate injection of H2S for measurement. This validation 
process in crucial for ensuring the accuracy and reliability of the developed kit, which is essential for compliance with engineering 
standards and regulations.  

• Real-time detection capability 

The kit demonstrated real-time detection of H2S contamination with exceptional accuracy, showcasing its potential for early fault 
diagnosis and mitigation in PEMFCs. This capability is significant for enhancing the efficiency and reliability of energy systems, 
thereby contributing to sustainable development goals.  

• Future directions 

This paper suggests future endeavors could focus on refining the kit’s capabilities by devising an advanced PCB capable of 

Fig. 5. The amount of detected H2S by the developed kit and communicated to the system during the experiment compared to the injected value to 
the test setup. 
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concurrently measuring all requisite operational parameters. This indicates a pathway for continuous improvement and innovation in 
engineering design for energy systems, aligning with the dynamic nature of technological advancements. 

CRediT authorship contribution statement 

Hossein Pourrahmani: Writing – review & editing, Writing – original draft, Visualization, Software, Resources, Project admin
istration, Investigation, Funding acquisition, Data curation, Conceptualization. Ali Javadi: Writing – original draft, Software, 
Methodology, Investigation, Data curation. Amir Mahdi Hosseini Monazzah: Validation, Supervision, Formal analysis. Jan Van 
herle: Supervision. 

Declaration of competing interest 

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper. 

Acknowledgement 

This project has received funding from the European Union’s Horizon 2020 research and innovation program under the Marie 
Sklodowska-Curie grant agreement No. 754354. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.heliyon.2024.e33321. 

References 

[1] Hossein Pourrahmani, Mardit Matian, Jan Van herle, Poisoning Effects of Cerium Oxide (CeO2) on the Performance of Proton Exchange Membrane Fuel Cells 
(PEMFCs), Chem Eng. 6 (3) (2022) 36. https://doi.org/10.3390/chemengineering6030036. 

[2] Martin Gay, Hossein Pourrahmani, Jan Van herle, Fuel cell and battery technologies for a 800 kW ferry: two optimized scenarios, Science Talks 3 (2022) 
100039. https://doi.org/10.1016/j.sctalk.2022.100039. https://www.sciencedirect.com/science/article/pii/S2772569322000391. 

[3] H. Pourrahmani, M. Hosseini, H. Moussaoui, et al., Quantitative measurement and comparison of breakthroughs inside the gas diffusion layer using lattice 
Boltzmann method and computed tomography scan, Sci Rep 14 (2024) 9621. https://doi.org/10.1038/s41598-024-60148-w. 

[4] H Pourrahmani, CMI Bernier, J Van, The Application of Fuel-Cell and Battery Technologies in Unmanned Aerial Vehicles (UAVs): A Dynamic Study. Batteries 8 
(7) (2022) 73. https://doi.org/10.3390/batteries8070073. 

[5] H Pourrahmani, J Van, The impacts of the gas diffusion layer contact angle on the water management of the proton exchange membrane fuel cells: Three- 
dimensional simulation and optimization, Intern. J. Energy Res. 46 (11) (2022). https://doi.org/10.1002/er.8218". 

[6] H. Pourrahmani, J. Van Herle, Manufacturing protocol and post processing of ultra-thin gas diffusion layer using advanced scanning techniques, Sci Rep 14 
(2024) 13078. https://doi.org/10.1038/s41598-024-63751-z. 

[7] Hossein Pourrahmani, Hamed Shakeri, Jan Van herle, Thermoelectric Generator as the Waste Heat Recovery Unit of Proton Exchange Membrane Fuel Cell: A 
Numerical Study, Energies 15 (9) (2022) 3018. https://doi.org/10.3390/en15093018. 

[8] H. Pourrahmani, M.H. Mohammadi, B. Pourhasani, et al., Simulation and optimization of the impacts of metal-organic frameworks on the hydrogen adsorption 
using computational fluid dynamics and artificial neural networks, Sci Rep 13 (2023) 18032. https://doi.org/10.1038/s41598-023-45391-x. 

[9] Raha Kalantarpour, Kambiz Vafai, Enhancing heat transfer in thermosyphons: The role of self-rewetting nanofluids, and filling ratios for improved performance, 
Intern. J. Heat Mass Transf. 223 (2024) 125284. ISSN 0017-9310, https://doi.org/10.1016/j.ijheatmasstransfer.2024.125284. https://www.sciencedirect.com/ 
science/article/pii/S0017931024001169. 

[10] Raha Kalantarpour, Kambiz Vafai, The effect of self-rewetting fluids and surface wettability modification on the thermal performance of at two- phase flat- 
shaped thermosyphon abstract ASME, J. Heat Mass Transf. 145 (3) (2023). https://doi.org/10.1115/1.4055620. 

[11] Raha Kalantarpour, Adel Ebadi, Seyed Mostafa Hosseinalipour, Hong Liang, Three-component phase-field Lattice Boltzmann method with high density ratio and 
ability to simulate total spreading states, Computers & Fluids 204 (2020) 104480. https://doi.org/10.1016/j.compfluid.2020.104480. 

[12] H. Pourrahmani, M. Golparvar, M. Fasihi, A New Evaluation Criterion for Optimizing the Mechanical Properties of Toughened Polypropylene/Silica 
Nanocomposites, Chin J Polym Sci 38 (2020) 877–887. https://doi.org/10.1007/s10118-020-2399-5. 

[13] S. Derakhshan, et al., Performance improvement and two-phase flow study of a piezoelectric micropump with tesla nozzle-diffuser microvalves, J. Appl. Fluid 
Mech. 12 (2) (Mar. 2019) 341–350, https://doi.org/10.29252/jafm.12.02.27886. 

[14] K. Bouzek, M. Paidar, J. Malǐs, I. Jakubec, L. Janík, Influence of hydrogen contamination by mercury on the lifetime of the PEM-type fuel cell, Electrochim. Acta 
56 (2) (Dec. 2010) 889–895, https://doi.org/10.1016/j.electacta.2010.09.082. 

[15] F. Zohra Arama, S. Laribi, K. Mammar, N. Aoun, T. Ghaitaoui, Efficient water-related failure detection in PEM fuel cells: combining a PEMFCs fractional order 
impedance model with FFT-PWM techniques and artificial neural network classification, Heliyon 10 (7) (Apr. 2024) e29084, https://doi.org/10.1016/j. 
heliyon.2024.e29084. 

[16] R. Duan, D. Lin, G. Fathi, PEMFC model identification using a squeezenet developed by modified transient search optimization algorithm, Heliyon 10 (6) (Mar. 
2024) e27555, https://doi.org/10.1016/j.heliyon.2024.e27555. 

[17] E. Mutegoa, M.G. Sahini, Approaches to mitigation of hydrogen sulfide during anaerobic digestion process – a review, Heliyon 9 (9) (Sep. 2023) e19768, 
https://doi.org/10.1016/j.heliyon.2023.e19768. 

[18] Y. Wang, B. Seo, B. Wang, N. Zamel, K. Jiao, X.C. Adroher, Fundamentals, materials, and machine learning of polymer electrolyte membrane fuel cell 
technology, Energy AI 1 (2020) 100014. 

[19] B. Shearan, F. Akhter, S.C. Mukhopadhyay, Development of an IoT-enabled portable sulphur sensor: a tutorial paper, IEEE Sens. J. 22 (11) (Jun. 2022) 
10075–10088, https://doi.org/10.1109/JSEN.2021.3127159. 

[20] C. Sassanelli, P. Rosa, S. Terzi, Supporting disassembly processes through simulation tools: a systematic literature review with a focus on printed circuit boards, 
J. Manuf. Syst. 60 (2021) 429–448. 

H. Pourrahmani et al.                                                                                                                                                                                                 

https://doi.org/10.1016/j.heliyon.2024.e33321
https://doi.org/10.3390/chemengineering6030036
https://doi.org/10.1016/j.sctalk.2022.100039
https://doi.org/10.1038/s41598-024-60148-w
https://doi.org/10.3390/batteries8070073
https://doi.org/10.1002/er.8218
https://doi.org/10.1038/s41598-024-63751-z
https://doi.org/10.3390/en15093018
https://doi.org/10.1038/s41598-023-45391-x
https://doi.org/10.1016/j.ijheatmasstransfer.2024.125284
https://doi.org/10.1115/1.4055620
https://doi.org/10.1016/j.compfluid.2020.104480
https://doi.org/10.1007/s10118-020-2399-5
https://doi.org/10.29252/jafm.12.02.27886
https://doi.org/10.1016/j.electacta.2010.09.082
https://doi.org/10.1016/j.heliyon.2024.e29084
https://doi.org/10.1016/j.heliyon.2024.e29084
https://doi.org/10.1016/j.heliyon.2024.e27555
https://doi.org/10.1016/j.heliyon.2023.e19768
http://refhub.elsevier.com/S2405-8440(24)09352-6/sref9
http://refhub.elsevier.com/S2405-8440(24)09352-6/sref9
https://doi.org/10.1109/JSEN.2021.3127159
http://refhub.elsevier.com/S2405-8440(24)09352-6/sref11
http://refhub.elsevier.com/S2405-8440(24)09352-6/sref11


Heliyon 10 (2024) e33321

10

[21] K. Shafique, B.A. Khawaja, F. Sabir, S. Qazi, M. Mustaqim, Internet of things (IoT) for next-generation smart systems: a review of current challenges, future 
trends and prospects for emerging 5G-IoT scenarios, IEEE Access 8 (2020) 23022–23040. 

[22] Q. Wang, A. Terzis, A. Szalay, A novel soil measuring wireless sensor network, in: 2010 IEEE Instrumentation & Measurement Technology Conference 
Proceedings, IEEE, Austin, TX, USA, 2010, pp. 412–415, https://doi.org/10.1109/IMTC.2010.5488224. 

[23] Y. Dong, X. Min, W.S. Kim, A 3-D-printed integrated PCB-based electrochemical sensor system, IEEE Sens. J. 18 (7) (2018) 2959–2966. 
[24] K.K. Patel, S.M. Patel, P. Scholar, Internet of things-IOT: definition, characteristics, architecture, enabling technologies, application & future challenges, Int. J. 

Eng. Sci. Comput. 6 (5) (2016). 
[25] Y. Liu, Y. Bao, Review on automated condition assessment of pipelines with machine learning, Adv. Eng. Inf. 53 (Aug. 2022) 101687, https://doi.org/10.1016/j. 

aei.2022.101687. 
[26] Y. Liu, Y. Bao, Intelligent monitoring of spatially-distributed cracks using distributed fiber optic sensors assisted by deep learning, Measurement 220 (Oct. 2023) 

113418, https://doi.org/10.1016/j.measurement.2023.113418. 
[27] H. Pourrahmani, et al., The applications of Internet of Things in the automotive industry: a review of the batteries, fuel cells, and engines, Internet Things (Jul. 

2022) 100579, https://doi.org/10.1016/j.iot.2022.100579. 
[28] Hossein Pourrahmani, Adel Yavarinasab, Amir Mahdi Hosseini Monazzah, Jan Van herle, A review of the security vulnerabilities and countermeasures in the 

Internet of Things solutions: A bright future for the Blockchain, Internet of Things 23 (2023) 100888, https://doi.org/10.1016/j.iot.2023.100888. ISSN 2542- 
6605, https://www.sciencedirect.com/science/article/pii/S2542660523002111. 

[29] H. Tariq, A. Abdaoui, F. Touati, M.A.E. Al-Hitmi, D. Crescini, A.B. Manouer, A real-time gradient aware multi-variable handheld urban scale air quality mapping 
IoT system, in: Presented at the 2020 IEEE International Conference on Design & Test of Integrated Micro & Nano-Systems (DTS), IEEE, 2020, pp. 1–5. 

[30] A. Sharma, et al., IoT and deep learning-inspired multi-model framework for monitoring active fire locations in agricultural activities, Comput. Electr. Eng. 93 
(Jul. 2021) 107216, https://doi.org/10.1016/j.compeleceng.2021.107216. 

[31] C. Ma, L. Zhang, S. Mukerjee, D. Ofer, B. Nair, An investigation of proton conduction in select PEM’s and reaction layer interfaces-designed for elevated 
temperature operation, J. Membr. Sci. 219 (1) (Jul. 2003) 123–136, https://doi.org/10.1016/S0376-7388(03)00194-7. 

H. Pourrahmani et al.                                                                                                                                                                                                 

http://refhub.elsevier.com/S2405-8440(24)09352-6/sref12
http://refhub.elsevier.com/S2405-8440(24)09352-6/sref12
https://doi.org/10.1109/IMTC.2010.5488224
http://refhub.elsevier.com/S2405-8440(24)09352-6/sref14
http://refhub.elsevier.com/S2405-8440(24)09352-6/sref15
http://refhub.elsevier.com/S2405-8440(24)09352-6/sref15
https://doi.org/10.1016/j.aei.2022.101687
https://doi.org/10.1016/j.aei.2022.101687
https://doi.org/10.1016/j.measurement.2023.113418
https://doi.org/10.1016/j.iot.2022.100579
https://doi.org/10.1016/j.iot.2023.100888
https://www.sciencedirect.com/science/article/pii/S2542660523002111
http://refhub.elsevier.com/S2405-8440(24)09352-6/sref19
http://refhub.elsevier.com/S2405-8440(24)09352-6/sref19
https://doi.org/10.1016/j.compeleceng.2021.107216
https://doi.org/10.1016/S0376-7388(03)00194-7

	Real-time H2S detection kit for hydrogen fuel cell
	1 Introduction
	2 Detailed description and experimental methodology
	3 Results and discussion
	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgement
	Appendix A Supplementary data
	References


