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Abstract 

Limiting the emissions of CO2 from conventional residential heating methods in the built environment 

is key to reducing all-round greenhouse gas emissions. The Hydrogen Heating Studies project in the 

Green Village at the TU Delft provides research on the safe application of hydrogen as a more 

sustainable alternative to conventional heating methods. This thesis contributes to this research by 

evaluating different hydrogen sensor technologies, as well as determining the sensor location with the 

fastest response to potential leakages of hydrogen gas inside a standard (Dutch) metering cabinet.  

A range of commercially available sensor technologies were assessed to determine which type is most 

suitable for residential applications. A multi-criteria analysis was applied to evaluate each sensor 

technology with respect to various criteria such as accuracy, selectivity, maintenance, and calibration. 

From this analysis the thermal conductivity sensors outperformed the other sensor technologies, albeit 

only by a small margin versus the catalytic hydrogen sensors.  

Investigation of the optimal location of the sensor within the cabinet was made possible with the 

support of Kiwa Technology. The aim was to find the sensor location enabling the quickest response 

to high hydrogen concentration levels. An experimental research approach was applied using seven 

different conditions (e.g., with open ventilation) and seven different sensor locations inside the 

metering cabinet to determine in which location the sensor response time is faster. A standard leakage 

flow rate of five liters per hour was applied, which is the highest rate of gas leakage currently allowed 

in existing buildings. The experiment results indicate the top-center backside of the metering cabinet 

as the location for the sensor with the fastest response.  

The results of this research also confirmed that the condition of closed ventilation leads to a constant 

increase of hydrogen concentration in the metering cabinet. This has implications for managing the 

risks associated with high hydrogen concentration levels because of hydrogen leakage. It was found 

that sensors located at the top-center of the metering cabinet showed the highest concentrations. 

With closed ventilation, the alarm level at 10 %LEL hydrogen concentration is sufficient to provide early 

detection. 

Ventilation causes changes in the distribution mechanism, resulting in better mixing of the hydrogen 

which reduces its concentrations. With open ventilation, the hydrogen concentration levels to trigger 

the alarm inside the metering cabinet should be lowered. Based on the results gathered, it is advised 

to set the alarm to trigger in the event of hydrogen concentration levels reaching 5 %LEL hydrogen 

concentration. 

Moreover, the release of hydrogen gas leads to a more buoyant gas mixture that rises quicker and 

mixes more easily with the surrounding air compared to a methane leakage. The time required for the 

methane gas to reach the sensors at the top-center of the cabinet was three times longer than in the 

event of a hydrogen leakage. In open ventilation conditions, similar response times for both methane 

and hydrogen gases close to the leakage were found. Finally, further research on worst-case scenarios 

is relevant to make specific recommendations for safe and economically feasible residential heating 

appliances. 
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1 Introduction 

In the universe there is plenty of hydrogen around us. Almost 74% of the weight of the universe exists 

in the form of hydrogen. On earth, however, hydrogen is normally not found in gaseous form in nature 

but is bound to other elements and form water, for example. 

Hydrogen is the lightest element with a low density, making it lighter than air. It is a very buoyant gas, 

meaning that when it is released into the air, it rises quickly and rapidly mixes with the ambient air. 

Hydrogen gas is considered an ideal gas over a wide temperature range and even when stored at high 

pressures. The molecules of ideal gasses do not attract or repel each other. In standard conditions 

(ambient temperature and pressure) it is a non-toxic, colorless and odorless gas [1]. 

Hydrogen gas is also highly versatile in use. In the future it could be widely used for energy storage and 

for the transportation of energy. In fuel cells the hydrogen could be used for electricity generation, for 

example in the residential sector to provide electricity or in the transportation sector to power 

hydrogen vehicles. Hydrogen could also be burned and used as a heat source in heating systems for 

buildings. Besides, it is an important fuel and feedstock in the industrial sector. Hydrogen gas could 

play a major role in the energy transition as it is an important energy carrier thanks to its high energy 

density per weight.  

When hydrogen is produced using renewable energy sources such as wind and solar energy, it is called 

green hydrogen. Green hydrogen is mainly produced through electrolysis (Figure 1-1), whereby water 

is split into hydrogen and oxygen, after which the hydrogen could be used as a fuel to convert back to 

electricity or heat. No CO2 will be emitted the only by-product is water(vapor). 

 

Figure 1-1 Schematic of an electrolyser process to produce green hydrogen (and oxygen) from electricity [2]. 

Nowadays a major share of hydrogen is produced as grey hydrogen in the industrial sector. This type 

of hydrogen is produced through methane reforming of hydrocarbon fuels, thereby emitting CO2.  
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Blue hydrogen, meanwhile, is produced in a way which is better for the environment than grey 

hydrogen. The emitted gas, including CO2, is captured and re-used or stored underground (or 

underseas). For instance, captured CO2 can be stored in empty gas fields or under the North Sea [3].  

In the future, green hydrogen production is preferred being the most sustainable. Hydrogen 

production from renewable resources got more attention. The production of green limits the emission 

of CO2 when the electricity is generated fully out of renewable energy sources.  

To use hydrogen in all of its diverse applications it has to be stored and transported. Hydrogen can be 

either stored in gaseous form under pressure or as a liquid at extremely low temperature (-253 °C). 

Hydrogen storage facilitates energy demand to compensate fluctuation of electricity intermittency of 

renewable energy. The storage of energy is important to structurally have enough energy, even when 

there are periods with less wind or sun to produce enough renewable energy. At peak moments the 

stored hydrogen can be turned into electricity without the need for burning fossil fuels. An option for 

the short term could be energy storage in batteries. Where hydrogen especially is important is for long-

term (seasonal) storage. An example could be that a high amount of energy is needed in winter, but 

there is not enough generation by the solar panels. In the summer, however, a lot of extra generation 

was available which has been converted to hydrogen and then later used in winter.  

These applications of hydrogen storage range from a small system that is meant for households or to 

replace a battery, up to larger (megawatt) systems that are designed to supply power in electricity 

grids for a whole village. 

1.1 Background - Hydrogen heating 
 

At the residential level, if we want to reach to net zero emissions by 2050 then we must also reduce or 

remove the carbon emissions from the heating of water and homes (particularly during the winter 

season). Hydrogen gas is used for heating residential buildings using a hydrogen boiler (Figure 1-2) 

whereby hydrogen gas is burned in the boiler to heat the residential building.  

 

Figure 1-2 Schematic of the generation and supply of green hydrogen (SGN H100 Fife project) [4]. 

Regarding boilers, part of central heating units in new-built houses, future generations are considered 

as ‘hydrogen ready’, meaning the newest boilers can operate both on natural gas as well as hydrogen. 

In the early 2020s, these hydrogen ready boilers are not yet on the market in the Netherlands. 
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An electric heat pump is an alternative solution to heat the house in the future. It uses a vapor 

compression system which is used to extract heat from the surrounding air. Electricity is used to 

distribute this heat around the house. This is the same principle as used in a refrigerator that moves 

heat. The electric heat pump moves heat during the heating season from the cool outdoors into the 

house to get it warm and during the cooling season, the heat goes from the cool house to the warm 

outdoors [5]. 

There are water-source heat pumps that also circulate water through underground pipes. This way 

they are very energy efficient during extreme weather conditions [6]. But for it to work best the rest 

of the house needs to be very well insulated. Large fluctuations in the temperature should be 

prevented. The heat pump does not adapt very quickly to the outside climate. If it is freezing during 

the morning and later in the afternoon there are clear skies with a lot of sunshine, the change would 

likely be too large for a heat pump. A gas boiler however would just burn more or less amounts of gas 

when it needs to and withstand every situation. 

Green hydrogen gas could be a good option for older buildings and historical city centers. At these 

locations a connection to a low temperature heat network is not possible. Or an electric heat pump is 

not a possibility. These buildings are not able to have good insulation. The old buildings could also be 

monumental buildings that do not allow big changes made to the building. Therefore,  they still rely 

on heating with gas [7]. 

This applies to old houses that have been built before 1980. The insulation of these older houses just 

is not good enough. Therefore, they are hard to warm with electric heat pumps [8]. Hydrogen boilers 

would be a good solution for these older houses to replace the CO2-emitting natural gas boilers with a 

sustainable hydrogen boiler. 

Next to these two options, a third type is available. This is an electric heat pump including a hydrogen 

boiler called a hybrid heat pump boiler. Hydrogen will be used as back up and supports the heat pump 

when there is a peak in the demand. This way it could also help to prevent the electricity grid from 

overloading and failing. 

1.2 Background - The gas network 
 

In the past we have used hydrogen in our Dutch homes before. Until the 1960s the use of “town 

gas”, a mixture out of which 50 % hydrogen that was made by the thermolytic heating of coal. Later 

Natural gas became the most important gas used after the discovery of big natural gas reserves in 

Groningen and forced the “town gas” out of the market [9]. 

At present, the Netherlands has an advanced natural gas network throughout the country. Gas 

network providers Liander and Stedin stated that 90 % of residential buildings have a connection to 

the natural gas grid [8]. 

Plans are there to make the current natural gas grid suitable for the distribution of hydrogen. There 

are several projects going on to test the hydrogen in the built environment. The suitability of the gas 

network is researched on the changes that have to be made to the grid, the safety and the cost. The 

government wants to make distribution of gas affordable; they want to monitor the safety and have a 

balanced market. They also want to provide space to network providers to make investments. 

The network providers all work together in their research and share the knowledge they have. Without 

doing this the hydrogen network would not get off the ground and it would be difficult to make a bigger 

grid [10]. 



4 
 

Currently, it is still not possible because of legal aspects to have hydrogen flowing through the existing 

gas grid. But, from a technical perspective it is advancing rapidly. Likely, this happens in steps in the 

future. First a hydrogen so called ‘backbone’ is going to be constructed. It will connect the important 

industrial locations of the Netherlands. And the import and export connections to the neighboring 

countries will be made to make the exchange of hydrogen possible from 2030 [11]. 

Kiwa [12] concludes that the materials from the current gas network are suitable for hydrogen. Existing 

gas network infrastructure can be used for the transportation of hydrogen. The main materials used 

for pipeline are PE (polyethylene) and PVC (polyvinyl chloride). 

The costs are still a subject of discussion. The advantage of a gas network is the transport of big 

volumes of energy at fairly low cost. The yearly extra costs for containing the gas grid happens to be in 

the range of 5-10 euro per home equivalent per year. 

There is still a lot of research going on around transporting hydrogen through the same natural gas 

grid. The government has to make well thought choices [13]. 

1.3 Background – Hydrogen safety 
 

Safety is an important aspect to keep in mind if someone is working with hydrogen. But this is true for 

all types of energy and gases. When does hydrogen gas become flammable and what properties do 

affect safety? To get more insight, the characteristics of hydrogen are compared to natural gas. 

1.3.1 Hydrogen compared to natural gas 
 

The density of gaseous hydrogen is only 0.0813 kg/m3, while methane has a density of 0.657 kg/m3 

[14]. The largest substance as a fraction that is present in natural gas is methane gas (82 %) [15]. The 

energy density per weight (per kg) of hydrogen is higher than methane, but it has a low energy density 

per volume (per m3) compared to methane (see Table 1-1). This also implies that even if there is a 

higher leakage rate of hydrogen it does not mean that the amount of energy that leaks is also high. 

The determination of the energy densities is dependent on two other properties in Table 1-1 (between 

brackets). Depending on the heat produced by a complete combustion of the gas that is measured, 

they are expressed as the HHV (higher heating value) and the LHV (lower heating value). Both are a unit 

of energy per unit mass or volume of the substance. 

Hydrogen is highly flammable. The lower flammability limit (LFL) or lower explosion limit (LEL) of 

hydrogen is 4.0 volume% or mol% and the upper explosive limit is 75 volume% (in air). This is the 

concentration at which the gas and air will result in a flammable mixture at given. Regarding the terms 

LFL and LEL, both are used in the literature and have a similar meaning. Hydrogen has a wider 

flammability range in air (4 vol% - 75 vol%) in comparison to methane (5 vol% - 15 vol%), which 

increases the explosion risk. 

In case of a leak, the hydrogen has higher leakage flow rates than natural gas. It is due to the small size 

of the H2 molecule and a low viscosity (8.8 * 10-6 Pa.s). The H2 leakage through small gaps in fittings or 

seals is higher than natural gas leakage (with methane viscosity of 11.0 * 10-6 Pa.s [16]). 

Because the density of hydrogen is the lowest at standard conditions in comparison to other gases, it 

therefore has a high buoyancy. Hydrogen gas is about 14 times lighter than air in normal conditions 

compared to 2 times for methane (Table 1-1). This high value for the buoyancy of hydrogen helps with 

respect to hydrogen safety concerns. Because in open environments hydrogen could easily escape. 
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This makes it safer in these conditions than natural gas. In the case of a hydrogen leakage inside a 

confined space, after accumulation on the top, it rapidly mixes with air [1].  

Table 1-1: Properties of hydrogen and methane (adjusted) [14]. 

 

 

1.3.2 Safety guidelines and standards 
 

To distribute guiding on safety, safety standards were created. A standard is a set of guidelines and 

definitions and instructions for system designers, manufacturers and users. It is developed by a 

number of experts in the field and by national and international standard organizations, such as ISO, 

NEN, IEC, NFPA, ANSI and DIN. 

The following part is a summary of some important takes on the Safety Standard NPR-ISO/TR 15916 

(2015) [17] containing the basic considerations for the safety of hydrogen systems. Hydrogen systems 

should always be installed and located according to the specific requirements found in relevant safety 

standards. Because of the lightness and size of hydrogen molecules, they pass through smaller leaks 

and rise faster than other gasses because of its greater buoyancy [1]. When the gas is present in a 

confined space the gas accumulates in high spots and could reach concentrations above the limit that 

it can ignite (4.0 vol%). Therefore, hydrogen leaks should always be prevented in piping systems with 

proper sealing.  

The hazards caused by the flammability of hydrogen are: Thermal effects, pressure effects and easy 

ignitability of mixtures with air. The main hazard in the application of hydrogen systems is the 

uncontrolled combustion of accidentally released hydrogen. This only happens when a leakage forms 

combustible mixtures under favourable circumstances (air is present and a source of ignition). Upon 

release of compressed hydrogen, strong pressure effects can be generated. When hydrogen flow into 

the air cannot be avoided, the formation of ignitable mixtures should be prevented no ignition sources 

should be present. 
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1.3.3 Environmental effects of hydrogen 
 

There are less effects to the environment when using hydrogen systems compared to natural gas 

systems. Hydrogen boilers do not emit any CO2 unlike natural gas boilers (Table 1-2). Then, there is a 

safety concern when incomplete combustion of natural gas takes place, CO is emitted. Above a 

concentration of 150 to 200 ppm the inhalation of CO gas is lethal [18]. In hydrogen boilers, no CO is 

emitted. The emission of NOx happens for both hydrogen and natural gas. However, in case of 

hydrogen the amount is less.  The emission specifications as well as the efficiency and the heat output 

for both hydrogen and natural gas boilers are found in Table 1-2.  

Table 1-2: Remeha Hydra boiler specifications for hydrogen and natural gas [19]. 

 Unit Hydrogen Natural gas 

CO2 g/kWh 

kg/year* 

0 

0 

190 

2500 

CO ppm 0 48 

NOx Mg/kWh 

Hs 

20 30 

Efficiency** % LHV 

% HHV 

115 

97 

108 

97 

Output Heating kW 24 24 

* At average gas consumption ** Temperature retour = 30 °C, 30 % load 

1.4 Relevancy of this study - Hydrogen sensors 
 

The presence and use of pure hydrogen inside residential buildings will require safety measures. If 

there are any leaks present, then they are difficult to detect. Hydrogen is colourless, odourless and 

tasteless and burns with an invisible flame. A good way to detect hydrogen is by using hydrogen 

sensors. To ensure safety inside the house, hydrogen sensors will find their application and there will 

be a growing demand for hydrogen detectors. The dedicated sensors should be mounted at the right 

location for the sensor to detect the leak as soon as possible.  

The high hydrogen concentrations can be caused by leaks from hydrogen equipment like boilers and 

fuel cells or from piping in the distribution network. Hydrogen, being the smallest molecule and the 

lightest element, can leak through very small cracks and holes at high leakage rates. This higher leaking 

risk makes the need of a safety system more crucial. The monitoring enables a better understanding 

of the leakage behavior of hydrogen and helps the prevention of ignitable gas mixtures.  

In the near future, the market for residential hydrogen sensors could likely be quite large. The future 

deployment of hydrogen sensors can be comparable to home CO detectors nowadays. These CO 

detectors are priced well below €80 ($100) [20]. 
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The hydrogen sensors should satisfy a number of characteristics to ensure the safety and reliable 

response to any leaks of hydrogen gas. Based on the system a sensor should take action as alarming 

or shutting down the system at a high concentration of hydrogen.   

What are the most important characteristics of given hydrogen sensors and how would the most 

appropriate ones for residential use be selected?  

Requirements for a reliable hydrogen gas sensor are the following [21]–[23]: 

• Detection of gases with precision and accuracy in ppm range.  

• Sensitively detect small hydrogen leakages (0.01 vol%) to moderate level of gas concentrations 

[23]. It should have good sensitivity well before the Lower Explosive Limit (LEL) of 4.0 vol%. 

• A fast response time under 2 seconds is desired to trigger the sensor for an early warning. 

• The lifetime of hydrogen sensors is defined as the maintenance and replacement period 

according to the application.  

• Calibration of the sensor is needed annually. But hydrogen sensors should be operational 

without cleaning, frequent calibration, or replacements in the local environmental conditions. 

• Good stability of the sensor is necessary for the long term and it should have consistent 

reproducibility. 

• Low power consumption could also influence the choice of the sensor type (preferably less 

than 100 mW). 

• Other unfavorable operating conditions, such as high pressure (800 mbar) or temperature (-

30 to 80 °C), should also not cause problems to the sensors. 

• The sensors should have minimum interference with other gases. The selectivity of the sensor 

must be adequate so that it indicates the presence of hydrogen specifically. It should respond 

to the target gas without the influence of other present contaminants. This way it will not lead 

to false alarms of the sensor. 

• The cost of the used technology should be justified. This includes the purchase, installation, 

calibration and maintenance. 

In this thesis, the abovementioned requirements will be used to evaluate the sensors. The next section 

continues with the objective of this study. 

 

1.5  Research objective and research questions 
 

More research is needed on how to safely use hydrogen in houses and the built environment. The 

objective of this thesis is to contribute to the assessment and design of a hydrogen leakage detection 

system in residential buildings. With a better understanding of the behaviour of a hydrogen leakage 

inside a closed space, this research will provide insight in the way hydrogen sensors should be applied 

in a residential setting. 

The research objective is formulated as follows: 

Evaluation of hydrogen sensor technologies for residential safety and determination of the sensor 

location with the fastest response to high hydrogen concentrations inside a metering cabinet. 

This main objective can be fulfilled by dividing the thesis structure into two parts. The first part is an 

evaluation of the different hydrogen sensor technologies. The second part is an assessment of an 

experiment of the behaviour of a hydrogen gas leakage inside a metering cabinet. 
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The main objective is answered with three sub research questions. It is divided into the following 

questions: 

1. What type of hydrogen sensor technology is most suitable based on the relevant criteria for 

residential use? 

2. What location of the hydrogen sensor shows the fastest response to high hydrogen 

concentrations inside the metering cabinet? 

3. Which conditions lead to the highest risk of hydrogen leakage inside the metering cabinet? 

 

The method used to answer these questions is the following. Sub-research question 1 is addressed by 

doing literature research on the different hydrogen sensor technologies. Furthermore, a multi-criteria 

analysis was performed to find out which sensor technology is the best suited for the residential 

application.  

To gain more knowledge of applying these sensors, experimental research was carried out with 

support of the company Kiwa Technology in Apeldoorn. To answer sub-research questions 2 and 3, 

measurements in various conditions were performed on the set up of a Dutch metering cabinet. 

Attempted is to find the difference in concentration levels of hydrogen by putting several hydrogen 

sensors in strategic places inside the metering cabinet. The answers to these questions will be 

discussed during this thesis research report. 

1.6 Outline of this thesis 
 

This thesis has started off with an introduction leading to the research objective and sub research 

questions. It will continue in two parts. The first part focuses on an evaluation of different types of 

hydrogen sensor technologies. The second part consists of the theory of hydrogen in a closed space 

and an experimental study of a hydrogen leakage inside a metering cabinet. 

The first part, chapter 2, starts off with an evaluation of different available sensor technologies used 

to measure hydrogen. Afterwards, these technologies are assessed in an analysis based on selected 

performance criteria found in previous research on commercially available hydrogen sensors. 

The second part of this thesis, starting off with chapter 3, begins with the theory of hydrogen gas 

dispersing into a closed space. The fourth chapter discusses the experimental methods of the study on 

the behaviour of hydrogen gas in a metering cabinet. Subsequently, the fifth chapter contains the data 

and figures of the experiment results, followed by the discussion of these results. This thesis report 

ends with the conclusions and recommendations for future research in respectively the sixth and 

seventh chapter. 
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2 Evaluation of different hydrogen sensor technologies 

Hydrogen gas sensors are devices that detect the presence of hydrogen in the air, producing 

an electrical signal that is proportional to the measured hydrogen concentration. There are many 

different types of hydrogen sensor technologies commercially available or in development. Most 

hydrogen sensing principles have already been known for decades [23].  

Hydrogen sensors are continuously redesigned and improved over the past years [24]. Nowadays, even 

detection on ppb (parts per billion) level of hydrogen gas concentration is possible [22]. There are 

different kinds of hydrogen sensors, each with its own way of measurement. Some measure by a 

change in physical properties, others work chemically or mechanically. 

2.1 Hydrogen sensor technologies 

 

2.1.1 Thermal conductivity 
 

The first type of sensor reviewed is the thermal conductivity sensor. Thermal conductivity is a property 

of each type of gas: the amount of heat loss depends upon the thermal conductivity of the surrounding 

gas. The thermal conductivity of hydrogen is 0.174 W/mK at 20 °C compared to 0.026 W/mK of air [23]. 

The difference between these numbers, which is reasonably large, allows the measurement of the 

concentration of hydrogen in air. If the hydrogen concentration in air increases, so will the heat 

dissipation due to the increase in thermal conductivity of the medium. 

The measuring principle of a thermal conductivity sensor involves the measurement of the heat loss 

from a hot body to the surrounding gas [22]. It works with an electrically heated sensing element (as 

seen in Figure 2-1 and Figure 2-2). 

An existing type of this sensor is a pellistor-like sensor that has two parts of resistors, an electrical 

component that creates resistance in the electrical circuit. One part of these resistors is dependent on 

temperature, called a thermoresistor. One part is exposed to the measured gas and the other contains 

a reference gas which is usually air. With these parts, it measures the thermal conductivity of a sample 

gas and compares it to the thermal conductivity of the reference gas. If both cells of the sensor only 

contain air, the resistors lose heat equally and give the same reading. Depending on the type of gas 

running through the cell, the heat loss of the resistor will differ from the air resistor. When the target 

gas, hydrogen, enters the measuring cell, the heat loss will increase [22], [23]. 

 

Figure 2-1 Global schematic for a thermal conductivity sensor [22]. 
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The sensor detects the change in thermal conductivity by the sensing elements, also called thermistors. 

These lose heat to the surrounding gas at a rate that is proportional to the thermal conductivity. The 

equilibrium temperature of the sensing element after the heat loss determines the electrical resistance 

of the element. The change in electrical resistance is the final signal from the sensor and is proportional 

to the hydrogen gas concentration [25], [26]. 

The sensors are connected in a Wheatstone bridge circuit (Figure 2-2). A Wheatstone bridge is an 

electrical circuit that is used to measure the unknown electrical resistance with two other resistances 

contained in two legs of a bridge circuit [27]. The output signal will be the change in resistance that is 

caused by the resulting heat loss difference. 

Another variant of a thermal conductivity sensor has a design without using a reference cell. The 

detection is based on the heat lost compared to a test gas. It works by using a reference point that is 

set at the moment when the target gas is absent [21]. 

 

 

Figure 2-2 Thermal conductivity hydrogen gas sensor in a Wheatstone bridge circuit [28]. 

 

2.1.2 Catalytic 
 

Catalytic sensors are based on gas oxidation on the surface of an electrically heated element, called a 

sensor bead which is coated with a hydrogen sensitive catalyst material. Catalytic sensors are built 

according to the principle of heat release from the oxidation reaction with oxygen of a combustible 

gas at the surface of the catalyst [22], [29].  

The oxidation uses oxygen from the air and the reaction causes an increase in temperature of the 

sensing element. Because hydrogen is a combustible gas it will release heat (the combustion energy of 

hydrogen gas is 141.9 kJ/g) [22], [30]. The heat is proportional to the concentration of the hydrogen 

that is present. This heat will increase the temperature of the wire coil which increases its resistance. 

The most common type of this sensor, same as for thermal conductivity sensors is of the pellistor type 

which is a combination of the words pellet and resistor [23]. Here, there are two resistor beads present 

where one of the beads is coated with a hydrogen-sensitive catalyst material and the other is used as 

a reference element for the ambient conditions (Figure 2-3). 
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An electrical current is passed through the coil in the ceramic beads which heat it up to approximately 

550 °C [24]. At these high temperatures the hydrogen gas molecules get adsorbed on the surface of 

the catalyst. The adsorbed gas molecules get oxidized by the adsorbed oxygen and form water 

molecules [22]. This is an exothermal process as the gas oxidation of hydrogen produces a temperature 

increase of the catalyst bead. After that, the increase in the temperature of the active bead causes a 

change in the electrical resistance of the platinum wire inside. Consequently, the increase in resistance 

is measured as an electrical signal. 

A Wheatstone bridge circuit is created to which both the beads are attached (see Figure 2-3). This way, 

the resistance change can be measured. If the resistance of the measuring resistor bead is not the 

same as the reference bead, then a resistance imbalance is measured. This resistance imbalance in the 

Wheatstone bridge can be considered a signal of the presence of hydrogen. 

 

Figure 2-3 Schematic of a catalytic hydrogen gas sensor in a Wheatstone bridge circuit [28]. 

A second type of this sensor is the thermoelectric type catalytic sensor [23]. The same principle is 

involved, however, this sensor uses the thermoelectric effect to directly convert the temperature 

difference to electrical voltage. The temperature differs in two points of the conductor. The part that 

corresponds to these to points also has a different voltage. The oxidation reaction due to the presence 

of hydrogen increases the temperature at the active part of the sensor. This way the sensor also 

generates the desired electrical signal proportional to the hydrogen concentration. 

2.1.3 Electrochemical 
 

Electrochemical sensors operate on the principle of electrical current that is caused by electrochemical 

reactions at its electrode surfaces. Electrochemical sensors detect changes in charge transport of 

electrons, or the electrical properties caused by these electrochemical reactions.  

The sensing electrodes (cathode and anode) are placed in an electrolyte medium. The electrolyte with 

an electrolytic solution allows ion transport between the electrodes. It has a similar working principle 

to batteries. The reactions take place at the surface of the electrodes coated with a catalyst.  

The hydrogen gas gets oxidised at the sensing electrode according to the following equation:  

2H2 → 4H+ + 4e− 
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It releases electrons and therefore its potential changes. At the other electrode, reduction of oxygen 

takes place with the following reaction:  

O2 + 4H+ + 2e− → 2H2O  

The electrons flow from the anode to the cathode (see Figure 2-4). The amount of electric current that 

is flowing depends on the hydrogen gas concentration that is measured [23]. More hydrogen means 

more electrons are generated. 

Electrochemical sensors can be of amperometric type or potentiometric type depending on the signal 

that results from these sensors [22]. Amperometric sensors work at a constant applied voltage and 

measure the current. Hydrogen gas diffuses through the porous membrane and is oxidized at the 

sensing electrode. [24] The flow of electrons from the anode to the cathode causes an electric current, 

which is proportional to the hydrogen gas concentration [23]. 

Potentiometric sensors are different from amperometric sensors in the way that they operate at zero 

current. They measure the potential or voltage difference between the electrodes [23]. This value of 

the electrode potential is related to the hydrogen gas concentration.  

The structure of potentiometric sensors is similar to the amperometric type. It consists of an 

electrolyte and two electrodes made from noble metals, such as palladium, platinum, gold or silver 

[23].  

 

Figure 2-4 Schematic of an electrochemical hydrogen gas sensor [28]. 

2.1.4 Metal - oxide 
 

Another type of hydrogen sensor are the metal-oxide sensor (MOX sensor) and metal oxide 

semiconductor sensor (MOS). They have a surface interaction between the hydrogen gas and a gas-

sensitive semiconductor. A metal-oxide film that has sensitivity towards hydrogen gas, is applied on a 

substrate material between two electrodes (Figure 2-5). The interaction that proceeds, changes the 

conductivity of the semiconductor and this measures the concentration of hydrogen gas [25]. 

Metal oxide based semiconducting materials mostly respond through a change in resistance in the 

presence of hydrogen gas. Semiconductor hydrogen sensors typically measure resistance changes 

under a fixed applied voltage. Some metal oxides have been found to work at a relatively high 

temperature with the need for a heating element (Figure 2-6) [22]. 
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The reactions taking place inside the metal-oxide sensor that provide the sensing mechanism are as 

follows. First, oxygen is adsorbed on the surface of the metal oxides and captures free electrons:  

O2 + 2e- → 2O-  

Second, because of these captured free electrons, the conductivity of the material reduces or the 

resistance increases. If there is hydrogen gas present, the adsorbed oxygen reacts with adsorbed 

hydrogen molecules. The product of the reaction is a water molecule and at the same time a free 

electron gets released:  

 

H2 + O- → H2O + e- 

Again, the electrical signal that is produced by the sensor is again connected via a Wheatstone bridge 

(Figure 2-6). 

 

2.1.4.1 N-type and P-type 
 

Most of the metal oxide based semiconducting sensors are defined as n-type meaning the charge 

carriers are electrons (n refers to negative charge carriers). They will show a decrease in resistance in 

presence of hydrogen gas. However, there are also some p-type semiconducting materials for sensors. 

The p-type semiconducting materials have holes (p refers to the positive charge carriers) as the 

important electron distributor, so they are called the majority charge carriers. If hydrogen gas is 

present, the release of captured electrons results in the recombination of a hole and an electron. In 

this case the resistance of the p-type material increases [22]. The previously mentioned reactions 

decrease the resistance in n-type material and increase the resistance in p-type material. 

 

 

Figure 2-5 Global schematic of a metal-oxide hydrogen gas sensor [25]. 
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Figure 2-6 Detailed schematic of a metal-oxide hydrogen gas sensor in a Wheatstone bridge circuit (adjusted) [31]. 

 

2.1.4.2 Work function based 
 

There are also types of Metal-oxide sensors with a different working principle. They have the same 

three layers: metal, oxide and semiconductor (MOS) structure. But this type of sensor is based on the 

change of the work function caused by hydrogen molecules. The work function is the minimum energy 

required (which is typically measured in electron volts) to remove an electron completely from the 

surface of a metal [22], [23]. Hydrogen gas atoms diffuse through the metallic layer and get adsorbed 

at the interlayer of metal and the oxide. The hydrogen atoms get polarized at this stage which changes 

the work function of the metal. This change in work function is measured as voltage change and 

indicates the presence of hydrogen gas [22]. 

 

2.1.5 Mechanical 
 

A mechanical sensor is based on the fact that the measurement method of the sensor involves a 

material that changes its physical property. An example of such a material is palladium, which is 

sensitive to hydrogen gas. A thin film of palladium is coated over one side of the sensor, forming a 

microcantilever. This film absorbs hydrogen gas into interstitial sites of the metal surface causing it to 

expand. The expansion of the volume on the absorption of hydrogen takes place only at the surface 

but does not take place at the substrate on which the film is coated. The induced stresses cause 

mechanical bending or curvature of the cantilever (see Figure 2-7). The result is a deflection or bending 

of the microcantilever [22], [23]. 
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This sensing technology has a lot of disadvantages such as complex fabrication and delamination of 

the coating. Also, the application of mechanical sensors is only suited in the case when gas selectivity 

is not an issue. The sensor gives a signal for more than one gas [22]. 

 

Figure 2-7 Schematic of a microcantilever mechanical hydrogen sensor [22] 

 

2.1.6 Optical 
 

Optical type sensors use an optical signal originating from an optically active material. Optical sensors 

use materials that change properties when they absorb hydrogen gas molecules. This phenomenon 

can be used as a means of hydrogen detection. Many types of optical sensors exist. But the main type 

is where the device is based on optical properties of palladium films (see Figure 2-8). An optical fiber 

cable is coated along a small part of its length with palladium. When this metallic palladium coating is 

exposed to hydrogen gas, it stretches the fiber as it gets expanded axially and radially. The reflectivity 

of the palladium surface changes at the place where hydrogen molecules get absorbed. When a light 

beam is passed through the optical cable and received back, there is a change in its optical path and 

therefore its reflectivity. This value of reflectivity can be linked to the concentration of hydrogen gas 

[22], [23].  

The optical signal can be measured with various techniques such as interferometric and reflectivity 

measurements [25]. An interferometer operates by splitting a light beam into two parts, a reference 

and the sensing beam. This sensing beam is changed by the variable to measure. The creation of an 

interference pattern gives information about the desired measurement variable. 

 

 

Figure 2-8 Schematic of an optical hydrogen gas sensor, interferometer and Pd reflector [22] 
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2.1.7 Acoustic 
 

Acoustic gas sensors detect changes in the properties of acoustic waves. The surface-generated 

acoustic waves can be measured and be linked to the hydrogen concentration in the sensor’s area. The 

working principle of acoustic gas sensors are based on the detection of changes in the properties of 

acoustic waves by using an adsorbate on a piezoelectric material. A change in the mechanical 

properties of the piezoelectric material happens due to the adsorption of hydrogen gas molecules.  

A quartz crystal microbalance (QCM) is one of the devices to measure acoustic waves. A QCM has a 

small and thin quartz disc with electrodes on each side (see Figure 2-9). These are used to cause 

deformation in the structure and result in resonance in the disk. Gas molecules get adsorbed on the 

surface of the disk. The material of this disk is sensitive to hydrogen gas. When the gas molecules get 

adsorbed on the coated surface of the disk, the mass of the surface film changes. Due to the change in 

mass the resonance frequency changes. By measuring the resonance frequency the presence of 

hydrogen gas in its environment can be measured with this type of sensor [22], [23]. A disadvantage 

of the QCM sensor, however, is that other gases and the temperature highly interfere with the 

measurements [22]. 

 

Figure 2-9 Schematic of a quartz crystal microbalance gas sensing device [32] 

 

2.1.8 MEMS 
 

The micro-electro-mechanical sensor technology type, shortly MEMS, consists of miniature gas sensors 

that are several orders of magnitude smaller than conventional gas sensors. At the same time, their 

power consumption, response time and production costs are reduced [33], [34].  

Thermal conductivity sensor devices could be applied in MEMS technology, which reduces the power 

requirements. And making this technology in miniature version resulted in faster response times [24]. 

There has been good progress in silicon-based MEMS technology. Silicon-based MEMS technology has 

made it possible to fabricate low-cost micro gas sensors. And the silicon technology also provided high-

performance gas sensors that combine good electrical and thermal functionalities and this could all be 

produced within a single piece of silicon [34]. 
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MEMS and nano-technology sensors are still in ongoing research for the measurement of hydrogen to 

improve the sensor characteristics: a faster response time, even lower power consumption, higher 

selectivity and better handling of critical operating conditions [22]. 

2.1.9 Combination of sensor types 
 

It is possible to think of a combination of different detection technologies incorporated in one sensor. 

For example, a combination between a catalytic and a thermal conductivity sensor. The advantage of 

such a sensor would be that it measures the hydrogen concentrations over a wide range. Also, 

combining the older sensor techniques with new nano-material technology improves the performance 

of the sensors [21]. 

Another example of a combination of technologies incorporated in one sensor is a semiconductor gas 

sensor element combined with a thermal conductivity element. Semiconductor-based hydrogen 

sensors have a limited measuring range. The lower limit of detection is typically as low as 10 ppm but 

have a limited upper measuring range for hydrogen. Also, the presence of oxygen or humidity can 

influence the sensor’s response. Thermal conductivity sensors however can detect hydrogen 

concentrations up to 100 vol% [35]. And the advantage of thermal conductivity sensors is that it does 

not need oxygen to operate. This is why these sensors could complement each other. Thus, if one 

sensor’s properties do not comply with the requirements. One can choose to use a combination of 

sensors. 

This discussion of hydrogen detection was mainly about using the previous mentioned sensor 

technologies. Nevertheless, different methods of detection could be explored. One approach 

comprises a type of indicator such as a material that changes colour in the presence of hydrogen gas 

that can be found in Appendix D. 

 

2.2 Advantages and disadvantages of the sensor technologies 
 

2.2.1 Thermal conductivity 
 

Starting with the advantages of thermal conductivity sensors. They have a fast response, are low cost 

and are stable devices. It has a wide measuring range with simple construction and the sensors are 

robust [22]. 

There is no chemical interaction, and this is why they are less susceptible to contamination. The wide 

detection range and long operation lifetime are advantages. The reliability is very good and they have 

high accuracy [25]. The TC sensor also does not require oxygen for its operation. And it requires less 

power than is required for catalytic combustion sensors [21]. 

A disadvantage of this type of sensor is that they are sensitive to interfering gases. The heating 

elements could react with the gas [22]. They might struggle with detecting a very low concentration of 

hydrogen. The lower detection limit is still quite high. Therefore, they are usually used in combination 

with other types of sensors. Furthermore, this type of sensor has a low gas selectivity which is not a 

problem when only a single gas combustible is present that needs to be detected [25]. 
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2.2.2 Electrochemical  
 

Advantages of Electrochemical sensors are that the sensors have a high sensitivity to hydrogen and 

they are well-established commercially [25]. Other advantages are the low cost and good selectivity. 

It is also still possible that the sensors work at high temperatures. A heating element is not required, 

so they have a low power consumption during operation [22]. 

The disadvantages of this type of sensor are the lower lifetime. Typical lifetimes for stable 

electrochemical sensors can be up to 2 years. The restricted temperature range of the liquid electrolyte 

is a limitation for the lifetime. Furthermore, this type of sensor has moderate selectivity and is affected 

by environmental pressure [21]. Also, the requirement for a specific electrolyte and regular calibration 

can both be a disadvantage [22]. 

2.2.3 Catalytic 
 

Advantages of catalytic sensors are the wider operating temperature and stability of the sensors [22]. 

The catalytic sensor is a well-developed technology and this small type of sensor can be used to detect 

any combustible gas [25]. 

Disadvantages are the high power requirement, and a higher response time [22]. Catalytic sensors are 

not specific to hydrogen, they cannot differentiate between combustible gases. They are therefore not 

very selective. Regular calibration and replacement are needed. And oxygen presence is required for 

the operation of the sensor. 

2.2.4 (Semi conductive) Metal-oxide sensors (resistive) 
 

The MOX resistive sensors have a fast response and acceptable lifetime. The high sensitivity of the 

resistive sensor is an advantage. The wide range of the operating temperature is an advantage as well. 

Furthermore, they are low cost and have a low power consumption [22], [25]. 

A disadvantage is that it has cross-sensitivity with interfering gases and humidity. They are sensitive to 

water vapor and many other gases [25]. It requires oxygen to work and parts can be affected by higher 

gas pressure [22]. 

2.2.5 Metal-oxide semiconductor (work function) 
 

The advantages of work function sensors are that they are small in size, have a fast response and have 

a low power requirement. They have high sensitivity and selectivity, are low cost and ambient 

conditions have a smaller influence. 

The disadvantages are the existence of hysteresis losses and the possibility of drift [22], [23]. 

Due to hysteresis, the state of the signal depends on a state that happened earlier. Drift occurs when 

there is electron movement caused by an electric field. 

2.2.6 Mechanical 
 

The advantages of a mechanical type of sensor are the small size and the ability to work in an explosive 

atmosphere. Micromachining is possible and it does not require oxygen to operate. The disadvantages 

are that they are hard to fabricate and have cross-sensitivity with interfering gases. The mechanical 

sensors have a slow response and an aging effect [22]. 
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2.2.7 Optical 
 

Optical sensors eliminate a few risks that other types of sensors have. For example, the risk of providing 

a source of ignition in the hydrogen leaking area. In this sensor, the signal is an optical signal rather 

than an electrical one. This will eliminate the risk of ignition. In the same way, it is also less sensitive 

to electromagnetic noise [25]. Oxygen is not needed for the operation of the sensor. They also have 

the advantage of a fast response [22]. The disadvantages are their cross-sensitivity with interfering 

gases [22] and that they are sensitive to interference from ambient light and temperature changes 

[25]. 

2.2.8 Acoustic 
 

The advantages of acoustic sensors are the high sensitivity, the low power consumption and the wide 

range of detection. It can operate without oxygen and has a fast response. A disadvantage is the 

sensor’s sensitivity to interfering sound waves and vibrations. It is unable to operate at high 

temperature and humid environments and has the possibility of interference of other gasses [22], [23]. 

An overview of the advantages and disadvantages of the technologies used for hydrogen sensing is 

found in Table A7 at the end of Appendix A. 

2.3 Multi-criteria analysis 
 

Currently, the most common hydrogen sensors commercially available are electrical sensors including 

catalytic (CAT) sensors, thermal conductivity (TC) sensors, electrochemical (EC) sensors, and metal-

oxide semiconductor (MOX or MOS) sensors. These hydrogen sensors have existed for relatively long 

periods of time and their technologies are quite well developed. These mentioned types were found 

in a book from 1992: ”A Survey and Analysis of Commercially Available Hydrogen Sensors” by Gary W. 

Hunter, reflecting how long they have been commercially available.  

Many resources have been dedicated to the research and development of new types of sensors. For 

example, optical fiber sensors, based on palladium films. There has also been recent research on metal 

hydride-based optical hydrogen sensors with promising properties. However, they still suffer from a 

short lifetime, decreased accuracy, low stability and weak humidity resistance. At the moment this still 

challenges their widespread application [36].  

Next to the optical sensors, acoustic sensors and MEMS are also not widely available yet. According to 

the level of maturity from Buttner (2011) [24] (Table A6 in Appendix A) the choice has been made to 

only include the sensor technologies that have the largest level of maturity. Therefore, these last-

mentioned sensor types will be excluded from the following analysis of sensors. 

For the analysis, a selection of the most widely used sensors was made. Three research works studied 

different commercially available types of sensors [28], [37], [38]. These studies are used to analyse the 

sensor types to evaluate their performance at different criteria and operating conditions. The paper of 

Jallais et al. (Hyindoor) (2015) included three different kinds of catalytic hydrogen sensors, which the 

first one (Cat1) was chosen based on its accurate performance and low pricing according to the paper. 

The other two (Cat2 and Cat3) are more conventional and robust sensors with protection against 

explosive environments. They were selected to verify the first (Cat1) sensor on the influence of the 

packaging and the overall performance of catalytic sensors [38]. The paper unfortunately does not 

mention the difference in material of these three catalytic sensors and therefore no further 

explanation of the differences between these could be given. 
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Next to the catalytic sensors, the outcomes of a tested thermal conductivity (TC) sensor, an 

electrochemical (EC) sensor and a metal-oxide (MOX) semiconductor sensor are chosen for analysis 

[28]. They are all assessed based on the most important performance criteria in the residential use of 

the sensors. 

The relevant data needed for the multi-criteria analysis is extracted from 3 literature studies about 

commercially available hydrogen sensors. This is done in order to find the performance of the 

technologies subjected to the analysis on these criteria. The hydrogen sensors will be assessed on a 

selection of relevant criteria. The criteria were selected from reviewing the following reports and 

papers: 

Jallais et al. (Hyindoor) (2015) [38] described the safety design guidelines for indoors in the Hyindoor 

project. They have examined the hazardous consequences of hydrogen release in confined 

environments. Also, a market survey was performed regarding commercially available hydrogen 

sensors. The performances of three types of hydrogen sensors from five brands were tested: Three 

different catalytic sensors, one thermal conductivity sensor, and one electrochemical sensor.  

From the commercially available sensors mentioned in the Hyindoor final report [38], the data for 

three catalytic sensors was used. The first catalytic sensor was examined on good performances 

combined to a low pricing. Furthermore, two conventional catalytic sensors are to verify the first (Cat1) 

sensor and the overall performance of catalytic sensors. The results are found in Table A1 (Appendix 

A). 

The paper of Boon-Brett et al. (2009) [28], described an extensive test on the performance of multiple 

commercially available hydrogen safety sensors. Seven performance tests were done on 39 hydrogen 

sensors of four sensor types from which some were unsuccessful. The performance four CAT sensors, 

four MOX sensors, eight EC sensors and two TC sensors were successfully tested. The results that stand 

out for each type are found in Table A2 and Table A3 (Appendix A). Table A2 shows the detection limit 

and cross-sensitivity against CO of each type of sensor. Table A3 gives the important results that strike 

from the remainder of the tests. These results have been verified by comparing the outcomes to the 

results of the research of Hübert et al. (2011) [23] found in Table A5 (Appendix A).   

Many types of commercially available hydrogen sensors for industrial applications provide reliable 

detection under a given range of ambient conditions. But if the sensor is deployed in new applications 

it will lead to more performance requirements. The selectivity of the sensors and their robustness 

against poisoning gas species, other substances that will influence the measurements, are very 

important factors to prevent false alarms.  

Palmisano et al. (2015) [37] tested three sensor types (catalytic, electrochemical and metal-oxide 

semiconductor) based on their measuring range and cross-sensitivity to H2S, NO2 and SO2. The cross-

sensitivity to these other gasses is important to rate the selectivity of these sensor types. During these 

measurements, the sensors were exposed to gas flows containing 1 vol% hydrogen and the 

contaminants (H2S, NO2 and SO2). The results are found in Table A4 (Appendix A). 

Finally, the pros and cons for all performance criteria were double checked per sensor type. This was 

done with the advantages and disadvantages of the different sensor technologies determined earlier 

through the researches of Chauhan an Bhattacharya (2019) [22], Hübert (2011) [23] and Manjavacas 

and Nieto (2016) [25]. 

The criteria obtained for the sensor types were analysed in an analysis on multiple criteria. Specifically, 

a multi criteria decision-making method (MCDM) was used. A matrix is created and arranged to be 
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used for analyzing different type of sensors. For the type of MDCM analysis, a Weighted Sum Model 

(WSM) analysis is chosen. To select the most suitable sensor from the list of available sensors, they are 

assessed on multiple criteria. Both quantitative and qualitative parameters can be used as input and 

are translated to numbers representing the score [39].  

For the scoring of the sensors, a so called ‘Likert’ scale of 1 – 4 is used. This scale will provide the 

ranking of the different criteria. The higher a numerical score, the better the expected performance is 

for a sensor. In the analysis, the score 1 – 4 is given based on the performance in each of the criteria. 

These numbers represent 1: ‘low’, 2: ‘medium’, 3: ‘good’ to scoring 4: ‘excellent’. A 4 number Likert 

scale is chosen to provide specific responses. This scale lacks a neutral number. A neutral result is not 

of value in reviewing the sensors with the goal of finding the ones that score a pass grade. 

There are two types of criteria, the beneficial criteria and non-beneficial criteria. For beneficial criteria, 

the score will be higher on the scale when the criteria score is higher for each sensor. A higher value is 

desired. Examples of this are the accuracy and stability of the sensor. 

Non-beneficial criteria are the ones where a lower value is desired. Examples of this type are response 

time and the price of the sensor. In this case, the non-beneficial criteria in this analysis get a higher 

score if the value for the criteria is lower. In the analysis, the non-beneficial criteria are therefore not 

treated differently than beneficial criteria. And a maximum score is preferred for every criterion. The 

scores for all performance criteria are found in Table 2-1. 

In the last column, values for weights are assigned to the different performance parameters. An 

important one will get a higher factor and will therefore have a higher impact on the final score. An 

example to illustrate this, is that selectivity of the sensor is much more important than pressure for 

the residential application of sensors. Therefore, the weight assigned to selectivity has a higher value 

than the weight value for the pressure. 

The importance of the values for the weights were determined by the study of Buttner et al. (2011) 

[20] A table in this study was considered that states the importance of the different performance 

criteria for residential applications. This table specified for residential applications (Table B1) is found 

in Appendix B together with the determination and calculation of the weights.  

In this table, practical criteria primarily were regarded as more important for the residential 

application. For this reason, some of the criteria such as cost, lifetime, calibration and maintenance 

got more importance.  Therefore, these criteria have a significant influence in the decision of the 

sensor technology type. The determination of total of the weights is found in Appendix B (section B.2). 

The total of the values for the weights added up must be equal to the total number of criteria (15). 
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Table 2-1: Scoring per sensor type on the different performance criteria [22], [23], [25], [28], [37], [38]. 

  Scoring per sensor type   

Criteria description Cat1 Cat2 Cat3 TC EC MOX Weights 

Accuracy 4 2 2 3 2 3 1.5 

Lower Detection Limit (LDL) 3 3 2 3 4 3 1.5 

Response time/Recovery time 3 2 2 4 1 3 1 

Measuring range 3 2 2 3 2 2 1.3 

Selectivity 1 3 2 2 2 3 2 

Lifetime 3 3 3 3 1 2 1.3 

Relative Humidity 3 2 3 2 2 1 0.5 

Pressure 3 2 2 4 2 2 0.5 

Temperature 2 3 2 4 1 3 1 

Stability 2 3 3 3 2 2 1.3 

Calibration/Maintenance 2 1 2 3 1 2 1 

Flow rate 2 3 2 4 1 2 0.3 

Robustness 2 3 3 2 3 3 0.3 

Price 4 2 2 3 3 3 1 

Power consumption 2 2 2 3 3 3 0.5 

            Total 15 

 

To continue, a normalization of the scores is conducted to allow forming a similar scale for comparing 

all performance parameters using the below equation [39].  

Normalization for a maximization problem: 

N = 
Xi j

Xi j max
 

Hence, the criteria score is divided by the maximum score received for those criteria. After the 

normalized matrix is calculated, the values of the weights are transformed to a percentage. In this case, 

the total value of the weights will be equal to 1. 

For each sensor alternative, the criteria weight and the normalized value are multiplied, and the 

summation of all criteria for the sensor in the product with the weights results in the sensor’s final 

score. The results are found in Table 2-2. 
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Table 2-2: Normalized scores per sensor type and final scores on the performance criteria [22], [23], [25], [28], [37], [38]. 

  Normalized scores per sensor type Normalized 

Criteria description Cat1 Cat2 Cat3 TC EC MOX 
Weights 
(%) 

Accuracy 1.000 0.500 0.500 0.750 0.500 0.750 0.100 

Lower Detection Limit (LDL) 0.750 0.750 0.500 0.750 1.000 0.750 0.100 

Response time/Recovery time 0.750 0.500 0.500 1.000 0.250 0.750 0.067 

Measuring range 1.000 0.667 0.667 1.000 0.667 0.667 0.087 

Selectivity 0.333 1.000 0.667 0.667 0.667 1.000 0.133 

Lifetime 1.000 1.000 1.000 1.000 0.333 0.667 0.087 

Relative Humidity 1.000 0.667 1.000 0.667 0.667 0.333 0.033 

Pressure 0.750 0.500 0.500 1.000 0.500 0.500 0.033 

temperature 0.500 0.750 0.500 1.000 0.250 0.750 0.067 

Stability 0.667 1.000 1.000 1.000 0.667 0.667 0.087 

Calibration/Maintenance 0.667 0.333 0.667 1.000 0.333 0.667 0.067 

Flow rate 0.500 0.750 0.500 1.000 0.250 0.500 0.020 

Robust 0.667 1.000 1.000 0.667 1.000 1.000 0.020 

Price 1.000 0.500 0.500 0.750 0.750 0.750 0.067 

Power consumption 0.667 0.667 0.667 1.000 1.000 1.000 0.033 

            Total 1.000 

                

WSM Cat1 Cat2 Cat3 TC EC MOX   

Final score 0.749 0.724 0.667 0.871 0.586 0.742   

Rank 2 4 5 1 6 3  

 

2.4 Ranking of the different sensor types 
 

The multi-criteria analysis resulted in the following ranking of the different sensor technologies: 

1. Thermal conductivity sensor 

2. Catalytic #1 sensor 

3. Metal Oxide (Semiconductor) sensor 

4. Catalytic #2 sensor 

5. Catalytic #3 sensor 

6. Electrochemical sensor 

Thermal conductivity sensors showed the highest performance overall. The type out-performed the 

rest on stability, response time and selectivity. However, it is costly and with future improvements on 

the detection limit, it could be considered suitable for residential applications.  

Catalytic sensors had a good performance overall, during the evaluation. They are accurate in 

measuring hydrogen and methane concentrations. However, they are not selective and detect 

different combustible gases simultaneously. Their response is influenced by operating conditions, such 

as the gas leakage rate.  

Metal oxide sensors had an acceptable performance and they are unexpensive and the power 

consumption is reasonably low. However, the detection accuracy needs to be improved.  
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Electrochemical sensors showed a variation in performance. They are highly accurate on the lower 

detection limits (in ppm range) but showed uncertainty of detection. The impact of environmental 

conditions, such as temperature and gas leakage rate, on the hydrogen detection are considerable. 

They also suffer from a lower lifetime. 

 

As a sensitivity analysis, a check of the Weighted Sum Model was done by redoing the calculation in 

Matlab with a designated function for the WSM method. The outcomes of the scores of the WSM in 

Matlab were the same as the final scores from the WSM in Excel.  

Also, another variation of the multi criteria decision-making analysis methods was used to check if the 

results would differ and if the other method, with a slight difference in the calculation, will lead to a 

different winner. This other method is the Weighted Product Model (WPM) and is conducted to check 

if this would make a difference in rankings of the sensors compared to the WSM. When using the WPM 

method, only the ranking of the best catalytic sensor and the metal oxide sensor changed the position 

of second place with a slightly different final score as seen in table C1 in Appendix C. The Matlab script 

with the Weighted Sum Model and the Weighted Product Model is found in Appendix C.  
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Behaviour of hydrogen in an enclosed space 
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3 Behaviour of hydrogen in an enclosed space 

3.1 Hydrogen-air mixture 
 

Hydrogen is the smallest molecule, the diffusion coefficient is high in comparison to other molecules 

[31]. Hydrogen easily diffuses through air after release. The time to reach a homogeneous hydrogen-

air mixture significantly depends on the diffusion of the hydrogen gas. 

High buoyancy provides the ability to hydrogen to rapidly rise and mix with ambient air [40]. In case of 

hydrogen leakage inside a closed compartment, hydrogen rises and accumulates on the top part of the 

closed space [41].  

3.1.1 De-mixing of hydrogen and air 
 

Hydrogen accumulates at the top of a closed space [42] because the density of hydrogen is very low. 

However, in case of a hydrogen leakage that diffuses into air, hydrogen mixes with air.  

Hydrogen mixes well in air in normal conditions. When hydrogen separates from the air because of the 

lower density it is called de-mixing of hydrogen and air. This effect of de-mixing is only small at low 

heights (below 3 meter). The hydrogen concentration in air is dependent on the pressure. Thus, the 

mixing depends on the pressure and changes with respect to the height (elevation). At a height of 

several kilometers, the pressure is lower compared to the pressure at sea-level.  

In a mixture of 0.4 vol% hydrogen in air (10% of LEL) the de-mixing is less than 2 ppm (only 0.05%) at a 

3-meter height [42]. De-mixing is predominantly observed above heights of the general living space. 

The effect of the density differences of air and hydrogen on the de-mixing is small at normal heights in 

the bottom 3 meter. Spontaneous de-mixing therefore does not occur at these heights. 

3.2 Hydrogen leakage into different enclosures 
 

Inside an enclosed space, hydrogen rises quickly toward the ceiling and slowly back towards the lower 

section [43]. The hydrogen gas is not able to exit the closed compartment and there is a build-up of 

gas concentration. 

In open spaces, the risk is caused by the leakage rate of the hydrogen. The volume of the hydrogen gas 

is not important anymore. When there is no enclosure, hydrogen rises and there is no longer the risk 

of accumulation. Once the hydrogen flow is stopped, the combustible concentration of hydrogen is 

gone immediately. 

In partially enclosed spaces, including spaces with ventilation, the volume and the leakage rate of the 

escaping gas both affect the safety risk of explosion. This risk depends on the geometry of the partially 

enclosed space and the location of the hydrogen leak. The location of the leakage determines the 

direction of the hydrogen leakage. When the enclosed space is designed with proper ventilation at the 

right location, the risk caused by hydrogen leakage is reduced. 

The location of the vents strongly affects the risk of a hydrogen leakage. Due to the low density of 

hydrogen, the hydrogen rises toward the ceiling. Therefore, the ventilation openings need to be near 

the top of the enclosure allowing the hydrogen to exit effectively. It is necessary to have an opening 

(ventilation grill) near the bottom of the enclosure as well. These allow fresh air to enter and replace 

the exhausted hydrogen-air mixture from the top ventilation grill. This helps to improve air 

recirculation and more effective ventilation. 
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3.3 Hydrogen leakage 
 

3.3.1 Leakage types 
 

There are two types of hydrogen leakage, convection and permeation [44]. Convection causes 

hydrogen to leak through connections or joints of the piping equipment. Convection results from a 

pressure difference at openings in the walls or defects at joints or bends. Hydrogen molecules could 

easily leak through these openings. 

The second type, permeation, is caused by large concentration differences of hydrogen molecules. Due 

to the small molecular size, hydrogen permeates through the material of the pipe[45]. The material of 

the walls of the piping equipment permits hydrogen molecules to pass through the walls of the pipes.  

Piping, seals and Joints should be suitable for hydrogen. The material of the pipelines are PE 

(polyethylene) and PVC (polyvinyl chloride). Caution is required with these materials, more than in 

case of steel pipelines.  

The rate of permeation mainly depends on the kind of material, concentration and temperature. Also, 

increasing pressure and aging of the material affect the amount of permeation. Permeation is 

identified as slow long term hydrogen release. Permeation occurs continuously over the whole surface 

of a pipe and not just locally at one spot. The driving force is the absolute pressure difference of inside 

and outside the component. 

The permeation coefficient of PE (at room temperature) is assumed to be 156 [(cm3 * mm) / (m2 * 

day * atm)] for hydrogen and for methane 21-56 [(cm3 * mm) / (m2 * day * atm)] [12]. So, under 

equal conditions, the permeation of hydrogen is 3 - 5 times higher than for methane. 

For PVC, the permeation coefficient for hydrogen at 20 ° C is assumed to be 112 [(cm3 * mm) / (m2 * 

day * atm)]. Whereas, the methane permeation coefficient is 1.9 [(cm3 * mm) / (m2 * day * atm)] 

[12]. The following formula applies [46]: 

𝑃𝐶 =  
𝑄𝑝×𝑒

𝐴 ×  ∆𝑝
 

Where PC is the permeation coefficient [(cm3 * mm) / (m2 * day * bara)], QP is the permeated volume 

[cm3 day-1], e is the wall thickness [mm], Δp is the difference in partial pressure (absolute pressure) 

[bara] and A is the area of the pipe [m2]. This area is calculated with the average of the inner and 

outer diameter and with the length of the pipe. Considering the permeation, the leakage rate of the 

hydrogen on a particular location is very low. It is negligible in such a way that the hydrogen-air 

mixture is not ignitable [45]. 

3.3.2 Flow regime 
 

The gas behaviour of the leakage flow of hydrogen gas depends on the flow characteristics. The flow 

is similar to laminar flow or turbulent flow. Laminar flow is characterized by smooth streamlines and 

highly ordered motion [47]. Whereas turbulent flow is characterized by a flow with fluctuations and 

highly disordered motion (Figure 3-1). In case of turbulent flow, the flow zigzags at random. Due to 

these fluctuations, when two fluids meet, the fluid particles from different layers rapidly start mixing. 

Apart from laminar or turbulent, the flow can also be in between laminar and turbulent: transitional 

flow. 
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Figure 3-1: A laminar and turbulent section of the flow of helium gas[48]. 

The Reynolds number (Re), the ratio of inertial forces (inertia) to viscous forces (viscosity) occurring in 

a fluid, is used to determine if a flow is laminar flow or turbulent flow. The Reynolds number is different 

for different geometries and flow conditions [47].  

The Re number is calculated with the following formula: 

𝑅𝑒𝐷 =  
𝜌𝑣𝐷

𝜇
 

Where 𝜌 is the density (kg/m3), 𝑣 is average flow velocity (m/s), 𝐷 is characteristic length of the 

geometry (m), and 𝜇 is dynamic viscosity of the fluid (m2/s) or (Pa . s).  

Based on the Reynolds number: 

At small Reynolds number: Re < 2300, the flow is laminar.  

If it is large: Re > 4000, the flow is turbulent. 

In between these two limits, there is a transitional flow. 

The geometrics of the leak opening, the gas pressure in combination with the gas characteristics inside 

determine the flow type [49]. The hydrogen leakage flow velocity in the case of a leakage in the gas 

network is in the order of 0.5 m/s and the Reynolds number is below 100. In case of a small leakage 

size, for it to reach turbulent flow the leakage mass flow rate needs to be very high. The pressure of 

the service line in the Netherlands is 100 mbar. After passing the gas meter the pressure is reduced to 

25 mbar. At these low pressures, the hydrogen leakage would not normally have enough kinetic energy 

to enable the gas to reach a turbulent outflow.  

 

3.3.3 Effect of buoyancy and diffusion 
 

Valuable experimental research in a thorough experimental study has been done by M. De Stefano 

(2019) [50]. In this research, a small amount of hydrogen is leaked into a small enclosure: a scale 
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version conclusion drawn from this study is that the hydrogen is dispersed homogeneously in the room 

with a higher leakage rate. The kinetic energy dominates at a high leakage rate in the order of 100 

liters per hour. But by decreasing the leakage rate, the buoyancy force becomes more dominant. So 

due to the density difference between hydrogen and air, the hydrogen rises quickly towards the ceiling. 

A turbulent flow moves in all directions and causes a uniform distribution of hydrogen gas layers. The 

hydrogen concentration is more evenly mixed with air. The concentration is then approximately even 

throughout the gas, also said to be homogeneous (Figure 3-2). 

 

Figure 3-2: Schematic of a heterogeneous (not uniformly distributed) mixture with layers of gas and a homogeneous (uniformly 
distributed) mixture[51]. 

In the case of a laminar flow, the gas causes another type of distribution at the top of a compartment 

where there are multiple layers of hydrogen gas with different concentrations. This phenomenon of 

formed layers of different concentrations is called stratification [50]. This means you get the highest 

concentrations on top of the space and comparably low concentrations at the bottom. The hydrogen 

rises to the highest level of the space because of the buoyancy. It therefore creates a layering effect 

within the top half of the confined space [41].  

After the phase of the initial dispersion of hydrogen into the compartment with a leakage rate of 100 

liters per hour, homogenization is eventually reached in the mixture in 130 seconds [50]. The 

homogenization occurs mainly horizontally because of the molecular diffusion. Consequently, the 

concentration is different in the vertical aspect. Therefore, hydrogen layers are formed at different 

heights. 

In the same phase (homogenization phase) of the experiment of the laminar flow hydrogen leakage, 

the buoyancy forces of the hydrogen gas began dominating the inertia forces. If the hydrogen flow is 

laminar the hydrogen does not mix with the air at the top of the compartment. Different hydrogen 

layers with different hydrogen concentrations are observed close to the ceiling. The concentration of 

hydrogen in these layers gradually differs. 

At a low leakage flow rate, the hydrogen build-up in the top of the enclosed space might create a peak 

concentration. The level of concentration is higher compared to uniformly distributed layers that exist 

if hydrogen gas leaks at a higher leakage rate.  
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3.4 Ventilation effect 
 

When there are ventilation openings present in a confined space filled with air, the results of a leakage 

of hydrogen depends on several things. As discussed in a study of Prasad (2010) [52], these are: release 

rate, volume of hydrogen released, location of the vent(s), cross-sectional area of the vent(s),  thermal 

effects and air movement around the building caused by outdoor wind. The type of ventilation that 

occurs in the situation of the metering cabinet is natural ventilation. The natural flow of air through 

the ventilation grilles creates the ventilation flow. When more air enters through the ventilation grill 

or when ventilation grill is larger, this causes a lower hydrogen volume fraction in the air of an 

enclosure [52]. In the situation where hydrogen is fully mixed with the air in a ventilated space with a 

ventilation grill positioned at the top and at the same time, the incoming hydrogen flow might still be 

at the bottom of the compartment. The more hydrogen that flows into the fully mixed compartment, 

the greater the decrease in density of the air, which affects the ventilation behaviour.  

The study of Lowesmith (2009) [53] concludes that hydrogen gas flowing into an enclosure causing a 

rising hydrogen concentration increases the volume of the region where it accumulates. A higher 

hydrogen concentration in air leads to enhancing the buoyancy. This could cause an even greater 

increase in ventilation airflow. 

3.5 Schlieren technique 

 

3.5.1 Schlieren technique method 
 

To get more insight in the outflow of hydrogen, an experiment of the so called Schlieren technique or 

Schlieren photography is conducted [54], [55]. Schlieren photography is used to make the flow of fluids 

with varying densities visible to the camera. The technique could be used to visualise the dispersion of 

the gas flow. Hydrogen and air have different densities and thus an image of the outflow of the 

hydrogen can be created. The equipment for this type of measurement was available at Kiwa and was 

ready to be used (Figure E1 and Figure E2 in Appendix E).  

Set-up necessities: 

• Spherical Mirror 

• Light source 

• Knife (razorblade) 

• High-resolution photo – video camera 

To reach to the best result a suitable digital camera which provides different ISO settings and a high 

resolution. It is useful to have sharp images at higher zoom levels. An extra feature that enhances the 

result is a high-speed function (with a high number of frames per second). 

The light source should be approaching a point source light. It should focus its light on a spherical 

mirror that allows to see small changes in the index of refraction in air. When there is a change in the 

refractive index of the gas in the air, the image from the point light source will be deflected slightly. 

The razor blade is placed in the light pathway from the mirror to the camera (Figure 3-3). It should 

block half the light and is positioned at the focal point. Some of the light rays bend above the knife 

edge and some to bend below the knife edge. The Schlieren effect makes it possible to see differences 

of brightness and darkness that are in the image that is caused by the particle differences.  
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Figure 3-3: Schematic of the Schlieren experiment set-up with the spherical mirror, light camera and the knife (razorblade)[54]. 

 

3.5.2 Results of the hydrogen outflow visualised with the Schlieren technique 
 

The flow of hydrogen from a standard metal pipe (D=4 mm) is seen in Figure 3-4.The hydrogen gas 

slowly exits and rises immediately. When a nozzle is added to the outlet pipe the flow is similar. Also, 

in Figure E3 (b) clear disturbances of the hydrogen plume were seen caused by (ventilation) airflow. 

  
(a) (b) 

Figure 3-4: Images that result from the camera: (a) without a nozzle the flow will be directed upward. (b) Disturbances 
because of (ventilation) airflow. 

From the pictures created of the hydrogen flow of the nozzle outflow configuration in Figure 3-5 it 

became clear that there is a small plume exiting the nozzle to the upside. This flow with the leakage 

rate of 5 liters per hour hydrogen has a low exit speed of the gas even with the small opening of the 

nozzle (D=2 mm). The discovered fluent flow and calm behaviour of the plume resulted in the idea that 

the hydrogen outflow is laminar. 
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(a) (b) 

  
(c) (d) 

 

 

(e)  
Figure 3-5: Stills of the camera from the Schlieren experiment in order: (a) - (e). 

 

 

 

 

 

 

 

 

 

 

 



34 
 

 

 

 

 

4 
Experimental method 

 

 

 

 

 

 

 

 

 

 

 
 

 



35 
 

4 Experimental method 

 

4.1 Introduction 
 

After the assessment of the different hydrogen sensors the objective of the research is to evaluate a 

hydrogen leakage in a standard Dutch metering cabinet or otherwise called meter cupboard. The main 

question of the experiments inside the metering cabinet was: Which location of the hydrogen sensor 

could deliver the fastest detection of hydrogen concentrations?  

The measurements were carried out by putting eight hydrogen sensors in specific places inside the 

metering cabinet. The objective is to find the difference in concentration levels of hydrogen at these 

places. The process of doing the measurements was carried out under seven different conditions in 

order to understand the hydrogen leakage in different situations.  

The conditions of the 7 cases have been chosen to find out how hydrogen gas is distributed inside the 

metering cabinet in case of hydrogen leakage. In order to find out if the preferred detection location 

would be close to the leakage or on a spot at the ceiling where the gas could accumulate. 

4.1.1 Test Location 
 

The test location was in within a small building (indoors) that is specifically used to provide trainings 

to get hands-on experience with hydrogen. This small wooden house, called the Hydrogen Experience 

Centre, is located near the Kiwa company building in Apeldoorn. The heat demand of this building is 

supplied by a hydrogen boiler connected to a hydrogen pipeline. 

 

4.1.2 The metering cabinet 

The metering cabinet is similar to a standard Dutch cabinet mentioned in NEN 2768 + A1 (2016) (5.1.1) 

(Figure 4-1) with the following dimensions: 

Height: 240 cm 

Width: 77 cm 

Depth: 35 cm 
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Figure 4-1: Metering cabinet dimensions according to NEN 2768+A1 [56]. 

The metering cabinet used for the test was a portable cabinet. It has a lower height of 200 cm which 

is 40 cm shorter than the one in the NEN standard, but with the same width and depth dimensions. 

The total volume of the metering cabinet is: 539 liters. 

There were two ventilation openings embedded in the front door of the metering cabinet (ducts or 

grilles). One located in the upper part and one in the lower part of the metering cabinet. According to 

NEN 2768 (2016) both the openings should have an area of 200 cm2. The width of these grilles are 40 

cm and 5 cm at the small side. They are located at 4 cm from the top and bottom of the door. The 

ventilation grilles are equipped with a sliding door that could be completely open or closed. So, this 

made it possible to investigate the effect of ventilation on the development of the gas concentrations.  

In every test there were at least three items present inside the metering cabinet. One is the gas meter 

placed at the bottom of the metering cabinet. This was a real unused gas meter. The second item is 

the electrical box placed at the middle of the cabinet in the center. It was a rectangular box with the 

same dimensions. The third one was a small box attached to the bottom of the electrical box 

representing a smart electricity meter. The electrical box in the center and the gas meter located at 

the bottom were placed at the same distance from the top similar to the standard metering cabinet 

according to NEN 2768 (2016) (Figure 4-2). 
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Obstacles inside the metering cabinet (such as the electricity box, the smart meter and the gas meter) 

might affect the flow of hydrogen and how the gas is distributed and mix with the air in the enclosure. 

Later in one of the study cases more obstacles were included inside the metering cabinet to identify 

how the obstacles change the hydrogen concentration at the locations of the sensors and how it affects 

the detection time. 

 

Figure 4-2: The test-setup with the sensors positioned at the top below the ceiling and on the side of the metering cabinet. 

4.2 Preliminary measurements 
 

The first part of the measurements focused on the safety aspects and understanding how to use the 

test set-up. During these preliminary measurements the ventilation grilles were opened which provide 

air circulation and hydrogen could partially leak from the metering cabinet. 

Before the supply of hydrogen was started, simulating hydrogen leakage, the supply tubes still 

contained air. This causes a delay in the measurements. To mitigate this issue, a small amount of 

hydrogen at a low leakage flow rate of 50 ml/min was supplied through the tubes for 20 seconds after 

which it was stopped. 

The electrochemical ppm sensors appeared to be more sensitive in measuring concentrations below 

1000 ppm in comparison to the catalytic (%LEL) sensors. These sensors could only measure the 

hydrogen concentrations when the concentration is higher than 3 %LEL (1200 ppm). One of the top 

sensors (sensor 3) kept showing a 0 %LEL level while at the same the electrochemical sensor showed 

a concentration around 500 ppm. 

Afterwards, the sensors were placed at the top of the metering cabinet separately one by one. A 

predetermined amount of hydrogen dispersed from the bottom of the cabinet. One sensor was placed 

at the top and measured this hydrogen as a concentration. The time it takes to reach the concentration 

was measured. 
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When the 4 devices equipped with 2 different sensing technologies were placed at the side of the 

cabinet. The hydrogen concentration at different heights from the leakage at the bottom could be 

measured. After starting the hydrogen leakage rate, the bottom sensor showed a high concentration 

value (6 %LEL) close to the hydrogen leakage. All sensors from bottom to top detected hydrogen 

gradually. 

When a measurement was nearing the end and the hydrogen supply was shut off, the set-up was not 

touched to see the recovery of the hydrogen concentrations measured by the sensors. This recovery 

time was measured before opening the door. 

Based on the observation of the preliminary experiments the electrochemical sensors had a greater 

accuracy, but could only be used up until 1000 ppm hydrogen concentration level. Above the 1000 

ppm level of hydrogen concentration, the readings of the catalytic sensors (%LEL) should be 

considered. 

4.3 Used hydrogen sensors 
 

4.3.1 Multi Rae Lite gas sensors 
 

The sensors used in the measurements are Multi Rae Lite gas sensors (Figure 4-3). Eight of these 

sensors were available. All of the eight sensors have catalytic LEL sensors that can measure the 

hydrogen concentration in %LEL. This means that they measure the concentration as a percentage (%) 

of the LEL of hydrogen which is 4.0 vol%. Zero percent corresponds to a combustible gas-free 

atmosphere. A hundred percent of the lower explosive limit (100 %LEL) means a gaseous atmosphere 

at the lower flammable limit. Only four of the sensors include electrochemical sensors that can 

measure hydrogen concentration up to 1000 ppm. These are very accurate below this level. 

Additionally, all 8 sensor devices also include methane detection sensor. The sensors that measure 

methane are infrared sensors that measure in vol% in steps of 0.1 vol%. 

 

Figure 4-3: Multi Rae Lite sensors (source: www.gasdetectorshop.com.au/j2store/multirae)[57]. 
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The output of the hydrogen sensors can be remotely monitored while the sensors actively measure 

the concentration. The measurement data of the Multi Rae sensors could be logged by a laptop that 

receives the data via a wireless router. The data is collected every time-step (10 s) in real-time.  

At the end of the measurements, the data can be processed to an Excel file format and saved to a USB 

for processing the data. 

Back-up sensors were available if something was wrong with the main type. These Riken Keiki NP-1000 

devices are hydrogen thermal conductivity detectors. These unfortunately only could be observed 

manually. The Riken Keiki sensors should therefore be continuously monitored.  

4.3.2 Accuracy and reliability of the sensors 
 

To test the accuracy and the reliability of the readings of the sensor devices the following check was 

performed. A Tedlar bag that could contain 5 liters of gas was used to supply a predetermined amount 

of gas to the inlets of the Multi Rae sensors as seen in Figure 4-4.  

Four of the sensors with only the catalytic sensors equipped (that measure %LEL) were checked first. 

After first showing the right values at the start, later during the check the readings went up to 7-8 

%LEL. One of the sensors checked went down to 3-4 %LEL and held value for a moment and later 

recovered to zero. 

 

Figure 4-4: A bottle of hydrogen with test gas with the exact amount of 0.3 vol% hydrogen in Nitrogen. A Tedlar bag which 
can contain 5 liters of gas was used fill with test gas and was attached to the inlet of the sensors. 

The four other sensors with both the catalytic sensors (%LEL) and the hydrogen electrochemical 

sensors equipped were tested next. The first LEL sensor, sensor no. 1, was already fluctuating during 

the beginning and eventually showed lower values and eventually decreased to zero. 

Sensor no. 2 showed the same behaviour as was observed earlier. First it went up and held 7 %LEL for 

a moment, but also decreased to 0 %LEL. Sensor no. 3 showed fluctuating values and was 

underestimating the %LEL. After a while, it held the value of 3 %LEL. 

At the beginning of the check, sensor no. 4 did not show the correct values but overestimated the 

concentration up until 9 - 10 %LEL. When the hydrogen flow was stopped, the concentration value 

stocked on the lower %LEL values instead of zero. 

With the results of the accuracy and reliability check of the sensors in mind, the conclusion was to have 

the hydrogen LEL sensors recalibrated. For the measurements in %LEL the best performance would be 

realised with a calibration of 25 %LEL hydrogen. The sensors would then have a linear slope over the 

desired measurement range. 



40 
 

4.3.3 Sensor characteristics and calibration 
 

One full day was spent to recalibrate the accuracy of the sensors and gather more information on the 

Multi Rae sensors before the sensors are used to measure the hydrogen in the metering cabinet. Multi 

Rae devices are detection devices and not analysing devices. They are not as accurate as a gas analyser. 

The Multi Rae sensors are devices used in the gas industry to detect gasses at a certain range or above 

a certain threshold. 

4.3.3.1 Characteristics 
 

The sensors in the device are smart sensors and involve a computer chip to control the sensor (Figure 

4-5). The sensor heads (one of 5 positions) do not favour a gas directly flowing over the sensor. These 

separate sensor heads are pressure sensitive. It is why one of the positions that would be empty always 

involves a dummy sensor that is turned around. This occupied sensor position then causes the gas flow 

to lose momentum. This way the sensor position next to that position measures the gas correctly. 

 

 

Figure 4-5: View on the inside of the Multi Rae Lite sensors (source: norrscope.com/product/multirae-sensors-accessories-
spares)[58]. 

4.3.3.2 Calibration of the Multi Rae LEL sensors 
 

For the calibration of the LEL sensors two calibration steps were performed to calibrate the sensor. As 

was discussed earlier in the paper Catalytic LEL sensors could detect different combustible gases. The 

Multi Rae sensors provide multiple calibration profiles in the settings for different gases with methane 

gas as default gas.  

The first calibration was performed using a bottle of methane with a 50 %LEL methane concentration. 

The gas bottle was fitted with a “demanded flow gas cylinder regulator”. This regulator on the gas 

cylinder continuously passes the same exact amount of gas through the tube towards the sensor. This 

amount of gas is equal to the gas demanded by the pump of the sensor.  

A second calibration is done with 25% LEL of hydrogen. After the calibration, 1 vol% hydrogen was 

supplied to the sensors. All LEL sensors displayed the output of 25 %LEL. But when hydrogen gas was 
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supplied at a low concentration, by using a bottle of 1000 ppm (or 0.1 vol% / 2.5 %LEL) this amount 

was not detected. This is explained in the next sub-part. 

Next, the electrochemical (ppm) sensors were tested with a hydrogen bottle of 200 ppm. The sensors 

initially measure the concentration at 200 ppm correctly. Some of the sensors showed a delay in the 

detection time. (The time at which 90% of the concentration of the supplied gas is reached is called 

the T90 value.) Sensor no. 2 indicated a bit slower reaction time in the ppm sensor than the other 

sensors which could explain earlier results of the sensor that showed a slower response. The 

calibration was confirmed by a check of the diagnostic information of the sensor. All of the calibrated 

sensors were well inside the limits and approved. 

4.3.3.3 Dead band 
 

Factories often apply a dead band on LEL detectors. This built-in phenomenon in the electronics of the 

sensor is a region where a change inside of this band produces no change in the measurement output 

signal of the sensor. 

In Muli Rae sensors a dead band exists between 1-3 % LEL where there is an area of measurement 

values that is set to zero. The sensors still process a value, but the sensor display only shows a zero 

value in those cases. The lower range of values is not measured accurately by the LEL sensors. This was 

showed by supplying 1000 ppm (2,5 %LEL) hydrogen. The LEL sensor does not continuously give a value 

of 2-3 % LEL as it should, but instead, it remains zero. Therefore, these sensors are used for 

measurements of the hydrogen %LEL between 3 to 25%. 

4.3.3.4 The sensors’ built-in pump and retention time 
 

The retention time of the hydrogen sensor is the time it takes for the gas to reach the sensor through 

the pipes and tubes configuration that is attached to the sensors. The sensors include a small pump 

that provides gas suction through an attached tube. The built-in pump of the sensor device has a 

suction capacity of 0.4-0.5 L/min. The diameter of the pipes are 4 mm and the total length of the pipe 

and attached tube is 90-100 cm. The retention time of the hydrogen to the sensor is estimated to be 

1.69 s. Additionally, the electrochemical reactions inside the electrochemical ppm sensors and catalytic 

reactions inside the LEL sensors cause delays in the response of the two types of sensors. 

4.3.3.5 Suction flow 
 

During the measurements the sensors were all pumping air and gas through their tubes towards the 

sensors. The sensors are located outside of the metering cabinet. Thus, the combined suction flow of 

the sensors is equal to the suction capacity for each active sensor multiplied by the number of sensors. 

This amounts to 7 times the 0.5 L/min maximum suction capacity which is 3.5 L/min. The pump of the 

sensors does pump out a small portion of the air and measured gas. The sensors are placed outside 

the metering cabinet causing the gas that is pumped out to not be put back inside again.  
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4.4 Experimental set-up and procedure 
 

Several important parameters need to be known before conducting the experiment. The relevant 

parameters are discussed in this part. 

4.4.1 Sensor levels of interest 
 

Hydrogen sensors measure the volume percentage of hydrogen gas in the metering cabinet. The 

volume percentage at which hydrogen will be dangerous is called the lower explosion limit or LEL or 

lower flammability limit LFL. For hydrogen, this level is 4,0 volume% and ranges until 75 volume % in 

air [59]. This is the concentration at which the gas and air will result in a flammable mixture and thus 

could be ignited. 

In the future an alarm level needs to be determined for the hydrogen sensors to trigger and give a 

warning. The value of 10% of the LEL (which is 0.4 vol%) is mentioned in Kiwa (2018)[12] and (Instituut 

Fysieke Veiligheid (2020)) [60]. This is a level that is currently used for natural gas as is considered a 

safe working environment. The minimum alarm level of the sensors at 10 % LEL should be used to 

trigger an alarm (Buttner et al. (2011)) [20]. Furthermore, it could be used to activate other safety 

measures required to provide more safety. 

For the experiments this level of 10% of the LEL is a good level to focus on. When this concentration 

level of 10 %LEL is not reached, another level for the hydrogen concentration becomes important. This 

is the 4 %LEL concentration level. The time to reach to 4 %LEL is a meaningful level for the catalytic 

hydrogen sensors when they first detect any hydrogen. In section 4.3.3.3 it is explained that the LEL 

detectors often give zero values below 3%LEL and therefore these sensors are used between 3 to 

25%LEL. Thus, the important levels for the detection time were set to 4 %LEL and 10 %LEL.  

The question then is: Does the hydrogen concentration reach to this level and how fast? The time it 

takes to reach 4 % and 10% of the LEL is checked for the different sensor positions. The detection time 

to reach the gas concentration levels during the measurements, indicates which sensor at which 

position gives the best results under the applied conditions.  

To assure the safety, the measurements will be stopped if all of the top sensors surpass the maximum 

value of 20% of the LEL, (1.2 vol%). This way the concentration is kept below a safe value and there is 

still a bit of time to gather some extra results from the measurements after the values of 10% of the 

LEL are reached.  

4.4.2 Hydrogen leakage rate 
 

Gas flow rates are sometimes written as NL/h or Nm3/s (The N means Normal). It indicates that it was 

measured at standard temperature and pressure. Because the volume of gasses changes with 

temperature or pressure, it is necessary to specify the temperature and pressure the leakage flow rate 

was measured at. The standard temperature is usually 20 °C (or sometimes 0 °C is taken). The standard 

pressure is 1 atmosphere equal to 1013,25 hPa or 1,01325 bar. The tests in the metering cabinet were 

done at ambient conditions with a temperature between 15 - 25 °C  and ambient pressure of around 

1010-1020 hPa retrieved from Wheater Atlas [61].  

Regarding the leakage flow rate, for indoor gas equipment in new buildings a maximum leakage flow 

rate of natural gas of 1 L/h can be present (NEN 1078) [62]. This is only allowed at the service line 

where gas enters the building. At other places in the system, the gas lines should be 100% gas tight, so 

meaning 0 L/h. 



43 
 

For currently existing older buildings, another standard (NEN 8078) [63] states that the acceptable 

limit for a leak in indoor installations should have a maximum of 5 L/h leakage rate for natural gas. 

Furthermore, it says that there shouldn’t be dangerous concentrations of gas in the surroundings.  

This value of 5 L/h is a good limit to take for the experiments as it is the highest value that is allowed. 

Also, to check the 5 L/h value for the safety of currently existing older buildings. As there is a big chance 

the indoor gas installations for hydrogen might be applied in existing older buildings in the future as 

was explained in the introduction (1.1). 

4.4.3 Leakage flow set-up 
 

Hydrogen is supplied by a bottle of hydrogen. This part of the system, the large gas bottle, is equipped 

with a pressure reducer on the top to reduce the pressure to 2,2 bar. This is the amount of pressure 

needed to supply the hydrogen gas to the next component in the system. 

The leakage rate is regulated by a mass flow controller (MFC) to simulate the gas leakage inside the 

cabinet. This mass flow controller measures and regulates the mass flow rate which is set to 5 L/h (or 

83.3 ml/min).  

The mass flow controller, a Bronkhorst El-Flow Select, is originally calibrated for nitrogen (N2). But with 

a conversion factor applied to the amount of gas it could be used for many different gasses [64]. A 

conversion factor of 1.01 (N2 - H2) was used to regulate the right amount of hydrogen with this mass 

flow controller.  

The leak will be simulated with a round pipe (inner diameter 4 mm) that leaks hydrogen at a small 

leakage rate (5 L/h). It is assumed that the hydrogen gas enters the cabinet from the right side. The 

output opening of the pipe is located at the bottom part of the metering cabinet with the end of the 

round pipe at the height of the gas meter outlet (26 cm from the bottom of the metering cabinet, 26 

cm from the side and 10 cm from the back of the cabinet). 

Attached to the pipe will be a 90 degrees bended outlet with a nozzle to decrease the size of the 

opening (inner diameter of 2 mm). This way the direction of the opening can be varied. The size 

(diameter) of the opening is kept constant. 

4.4.4 Sensor lay-out 
 

Hydrogen might eventually build up just below the ceiling due to hydrogen being lighter than air. At 

the highest position on the ceiling 4 of the Multi Rae sensors will be positioned in a square as showed 

in Figure 4-6. These 4 sensors also have the electro-chemical sensor equipped. 

The sensors work with flexible and metal tubes extending the location where exactly will be measured 

(Figure 4-7). The tubes go through the walls of the metering cabinet with the use of open links. 
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Figure 4-6: The four sensor devices at the top of the metering cabinet include two types of sensors. 

 

Figure 4-7: The sensor inlets of the four top sensors were positioned with the use of the metal and flexible tubes. 

 

The test was performed by setting the gas flow through the mass flow controller. The mass flow 

controller is controlled via a laptop. During the measurements the sensors were monitored on another 

laptop with a wireless connection to the sensors. 
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The measurement set-up and the layout of the sensors is illustrated in the schematic of Figure 4-8. 

• 1. One sensor in the top section at the back of the cabinet - 195 cm from the bottom. 

• 2. One hydrogen sensor at the ceiling as far as possible towards the backside corner of the 

enclosed space - 195 cm. 

• 3. One hydrogen sensor below the ceiling of the metering cabinet at the side close to the wall 

- 195 cm.  

• 4. One hydrogen sensor below the ceiling of the metering cabinet right above the leak position 

- 195 cm.  

• 5. One sensor between the middle and the top section cabinet - 160 cm from the bottom. 

• 6. One sensor in the middle section of the cabinet - 126.5 cm from the bottom. 

• 7. One hydrogen sensor in the lower half at the gas meter - 58 cm from the bottom, close to 

the location of the gas leakage. 

• 8. One extra sensor on the left side - 195 cm 

It should be mentioned that in one case, an extra sensor was located on the left side of the metering 

cabinet to measure the concentration at the top when the hydrogen leakage is located at the left side. 

This is the side where the service line enters the house. The sensors at the other side are still there to 

measure if these positions would still be sufficient. So, in total, there are 7 or in one case 8 sensors 

positioned at different locations inside the metering cabinet. 

 

 

Figure 4-8: Schematic of the measurement set-up with the layout of the sensors. 

 



46 
 

4.5 Experiment overview 
 

The initial configuration of the setup comprises seven or eight sensor positions that detect the 

hydrogen concentration. In the experiment hydrogen concentration was measured on these 

predetermined locations in the metering cabinet (Figure 4-9).  

 

Figure 4-9: The metering cabinet including the 8 sensors and the standard items (electrical box and gas meter). 

The purpose of the measurements was to investigate the effect on the hydrogen gas under different 

leakage conditions inside the metering cabinet. The objective of each case is to identify the sensor on 

the location that detects the hydrogen the fastest and to determine the (maximum) hydrogen 

concentration at different height levels and positions at the ceiling of the metering cabinet. 

The conditions of the metering cabinet were kept the same as much as possible during the tests. This 

assures that the results are not accidentally showing behaviour that is related to other influences, but 

can be regarded as behaviour caused by the conditions of the case. 

For the measurements, seven cases were considered to identify the gas behavior based on the testing 

conditions. Between two specific cases, a comparison between several variables of operation factors 

was made to see the effect of one operation factor. Montgomery (2013) [65] explained how to design 

an experimental study with different factors. These variable conditions are called factors. A factor is a 

controllable system input or parameter that was selected. Different cases have been selected to 

investigate the response of the sensors with respect to diverse circumstances. Based on these inputs 

(factors), the analysis of the response results from the different cases is assessed in chapter 5. 
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4.5.1 Test cases overview 
 

The first two case studies have been carried out as reference tests that only differ on ventilation. In 

experiment case 1, the ventilation grills were closed. In experiment case 2, the sliding doors on the 

ventilation grills (on the top and bottom) were opened. The closed ventilation experiment is taken as 

a reference in the following experiment cases. 

To study the impact of leakage direction, case 3 has been designed. In this case, two other directions 

of the outflow were studied and are divided in two parts: The direction of the leakage towards the wall 

(case 3-a) and the direction of the leakage towards the bottom (case 3-b). These were chosen in order 

to see the other possible direction of a leakage in the pipeline. 

In the next case, case 4, the influence of the leakage location (at the left or right side of the gas meter) 

is studied. In this case the leakage was on the left side of the gas meter at the same elevation of the 

reference case (case 1). This is the side of the gas meter where the service line enters the house 

(further discussed in 4.6.5). This is done to check if similar positions of the sensors as in the previous 

cases, also sufficiently detect a leakage from the left side. 

In the fifth case, all conditions were the same as the first case except in this case extra obstacles were 

positioned inside the metering cabinet. Some frequently occurring objects were chosen, including the 

standard gas meter, electrical box and smart meter. Moreover, two types of bags were present. 

Because, despite discouragements, people still use the metering cabinet for storage purposes. 

In the sixth case, the changed factor was the leakage rate of hydrogen gas. In this case the leakage rate 

is set to 2 liters per hour which is less than the reference case (5 liters per hour). This case is designed 

to study the impact of smaller leakage rates, prescribed by current safety standards for natural gas.  

The seventh case includes the comparison to natural gas. Thus, the factor that changed was the gas 

type, which was methane gas (the main component of natural gas). In this case, two conditions were 

conducted, where the first part involves closed ventilation grilles. The second part was a test with open 

ventilation grilles. 

In Table 4-1 below, the factors that are varied are listed. Each time a single factor is changed. This is 

done to see the effect of this single factor. For a better understanding of the structure of these 7 study 

cases, the relation between the cases that are compared, and which factors affect the output of these 

experiments is further elaborated in  

Table 4-2. 

Table 4-1: Different measurement cases with the applied conditions (factors). 

Case Gas Ventilation Direction of flow Leakage rate Leakage 
side 

1 H2 Closed Upward 5 liters/hour Right 

2 H2 Open Upward 5 liters/hour Right 

3 a) H2 Closed Towards the wall 5 liters/hour Right 

b) H2 Closed Towards the bottom 5 liters/hour Right 

4 H2 Closed Upward 5 liters/hour Left 

5 * H2 Closed Upward 5 liters/hour Right 

6 H2 Closed Upward 2 liters/hour Right 

7 a) CH4 Closed Upward 2.5 liters/hour Right 

b) CH4 Open Upward 2.5 liters/hour Right 



48 
 

*Extra items as extra obstacles present inside the metering cabinet 

 
Table 4-2: Combinations of factors between the experiments and compared cases. 

 

4.5.2 CASE 1 
 

In the following sections each of the cases will be further discussed, including the relevant response 

expected from the results. The objective of first case study was to identify the hydrogen gas behaviour 

in a standard condition without ventilation. In this case, the nozzle of the hydrogen leakage was in 

upward direction and both the top and bottom ventilation grilles were closed. 

The recovery of the sensors in the cases and evacuating the gas from the metering cabinet was done 

by opening the ventilation grills and eventually also opening the door of the cabinet. The expected 

response of the first case might be that none of the hydrogen gas escapes. The hydrogen possibly 

builds up to high gas concentrations at the top section of the metering cabinet. 

4.5.3 CASE 2  
 

The objective of the second case is to identify the effect of ventilation by opening the sliding doors on 

the ventilation grilles on the door (Figure 4-10). The conditions applied were: The nozzle of the 

hydrogen leakage was in upward direction and the ventilation grilles were open. 

 

Figure 4-10: The ventilation grilles are manually opened in the second case. 

Cariteau et al. (2011) [66] conducted hydrogen experiments to study the location of the vent. It was 

found that for low leakage rates a higher placed vent is very effective to delay the formation of any 

high flammable concentrations of hydrogen. There was evidence that the highest vent position should 

lead to the lowest flammable volume of hydrogen in the compartment. The ambient air enters at the 

lower vent and hydrogen mixed with air exits on the top ventilation opening. The expected response 

Factors of the cases Compared cases 

Ventilation (closed or open) Case 1 – Case 2 

Direction of the leakage (upwards, towards the wall and bottom) Case 1 – Case 3a – Case 3b 

Location of Leakage (right or left side of the gas meter) Case 1 – Case 4 

Effect of extra obstacles present in the metering cabinet Case 1 – Case 5 

Leakage rate (5 or 2 liters per hour) Case 1 – Case 6 

Other type of gas (hydrogen or methane) – ventilation closed Case 1 – Case 7a 

Other type of gas (hydrogen or methane) – ventilation open Case 2 – Case 7b 
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of the open ventilation case therefore would be the presence of lower concentrations of gas in the top 

part of the metering cabinet. The ventilation is an important factor that should have a big effect on the 

response in this experiment. 

In tests with open ventilation, after the hydrogen supply was stopped, the recovery to zero of the gas 

concentration read by the sensors could give more understanding of the situation and is therefore also 

included in the results. 

4.5.4 CASE 3  
 

Next, the influence of leakage flow direction on the hydrogen leakage and the resulting concentrations 

was studied in the third case. These are two other directions that occur from having a leakage in the 

gas pipeline. Apart from a leakage at the top of the pipe the gas can also leak from the side or the 

bottom of the pipe. The nozzle attached to the pipe configuration of the gas supply could be directed 

the other way (Figure 4-11). 

The expected response of one of the other directions might be the change in concentration build-up 

in the lower part of the metering cabinet caused by the side and bottom walls. This might cause 

changes in response time of the sensors on the various height levels.  

 This case is split in two parts: 

a) Where the influence of a leak direction towards the side of the metering cabinet is determined. 

b) Where the influence of a leak direction towards the bottom of the metering cabinet is 

investigated. 

  

(a) (b) 
 
 
 
 
 

 

 

(c)  
 
Figure 4-11: Leakage direction (a) outflow nozzle in Y direction, sideways towards the wall (position 2 in (c)) and (b) outflow 
nozzle in -Z direction, towards the bottom (position 3 in (c)). 

 

1 

2 

3 
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4.5.5 CASE 4  

In this fourth case the leakage was located at the left side of the metering cabinet. At this side of the 

gas meter the service line enters the house. This is the pipeline that transports gas from the gas 

network to the building (Figure 4-12). The leakage was positioned at the left gas meter connection, 26 

cm from the bottom of the metering cabinet. 

  
(a) (b) 

Figure 4-12: Outflow on the left side of the metering cabinet: (a) This is the side of the gas meter where the service line (big 
yellow pipe) enters the building. (b) The change in configuration of the metering cabinet (sensor no. 8 located at the circle). 

In this case, the important response is found at the sensors on the ceiling. An extra sensor (sensor no. 

8) was positioned at the ceiling at the left side above the gas leak. This sensor was put there to see if 

this position would be a better position to measure the hydrogen concentration in this case. The other 

sensors are still in place as well. 

4.5.6 CASE 5 
 

The fifth case aims to identify the impact of having extra obstacles inside the metering cabinet. The 

response that is expected would be that these objects alter the leakage gas flow. The most interesting 

part of the response was the gas concentration on the different height levels.  

Different items will be put left and right of the cabinet. As is seen in Figure 4-13, the following objects 

were included: 

• The standard gas meter and the electrical box with smart meter below (present in the previous 

cases) 

• Tennis bag 

• Shoulder bag 

• Internet router (Positioned at the left side at the correct height according to NEN 2768 (2016))  
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Figure 4-13: The metering cabinet with some frequently occurring objects as extra obstacles inside. 

 

4.5.7 CASE 6 
 

In this sixth case the influence of a lower leakage flow rate is studied. The leakage rate in this case was 

set to 2 liters per hour with the nozzle of the hydrogen leakage pointed in upward direction. In safety 

regulations for new-built residential buildings, the required standards (NEN 1078) [62] sets a maximum 

leakage rate of  1 L/h for natural gas to ensure a safe living condition. It should be tested if this leakage 

rate could also be used for hydrogen when concerning the recent guidelines about residential gas 

safety. A study by Caanen (Kiwa) (2019) [16] showed the difference in the outflow of hydrogen with 

respect to natural gas with the same leak size in pressurized pipe lines. It is done for the two pressures 

occurring in the Dutch gas network: 25 and 100 mbar.  

The difference between natural gas and hydrogen gas could be factored in by including the factor 1.64. 

At the end of the above-mentioned paper of Kiwa, it was recommended to assume the factor 2 for 

safety reasons. 

This experiment case with a small leakage rate of hydrogen would therefore require a leakage rate of 

2 L/h hydrogen which is equal to 34 ml/min. This is very close to the lower limit set-point for the mass 

flow controller. Consequently, the mentioned leakage rate could not be smaller than 2 L/h. 

The response that is expected in this case with smaller leakage rate, is a lower concentration. But in 

some parts of the metering cabinet there might be build-up of gases. Also, the difference between the 

top of the cabinet and the location close to the leakage is interesting. 
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4.5.8 CASE 7 
 

Additionally, two tests with natural gas (methane) have been conducted. The objective of the seventh 

case is to identify the concentration differences between hydrogen and methane. The conditions 

applied were similar to the hydrogen experiments. This experiment case was further split into two 

parts: 

a) The ventilation grilles closed. 

b) The ventilation grilles opened. 

To add to the analysis and compare the difference between natural gas and hydrogen leakage 

behaviour, two sensors of the hydrogen case and two sensors of a natural gas (methane) case were 

compared. 

In the measurements to investigate the difference, pure methane was used instead of natural gas. The 

leakage rate of methane was set in the right amount equal to the presence of methane in natural gas. 

This case represents a situation where the natural gas pipeline network is used for hydrogen 

distribution. It is assumed that the leakage size for natural gas is the same as the hydrogen leakage. 

The size of the opening (nozzle) is constant. But, due to a bigger CH4 molecule, the leakage rate of 

methane would be less. The leakage rate depends on the difference in flow between hydrogen and 

natural gas. 

From the literature it was found that when small leaks are present with the same pressure and the 

same leak size, hydrogen is leaking about 1.6 to 3 times more in volume than natural gas would be 

leaking. Or the leakage rate of natural gas is 1.6 to 3 times less than hydrogen. The factor from 1.6 is 

valid for minor cracks in a 100 mbar pipeline. The factor of 3 is valid for major pipeline damages [16], 

[67]. 

Based on the research paper of Caanen (Kiwa) (2019) [16] to account for the ratio between hydrogen 

and natural gas, the factor 1.64 was used. The second factor that was used for the leakage rate of 

methane is the correction for the amount of methane fraction in natural gas which amounts to 82% 

(0.82) [15].  

In case of hydrogen the leakage rate was equal to 83,3 ml/min (5 L/h). The corrected methane leakage 

rate, calculated from the hydrogen leakage rate based on the two mentioned factors, was found to be 

41,65 ml/min (2,5 L/h). The conversion factor of 0.72 (N2 to CH4) was further needed to regulate the 

right amount of methane with this mass flow controller. 
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5 Results and discussion 

In this next chapter the results are discussed. Starting with two sections of extra tests on the response 

of the electrochemical sensors and influence of the environment temperature on the measurements. 

In the third section the experiments of the 7 case studies are discussed with the interpretations of the 

figures. Ending with a section that gives an overview of sensors that are ranked on the detection time. 

5.1 Response correction of the ppm electrochemical sensors 

 

5.1.1 Response correction measurements  
 

Prior to commencing the main measurements, the 4 top electrochemical sensors were analysed to 

obtain more information about their response to the same hydrogen concentration. The data of these 

electrochemical sensors has been collected in a separate evaluation of their response (Figure 5-2). 

These differences found in the sensors’ response could be due to several factors related to the 

operation of the sensors. The suction flow rate of the sensor could differ in amount of gas that the 

sensors pump. The lengths of the tubes attached to the sensors vary in length depending on the 

application of an additional metal tube. The hydrogen gas may take longer to reach the sensor heads. 

The differences in the electrochemical sensors can also be a result of the difference in the 

electrochemical reaction of hydrogen on the sensor active area. The electrochemical reactions in each 

sensor that cause the transport of electrons that gives the output signal could be different. This 

method helps to identify the delay of the electrochemical reaction of the sensors. 

By supplying the same 5 L/h leakage rate of hydrogen and keeping other measurement parameters 

constant for every sensor, the output of the sensors indicates a difference in the electrochemical 

sensors (measuring ppm). 

The experiment was run by having the 4 sensors placed at the top center of the metering cabinet with 

the tubes all together located at the same spot (Figure 5-1). Two tests were done with increasing 

hydrogen concentration ( [H2] ) found in Figure 5-3 and Figure 5-4. One test was done with decreasing 

hydrogen concentration (recovery) found in Figure 5-5. If there is one sensor that has a delay, this will 

show from the measurement results. A correction factor could later be applied to the one that has a 

varying response. 

 

Figure 5-1 Inlets of the 4 (electrochemical) sensors positioned together in one spot in the top center of the metering cabinet. 
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5.1.2 Correction factor 
 

By comparing the response of each of the 4 electrochemical sensors (when they are placed in the same 

position), a correction factor can be defined to cancel the differences in concentration and delays 

(Table 5-1). 

Sensor no. 1 is assigned to have a reference value meaning a correction factor of 1 is given to this 

sensor. Based on the measured data of the other 3 sensors, a correction factor of these 3 could be 

determined. During the sensor 3 showed comparable results and therefore got a correction factor of 

1. Sensor 2 showed lower the values of the hydrogen concentrations in comparison to sensor 1 and 

needed a positive correction factor. Sensor 4 slightly showed a higher hydrogen concentration, 

especially in the upper range. Therefore, a correction factor below 1 is considered to correct it.  

Table 5-1: Correction factors to cancel the differences in concentration measurements and delays. 

 Correction factor 

Sensor 1 1 

Sensor 2 1.15 

Sensor 3 1 

Sensor 4 0.93 
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Figure 5-2: Test on the response time of the electrochemical sensors. The results of 4 sensors placed at the top of the metering cabinet with the 
tubes all together located at the same spot. 
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Figure 5-3: (a) Response correction test of increasing hydrogen concentration for the 4 electrochemical ppm-sensors. And (b) after applying the correction 
factor results in minor differences in the readings of the sensors. 

Figure 5-4: (a) Second response correction test of increasing hydrogen concentration for the 4 electrochemical ppm-sensors. And (b) after applying the correction 
factor results in minor differences in the readings of the sensors. 

(a) 
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5.2 Influence of environment temperature on measurements 
 

To establish whether temperature has an influence on the hydrogen detection the results of two tests 

have been investigated for the 4 more sensitive electrochemical sensors at the top of the metering 

cabinet.  

The ventilation was kept open and there were no obstacles inside the metering cabinet. The outflow 

of hydrogen was set to 5 liters per hour. The lowest measured temperature (inside the metering 

cabinet) in the morning was 17.0 °C resulted in a hydrogen concentration of 740 ppm at the ceiling 

(Figure 5-6). The highest measured temperature in the afternoon was 22.3 °C resulted in a higher 

hydrogen concentration with a maximum of 1000 ppm (Figure 5-7).  

The temperature is generally higher in the afternoon and this causes a higher hydrogen concentration 

accumulated at the top of the metering cabinet. Room temperature hydrogen will rise to the ceiling 

and partly exits through the top ventilation grill. 

The effect of thermocirculation opposes the ventilation caused by the buoyancy of hydrogen [68]. This 

effect may occur on a hot day. The outdoor air temperature here is higher than the temperature inside 

the metering cabinet. While hydrogen accumulates near the ceiling, the warmer air enters the top 

ventilation grille. This hydrogen near the ceiling could not go out through the top vent. This results in 

a concentration of hydrogen that is significantly higher in the afternoon than in case of lower morning 

temperatures. 

Other factors could influence the rising velocity of hydrogen. Not only the positively buoyant forces 
that act on the gas are the only factor. Also density difference, fluid dynamics and atmospheric 
turbulence due to ventilation influence the rising behaviour of the gas. Furthermore, at afternoon 
temperatures there is a larger rate of diffusion, because the gas molecules have greater kinetic energy 
[69].  

A situation with large differences in temperature could therefore have some influence on the 

measurements. Although the measurements were conducted in summer, the weather on days of the 

measurements was very constant. No days with extreme values of temperature occurred. The days all 

had temperatures below 25 °C.  
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Figure 5-5: (a) Third response correction test of decreasing hydrogen concentration (recovery) for the 4 electrochemical ppm-sensors. And (b) after applying 
the correction factor results in minor differences in the readings of the sensors. 
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Figure 5-6: Top sensors measuring the ppm concentration levels in a test at a temperature of 17.0 °C in the morning. 

 

Figure 5-7: Top sensors measuring the ppm concentration levels in a test at a temperature of 22.3 °C in the afternoon. 
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5.3 Experiments of the 7 case studies 
 

As discussed in the previous section, there has been a focus on 7 case studies under different applied 

conditions. Inside the metering cabinet the standard items (electrical box and gas meter) were present.  

In this study, a total of 7 different conditions (7 cases) are considered. The different conditions applied 

to every case are clearly shown in Table 4-1 that contains an overview of all the applied conditions per 

case. By default (case 1 to 5), the leakage rate of 5 L/h hydrogen is used. Case 6 involves a leakage with 

a lower leakage rate. In case 7 a leakage with natural gas (methane) is simulated. 

This results section will continue with a more elaborate discussion of each case with the help of figures 

representing the measured data. The first two tests with open and closed ventilation are used as 

references for the rest of the tests to compare the different conditions. 

Furthermore, for every test, the detection of the sensors to trigger at a specific hydrogen concentration 

is tabulated in Table 5-2 until Table 5-12. The detection times of the sensors were determined through 

inspection of the data. For consistency the retention time is taken into account of the gas transport 

from the inlet through the sensor tubes. 

The next part covers the results from the main experiments. The results in this chapter indicate the 

behaviour of the gas leakage in 7 different cases. First, the four electrochemical sensors at the ceiling 

were considered. The attention goes to these accurate sensors in the beginning of each experiment. 

As discussed, these sensors could only be used up until 1000 ppm hydrogen concentration level. 

Secondly, above the 1000 ppm level of hydrogen concentration, the readings of the catalytic sensors 

(%LEL) should be considered. These sensors predict the hydrogen concentrations well above the 3 

%LEL concentration level.  

 

5.3.1 Case 1: Closed ventilation 

 
The first case is an evaluation of a gas leakage in the metering cabinet with no ventilation. A leakage 

of hydrogen of 5 liters per hour was simulated in upward direction. 

Starting with the results of the electrochemical sensors in Figure 5-8: While the ventilation of the 

metering cabinet is closed, the hydrogen gas increased very fast at the beginning of the test. Sensors 

1 and 4 in the top middle of the cabinet were the sensors that reached 200 ppm the fastest within 

01:48 min. Sensor 1 at the middle-back was the first sensor to reach the 1000 ppm limit (0.1 vol%) at 

2:40 min.  
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Figure 5-8: Top 4 sensors measuring ppm concentration levels. With 5 L/h upward hydrogen gas outflow and closed 
ventilation. 

Then, the analysis continues with an evaluation of the higher concentrations measured by the catalytic 

(%LEL) sensors. The results from the top sensors can be seen in Figure 5-9 and from the sensors on the 

side in Figure 5-10. Results that stand out are the following: Sensors no. 5, 6 and 7 on the side close to 

the leakage detected 4 %LEL (equal to 1600 ppm) of hydrogen concentration the fastest in 00:58 min 

(sensor 6) and in 01:28 min (sensor 5 and 7). From the sensors at the ceiling the fastest detection time 

was 01:48 min by sensor no. 1.  

Regarding the side sensors, the first sensor that reached to 10 %LEL was sensor no. 6 in the middle 

section after 14:08 min. From the top sensors, the detection time to reach this concentration was 

shortest for sensor no. 1 after 18:58 min. 

Sensor no. 6, the sensor mounted on the side just above the middle section (Figure 4-8), showed the 

highest concentration of hydrogen of 19% LEL after 43:48 min. The electrical box in the middle of the 

metering cabinet influenced the direction of the gas flow towards this middle sensor. 

There was a constant increase in hydrogen concentration levels that kept increasing. The detected 

maximum was 19% LEL in less than 44 min. The final concentration could have been a higher value 

than reported and depends on the time of hydrogen leakage into the confined space of a metering 

cabinet. Without ventilation the concentration continues to increase when a constant flow of 

hydrogen enters. Therefore, there is a risk to eventually reach the LEL of 4 vol% (100 %LEL) and the 

present concentrations have a chance to ignite. In this experiment the LEL was not reached as the 

hydrogen supply was stopped after 46:00 min. The metering cabinet is also not completely airtight 

which could prevent too high concentrations. 

The gas flow into the metering cabinet and the distribution of the gas resulted in a homogeneous 

distribution of hydrogen gas at the mounted sensor levels. The difference between the sensors was 

less than 2 %LEL. After 42:00 min the hydrogen gas was homogeneously distributed in the metering 

cabinet measuring 16 %LEL which is a similar finding as was mentioned in the paper of M. De Stefano 

(2019)[50]. 
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Figure 5-9: Top 4 sensors measuring %LEL concentration levels. With 5 L/h upward hydrogen gas outflow and closed 
ventilation. 

 

Figure 5-10: Sensors on the side measuring %LEL concentration levels. With 5 L/h upward hydrogen gas outflow and closed 
ventilation. 
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Table 5-2: Detection time and maximum concentration per sensor of Case 1: closed ventilation. 

Case sensor 
Detection time 
200 ppm (mm:ss) 

Detection time 
4 %LEL (mm:ss) 

Detection time  
10 %LEL (mm:ss) 

Max. concentration 
(%LEL) 

1 1 01:48 01:48 18:58 19 

 2 02:08 03:18 22:38 17 

 3 02:13 09:08 24:48 17 

 4 01:48 02:28 21:48 16 

 5   01:28 17:08 17 

 6   00:58 14:08 19 

 7   01:28 17:28 18 

 

5.3.2 Case 2: open ventilation 
 

In the second case the situation is evaluated of a gas leakage in the metering cabinet with open 

ventilation. The leakage of hydrogen of 5 liters per hour was simulated in upward direction. The 

ventilation can be manually opened or closed by opening or closing the doors as seen in Figure 5-11. 

 

Figure 5-11: The ventilation grilles are manually opened in the case of open ventilation. 

 

In the open ventilation case, the ventilation caused fluctuation in the sensor readings (Figure 5-12). 

When comparing the data of the open ventilation case with the closed ventilation case (Figure 5-8) the 

detection times to reach to lower concentrations were comparable. But at concentration higher than 

850 ppm, the concentration oscillated around this level. The results of the electrochemical sensors 

showed that sensor no. 3 detected a lower concentration than the other sensors at the cabinet ceiling. 
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Figure 5-12: Top 4 sensors measuring ppm concentration levels. With 5 L/h upward hydrogen gas outflow and open 
ventilation. 

Then, regarding the catalytic (%LEL) sensors that measured up until larger concentrations. The results 

from the top sensors can be seen in Figure 5-13 and from the sensors on the side in Figure 5-14. 

Sensor no. 4 on the ceiling was the sensor with the fastest detection time that reached 4 %LEL after 

03:28 min. From the sensors at the side, first sensor no. 7 reached this level after 02:18 min, sensor 

no. 6 shortly after that (02:28 min), then sensor no. 5 after 02:38 min. The level of 10 %LEL was not 

reached for all sensor positions in this experiment case.  

What is striking from the data in the figures and the Table 5-3 is that a clear fluctuation of the hydrogen 

concentration can be observed. Furthermore, a maximum concentration of 6 %LEL was observed 

during the test. None of the sensors reached the 10 %LEL level. After the peaks of 6 %LEL, the 

concentration level was stable or slightly declined. 

The results of the test illustrated that the sensors right above the hydrogen leak at the back of the 

enclosure detected the highest concentrations. Close to the leak where the bottom sensors were 

installed (sensor no. 6 and 7), the sensors had a quick response and showed a peak at the beginning of 

the test and fluctuated during the rest of the test. 

The effect of ventilation on the hydrogen concentration results is significant as is obviously seen in 

Figure 5-13 and Figure 5-14. The build-up of hydrogen concentration was reduced by the extra 

ventilation causing the concentration levels to drop. 
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Figure 5-13: Top 4 sensors measuring %LEL concentration levels. With 5 L/h upward hydrogen gas outflow and open 
ventilation. 

 

Figure 5-14: Sensors on the side measuring %LEL concentration levels. With 5 L/h upward hydrogen gas outflow and open 
ventilation. 

Table 5-3: Detection time and maximum concentration per sensor of Case 2: open ventilation. 

Case sensor 
Detection time 
200 ppm (mm:ss) 

Detection time  
4 %LEL (mm:ss) 

Detection time  
10 %LEL (mm:ss) 

Max. concentration 
(%LEL) 

2 1 01:38 06:38 not reached 6 

 2 02:23 16:28 not reached 5 

 3 02:08 35:08 not reached 4 

 4 01:38 03:28 not reached 6 

 5   02:38 not reached 5 

 6   02:28 not reached 6 

 7   02:18 not reached 6 
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According to a report paper of DNV (2020) [70], that did a similar test in a metering cabinet with 

ventilation, also fluctuating hydrogen concentrations were observed. The paper describes it as a 

sinusoidal movement in the figures of the sensors’ response.  

The situation of the hydrogen-air mixture was explained as being similar to the chimney effect. Inside 

the chimney of a fireplace the density of the heated air decreases. The gas with lower density and 

therefore lighter gas rises. Instead, now the addition of hydrogen with a lower density than air causes 

the lower density of the gas mixture.  

Ventilation has a larger influence on the lighter gas and causes a lower hydrogen concentration. When 

the concentration is lower, this causes the influence of ventilation to decrease. As the inflow of 

hydrogen continues, the hydrogen concentration increases again and the process repeats. 

The risk of the hydrogen leakage is reduced by having open ventilation. The hydrogen mixed with air 

escaped through the ventilation grilles. Ventilation causes changes in the distribution mechanism, 

resulting in better mixing of the hydrogen. This hydrogen-air mixture is better distributed and reduces 

hydrogen concentrations. The concentration fluctuated with a maximum value reached of 6 %LEL.  

The paper of DNV (2020) [70] also indicated results of maximum concentration for the larger leakage 

rates of hydrogen and methane. Their extra tests were carried out with permitted leakage rates of 10, 

15, 20 and 25 L/h. These last three leakage rates represent inadmissible leakage rates and could give 

an indication on a worst-case scenario situation. The experiment was done over a longer period of 

around 7 hours.  

The results of the maximum hydrogen concentration reached (in vol%) are shown in Appendix F (Figure 

F1) for the ventilated metering cabinet. Unfortunately, the maximum concentration for the 5 L/h 

leakage rate deviates from the rest of the measurements and is lower than the measured maximum 

concentration of the 3 L/h leakage flow rate. 

 

5.3.3 Case 3: Influence of leak direction 
 

In the next experiment case, the direction of the hydrogen leakage is different than the cases before. 

First in a) the direction of the leakage with a leakage rate of 5 liters per hour is pointed towards the 

wall. In the second experiment in b) the hydrogen leakage is pointed towards the bottom. 

a) Towards the wall 

In the first part of this case, the nozzle of the outflow of hydrogen pointed towards the back wall of 

the metering cabinet. This is shown in Figure 5-15 below.  
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Figure 5-15: Flow direction towards the back wall of the metering cabinet (y direction in Figure 4-11 (c)). 

Starting with the results of the accurate electrochemical sensors in Figure 5-16: The sensors no. 1 and 

2 which were placed at the backside of the metering cabinet showed higher hydrogen concentration 

levels in comparison with the top sensors. Sensor no. 4 had a slightly longer time of the detection of 

these levels. Sensor no. 3 showed a lower measured concentration in this case. In the reference test 

(case 1) with upward outflow and closed ventilation these lower readings of sensor 3 were also 

observed. 

 

 

Figure 5-16: Top 4 sensors measuring ppm concentration levels. With 5 L/h hydrogen gas outflow towards the wall and closed 
ventilation. 
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Together with these results, the results of the higher concentrations by the catalytic (%LEL) sensors 

were evaluated. The figure from top sensors’ data is seen in Figure 5-17 and the figure from the sensors 

on the side in Figure 5-18. The fastest detection time to reach 4 %LEL of the side sensors was attained 

by sensor no. 7. It showed values above 4 %LEL and 10 %LEL after 00:18 min. At the ceiling of the 

cabinet sensor no. 1 showed a hydrogen concentration of 4 %LEL after 03:08 min.  

Sensor no. 7 on the side which was closest to the outflow opening showed a high pike of 19 %LEL after 

the start. The increased hydrogen concentration was maintained during the whole test and reached a 

maximum of 20 %LEL. This is explained because the sensor inlets were positioned at the backside of 

the metering cabinet. The nozzle of the hydrogen leakage was pointed towards the wall and caused 

the gas to immediately flow into the inlets of the tubes of the sensors. Therefore, the sensor closest 

to the hydrogen leakage had a peak in concentration readings. 

The concentration level of 10 %LEL was reached by sensor no. 1 after 12:58 min. Except from the high 

reading of sensor no. 7, sensor no. 1 had the second-best detection time and reached the maximum 

concentration of 12 %LEL. Regarding the other sensors, most of them reached 10% LEL after 16:48 min, 

except sensor no. 3.  

The risk of the build-up of the hydrogen concentration in the lower section of the cabinet is high due 

to blockage of the flow by the back wall. In this case, the hydrogen gas keeps being added at the 

position of the lowest sensor. 

 

 

Figure 5-17: Top sensors measuring %LEL concentration levels. With 5 L/h hydrogen gas outflow towards the wall and closed 
ventilation. 
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Figure 5-18: Sensors on the side measuring %LEL concentration levels. With 5 L/h hydrogen gas outflow towards the wall and 
closed ventilation. 

 

Table 5-4: Detection time and maximum concentration per sensor of Case 3-a: Towards the wall. 

Case sensor 
Detection time 
200 ppm (mm:ss) 

Detection time  
4 %LEL (mm:ss) 

Detection time  
10 %LEL (mm:ss) 

Max. concentration 
(%LEL) 

3 - a 1 01:43 03:08 12:58 12 

 2 02:27 03:58 16:18 11 

 3 01:47 05:58 not reached 8 

 4 01:38 03:38 16:48 10 

 5   03:26 15:28 11 

 6   02:08 14:08 11 

 7   00:18 00:18 20 

 

b) Towards the bottom 

In the next part of this experiment case, the direction of the nozzle of the gas outflow is pointed 

towards the bottom as is illustrated with Figure 5-19. The hydrogen leakage rate of 5 liters per hour is 

still maintained. 
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The results of the electrochemical sensors are found in Figure 5-20: Sensors no. 1,2 and 4 showed the 

same levels of concentrations. These sensors steadily reached the 1000 ppm level around the same 

time (less than 20 second difference). Sensor no. 3 showed a lower concentration around 600 ppm at 

the same leakage period. 

 

  

Figure 5-20: Top sensors measuring ppm concentration levels. With 5 L/h hydrogen gas outflow towards the bottom and 
closed ventilation. 

The results of the higher concentrations by the catalytic (%LEL) sensors were evaluated. The data from 

top sensors are illustrated in Figure 5-21 and data from the sensors on the side in Figure 5-22. 

In this case the four positions of the sensors at the ceiling are very similar to when 4 %LEL was detected.  

In this case the four positions of the sensors at the ceiling are very similar to when 4 %LEL (equal to 

1600 ppm) was detected. Sensor no. 4 was the first sensor to detect 4 %LEL and showed a detection 
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Figure 5-19: Flow direction towards the bottom of the metering cabinet (-z-direction in Figure 4-11 (c)). 
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time of 02:08 min and sensors no. 1 and 2 reached 4 %LEL after 02:28 min. Sensor no. 3 detected the 

same concentration in 08:28 min. The order of hydrogen detection was similar to the results of ppm 

sensors. The first sensor that reached 10 %LEL hydrogen concentration was sensor no. 1 which 

detected this concentration within 16:28 min. 

From the side sensors, sensor no. 6 (located in the middle height of the cabinet) showed the fastest 

detection time of 00:48 min to reach 4 %LEL. Sensor no. 6, also reached the 10 %LEL level shortly after 

that (16:38 min). 

Comparing the results of figures of the top and side sensors, the sensors on the ceiling and on the side 

showed very similar increasing levels of concentration from 5:00 min until 18:00 min. The nozzle with 

the outflow of hydrogen pointed towards the bottom made the gas spread very evenly throughout the 

metering cabinet. Both the top sensors and the side sensors reached the same 10 % LEL level all after 

19:28 min except for sensor no. 3. 

The risk of high hydrogen concentrations involved with outflow towards the bottom is less than the 

upward outflow. It caused a better mixture of hydrogen in the air and let the gas disperse more 

homogeneously in the compartment. 

 

 

Figure 5-21: Top sensors measuring %LEL concentration levels. With 5 L/h hydrogen gas outflow towards the bottom and 
closed ventilation. 
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Figure 5-22: Sensors on the side measuring %LEL concentration levels. With 5 L/h hydrogen gas outflow towards the bottom 
and closed ventilation. 

 

Table 5-5: Detection time and maximum concentration per sensor of Case 3-b: Towards the bottom. 

Case sensor 
Detection time 
200 ppm (mm:ss) 

Detection time  
4 %LEL (mm:ss) 

Detection time  
10 %LEL (mm:ss) 

Max. concentration 
(%LEL) 

3 – b 1 01:23 02:28 16:28 11 

 2 02:43 02:28 17:28 10 

 3 03:28 08:28 not reached 8 

 4 02:38 02:08 19:28 10 

 5   02:18 18:18 10 

 6   00:48 16:38 10 

 7   01:18 17:18 10 

 
In summary, the direction of the nozzle of the leakage pointed towards the wall caused the gas to 

immediately flow into the inlets of the tubes of the sensors positioned at the backside of the metering 

cabinet. This is why the sensor closest to the hydrogen leakage had a peak in concentration readings. 

The behaviour of the hydrogen concentration measured at the sensors at the ceiling of the cabinet 

was comparable with the case with closed ventilation (case 1). 

The direction of the nozzle pointed towards the bottom made the gas spread very evenly throughout 

the metering cabinet. It showed only small differences between the concentrations measured by the 

sensors.  
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5.3.4 Case 4: Leakage on the Left side of the metering cabinet 
 

In the next experiment case, the side of the hydrogen leakage was assumed to be at the left side of 

the metering cabinet (Figure 4-12). An extra sensor was located on the top left side of the metering 

cabinet (sensor no. 8) to measure the hydrogen concentration. This is the side where the service line 

enters the house. 

Figure 5-23 shows the results of the sensors positioned at the ceiling. The left side sensor (sensor no. 

8 in this case) was the first one that detected hydrogen (200 ppm) after 38 seconds. Sensor no. 1 at 

the middle back was the first one that showed the highest reading (1000 ppm). 

 

 

Figure 5-23: Top sensors measuring ppm concentration levels. With 5 L/h upward hydrogen gas outflow on the left side of the 
metering cabinet and closed ventilation. 

With regard to the LEL sensors, the data from top sensors and the sensors on the side are seen in 

Figure 5-24 and Figure 5-25, respectively. The test showed similar detection times for the top sensors 

compared to the other cases before this test. Sensor no. 1 at the ceiling reached 4 %LEL after the 

shortest time: 01:08 min. Sensor no. 4 (also in the middle of the ceiling) reached to 4 %LEL after sensor 

no. 1 with a detection time of 01:38 min. 

In contrast to the ppm sensors results, the sensor no. 8 at the left side was not the first sensor that 

reached to 4 %LEL. Sensor no. 1 in the top middle was the one that measured the highest concentration 

and reached to 10 %LEL after 14:48 min. 

By looking at the results of the side sensors, a variation in the concentration distribution is noticed. 

Here, the top sensor on the side, sensor no.  5, was the first that measured any hydrogen 

concentration. The bottom two sensors sensor no. 6 and sensor no. 7 measured the hydrogen 

concentration after sensor no. 5. This is because the gas flow during this test ascended to the ceiling 

of the metering cabinet from the left side and then came down from the top to the bottom at the right 

side of the cabinet. 
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The same as Case 1 (with the leakage in the right side), a leakage on the left side caused highest 

hydrogen concentrations in the top-center of the metering cabinet. After a period of 5 min. of leakage 

the sensor in the top-center (sensor no. 1) is reading higher concentrations than the sensor on the left 

side (sensor no. 8). This is an equal finding compared to the results on the right side. The risk of having 

a leakage on the left side is therefore similar to a leakage on the right. However, in reality the pressure 

in the service line is higher. This influences the leakage rate and therefore the maximum 

concentrations that could be reached. 

 

Figure 5-24: Top sensors measuring %LEL concentration levels. With 5 L/h upward hydrogen gas outflow on the left side of the 
metering cabinet and closed ventilation. 

 

Figure 5-25: Sensors on the side measuring %LEL concentration levels. With 5 L/h upward hydrogen gas outflow on the left 
side of the metering cabinet and closed ventilation. 
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Table 5-6: Detection time and maximum concentration per sensor of Case 4: Leakage on the left side. 

Case sensor 
Detection time 
200 ppm (mm:ss) 

Detection time  
4 %LEL (mm:ss) 

Detection time  
10 %LEL (mm:ss) 

Max. concentration 
(%LEL) 

4 1 00:48 01:08 14:48 14 

 2 01:13 04:18 18:38 12 

 3  05:58 17:28 11 

 4 00:53 01:38 18:08 12 

 5   03:58 18:38 12 

 6   05:18 20:48 11 

 7   08:48 24:28 10 

 8 00:38 03:08 21:38 12 

 

5.3.5 Case 5: Extra obstacles present in the metering cabinet  

 
In the next case a number of items were put as extra obstacles inside the metering cabinet. These 

objects are commonly seen inside the metering cabinet. The extra obstacles were positioned at the 

right side of the metering cabinet, the same side of the hydrogen leakage. By putting objects in the 

metering cabinet, it might cause changes in the air flow circulation. The objects that were included 

could be found in Figure 4-13. 

With extra obstacles present, as seen in Figure 5-26: The hydrogen gas concentration at the top sensors 

increased in a similar way. The applied conditions caused an even distribution of the concentration 

read by the top sensors. This could be because of the hydrogen flow blockage by the extra obstacles, 

the disturbances in the flow made the gas slowly move upwards. Also, the time it took to reach 1000 

ppm is longer than the tests before (case 1 and 3). 
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Figure 5-26: Top sensors measuring ppm concentration levels. With 5 L/h upward outflow and closed ventilation. Extra 
obstacles were present inside the metering cabinet. 

The results from top sensors and the sensors on the side are shown in Figure 5-27 and Figure 5-28, 

respectively. The fastest detection time of 4 %LEL was achieved by sensor no. 1 within 07:08 min. 

Regarding the side sensors, sensor no. 7 showed the quickest response in 00:38 min.  

Moreover, the concentration level of 10 %LEL was observed after 15:38 min by sensor no. 2 which was 

the fastest detection time. In the top of the metering cabinet sensors no. 1 and 2 reached the highest 

concentrations (13 and 12 %LEL respectively). 

The same rising concentration levels were observed in Figure 5-28. A small early peak in hydrogen 

concentration is seen where the bottom sensors no. 6 and 7 reached 5 %LEL. The lowest sensor (sensor 

no. 7) closest to the leakage showed this level after 38 seconds in the beginning of the test. This could 

occur because of the blockage of the hydrogen gas caused by the extra obstacles at the right side close 

to the leakage. The high hydrogen concentration near the leakage location is therefore larger at the 

start of the experiment, with the presence of extra obstacles. However, dangerous concentrations 

(above 20 %LEL) were not reached. The highest concentration that was reached, was 13 %LEL in the 

top-center of the metering cabinet.  
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Figure 5-27: Top sensors measuring %LEL concentration levels. With 5 L/h upward outflow and closed ventilation. Extra 
obstacles were present inside the metering cabinet. 

 

Figure 5-28: Sensors on the side measuring %LEL concentration levels. With 5 L/h upward outflow and closed ventilation. Extra 
obstacles were present inside the metering cabinet. 
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Table 5-7: Detection time and maximum concentration per sensor of Case 5: Extra obstacles present. 

Case sensor 
Detection time 
200 ppm (mm:ss) 

Detection time  
4 %LEL (mm:ss) 

Detection time  
10 %LEL (mm:ss) 

Max. concentration 
(%LEL) 

5 1 03:08 07:08 19:38 13 

 2 03:28 07:38 15:38 12 

 3 03:38 08:48 19:58 11 

 4 03:08 08:08 23:28 10 

 5   02:58 17:18 12 

 6   02:48 16:38 12 

 7   00:38 22:18 10 

 

The time to reach the same concentration levels at the ceiling in the case without the extra obstacles 

(case 1) was comparable to the case with extra obstacles (case 5). Results showed that the hydrogen 

distributed evenly towards the top during the first part of the test. An explanation for this is found in 

the research performed by M. De Stefano (2019)[50]. The paper investigates that in case of laminar 

behaviour, the distribution of hydrogen does not change and after the first phase of injecting 

hydrogen, the concentration is comparable to that of an enclosure without the extra obstacles. 

However, in the case of a hydrogen leakage with more energy or closer to the location of the leakage, 

this report states that the flow of the hydrogen gas leakage will lose its kinetic energy when it impacts 

the obstacle. Because of the obstacles, there were significant differences in the concentration of 

hydrogen that diffuses horizontally across the cabinet. 

 

5.3.6 Case 6: Test with a lower leakage rate of hydrogen (2 liters per hour) 

 
In the following experiment case, the leakage rate of the hydrogen leakage is set to 2 liters per hour 

instead of 5 liters per hour with the hydrogen leakage nozzle pointed in upward direction and closed 

ventilation. The size of the nozzle opening was kept the same and only the velocity of the flow was 

changed. A more elaborate explanation of this case number could be found in the experiment overview 

in section 4.5.  

The test with the small leakage rate resulted in substantial difference in the hydrogen detection to the 

higher leakage rate. As seen in the achieved data from the electrochemical sensors in Figure 5-29, the 

time to detect any concentration above 200 ppm was 2,5 times longer than it took for hydrogen with 

the 5 liters per hour leakage rate. The first sensor that showed 200 ppm was sensor no. 4 within 04:38 

min.  
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Figure 5-29: Top sensors measuring ppm concentration levels. With a lower leakage rate of 2 L/h in upward direction and 
closed ventilation. 

Results of the hydrogen concentrations above 1000 ppm measured by the catalytic (%LEL) sensors are 

shown in Figure 5-30 and Figure 5-31. On the side of the metering cabinet, the closest one to the 

leakage, sensor no. 7 reached the 4 %LEL level only after 00:28 min. Sensor no. 1 at the ceiling had the 

second fastest 4% LEL detection time after 25:38 min. 

The hydrogen concentration level of 10 %LEL was not reached anywhere in the cabinet compartment 

and was therefore not detected. With the lower leakage rate of 2 L/h, the concentration of hydrogen 

close to the ventilation opening was also significantly lower compared to the higher leakage rate (5 

L/h) tests. This might be caused by more air inflow from ventilation compared to incoming hydrogen 

gas. 

After setting the hydrogen leakage rate, the closest sensor to the leak location (sensor no.7), detected 

the hydrogen immediately. It is also the only sensor that reached above the 6 %LEL. This result may be 

explained by the fact that sensor no. 7 was closest to the nozzle where extra hydrogen was entering 

the cabinet. Because the leakage rate was low, only the closest sensor measured this higher 

concentration level of 8 %LEL. Other sensors on the top and on the side showed significant 

concentration levels above 4 %LEL from 25:38 min. 

Overall, in the test with the lower leakage rate (2 L/h), there was less risk involved compared to the 

reference test (5 L/h). The period until significant concentrations were reached was longer (Table 5-8). 

 

Table 5-8: The detection times from sensor 1 and sensor 4 for low (2 L/h) and higher leakage rate (5 L/h). 

 Detection time 4 %LEL 
Sensor 1 (mm:ss) 

Detection time 4 %LEL 
Sensor 4 (mm:ss) 

Low leakage rate (2 L/h) 25:38 27:58 

High leakage rate (5 L/h) 01:48 02:28 
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Figure 5-30: Top sensors measuring %LEL concentration levels. With a lower leakage rate of 2 L/h with upward direction and 
closed ventilation. 

 

Figure 5-31: Sensors on the side measuring %LEL concentration levels. With a lower leakage rate of 2 L/h with upward direction 
and closed ventilation. 
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Table 5-9: Detection time and maximum concentration per sensor of Case 6: Lower hydrogen leakage rate. 

Case sensor 
Detection time 
200 ppm (mm:ss) 

Detection time  
4 %LEL (mm:ss) 

Detection time  
10 %LEL (mm:ss) 

Max. concentration 
(%LEL) 

6 1 05:48 25:38 not reached 6 

 2 06:58 27:08 not reached 5 

 3 05:08 27:18 not reached 5 

 4 04:38 27:58 not reached 5 

 5   29:28 not reached 5 

 6   28:58 not reached 5 

 7   00:28 not reached 8 

 

5.3.7 Case 7: Natural gas (methane) leakage 
 

Additionally, two tests with natural gas (methane) have been conducted. The goal was to investigate 

the difference between natural gas and hydrogen leakage behaviour inside a closed compartment. In 

these measurements, pure methane was used instead of natural gas. Natural gas contains 82% of 

methane. The methane leakage rate is therefore corrected considering the methane fraction in natural 

gas. 

This case represents a situation where the natural gas pipeline network is used for hydrogen 

distribution. It is assumed that the leakage size for natural gas is the same as the hydrogen leakage. 

The size of the opening (nozzle) is constant. But, due to a bigger CH4 molecule, the leakage flow rate 

of methane needs correction for the difference in the leakage rate between hydrogen and natural gas 

[16], [67]. As found in the experiment overview in section 4.5, the corrected methane leakage rate 

calculated from the hydrogen leakage rate was 41,65 ml/min. 

The used sensors for methane measurements were infrared sensors. These sensors measure methane 

vol% in steps of 0.1 vol%. To convert the volume % to %LEL of methane (LEL of methane (5.0 vol%)), a 

factor of 20 is used. Therefore, 0.1 volume % is equal to 2 %LEL. The conversion rates are shown in the 

following Table 5-10.  

Table 5-10: Units of the methane concentration. 

Unit Methane concentration 

vol% 0.1 

ppm 1000 

%LEL 2 

 

a) Methane leakage inside a cabinet with closed ventilation 

In the first part (a) of the case, the methane concentration is measured in the metering cabinet with 

the nozzle in an upward direction and closed ventilation. The results of this case are illustrated in Figure 

5-32 and Figure 5-33. The results showed that the time required for the methane gas to reach the top 

sensors at the ceiling was three times longer than the hydrogen leakage. 

During the first 10 min of the test, the side sensors measured a higher concentration of methane in 

comparison to the top sensors. The methane gas was still at the bottom half of the metering cabinet. 

The sensors at the side of the metering cabinet measured 4 %LEL at sensor no. 6 and sensor no. 5 after 

1:48 min and 3:38 min, respectively. 
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Regarding the maximum concentration, the sensors at the back of the ceiling (sensors no. 1 and 2) 

were the sensors with the highest readings (14 %LEL). For sensor no. 1 in the top-middle, the 10%LEL 

detection time was 24:28 min. Then, sensor no. 2 showed 10 %LEL after 24:48 min. Four of the sensors 

(sensors no. 3, 4, 6 and 7) did not reach the 10 %LEL concentration level. 

 

 

Figure 5-32: Top sensors measuring %LEL methane concentration levels. With flow in upward direction and closed ventilation. 

 

Figure 5-33: Sensors at the side measuring %LEL methane concentration levels. With flow in upward direction and closed 
ventilation. 
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Table 5-11: Detection time and maximum concentration per sensor of Case 7-a: CH4 leakage with closed ventilation. 

Case sensor 
Detection time  
4 %LEL (mm:ss) 

Detection time  
10 %LEL (mm:ss) 

Max. concentration 
(%LEL) 

7 - a 1 10:48 24:28 14 

 2 14:28 24:48 14 

 3 15:48 not reached 8 

 4 18:08 not reached 6 

 5 03:38 38:18 10 

 6 01:48 not reached 8 

 7 16:08 not reached 6 

 

A comparison the results of the hydrogen and the natural gas (methane) leakage is shown in Figure 

5-34. The first detection at the ceiling of the metering cabinet was longer for methane than hydrogen. 

The different detection times for both gases to reach 4 %LEL at sensor no. 1 were  

1:48 min and 10:48 min for hydrogen and methane, respectively. 

 

Figure 5-34: Comparison between the sensors no. 1 on the ceiling (One hydrogen sensor and one methane sensor). In both 
cases the ventilation was closed. 

Then, regarding the results of the hydrogen and the natural gas (methane) case with closed ventilation 

for sensor no. 5 (Figure 5-35), a peak at 4:38 is observed for the CH4 sensor no. 5 (located at the side 

of the cabinet). This observed high concentration could be because of methane gas slowing down at 

this height because of the electrical box. Sensor 5 was at the position between side and the ceiling 

sensors at two third of the height of the cabinet. The methane also did not rise as fast to the ceiling as 

the hydrogen did.  In the discussion of Case 1 also the influence of the electrical box obstacle on the 

gas flow in the middle of the metering cabinet was discussed. This object influenced the direction of 

the gas flow towards the middle sensors on the side. As is seen in Figure 5-33 for the first 13:00 min, 

sensor no. 6 showed increased concentrations as well. 

Overall, these results indicate that the hydrogen concentrations at these sensors were higher in %LEL 

than methane leakage case with the same leakage period. In closed ventilation condition, the risk of 

having an explosive gasmixture is higher in the case of  hydrogen leakage. 
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b) Methane leakage inside the metering cabinet with open ventilation 

In the second part (b) of this case, the methane concentration is measured in the metering cabinet 

with the nozzle in an upward direction and open ventilation. Then, for the evaluation of the methane 

concentrations measured by methane sensors, the results are illustrated in Figure 5-36 and Figure 

5-37. In the open ventilation case of the methane leakage, the concentrations were also lower than in 

the closed ventilation case 7-a and the CH4 concentration is more fluctuating in comparison to the case 

of the hydrogen leakage. The maximum concentration value was 4 % LEL. 

Apart from sensor no. 7 that reached 4 %LEL within 1:28 min, the other sensors had a longer detection 

time to reach to 4 %LEL.  Three sensors did not detect the 4 %LEL level and none of them reached the 

10 %LEL level in the case with open ventilation. 
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Figure 5-35: Comparison between the sensors no. 5 on the side (One hydrogen sensor and one methane 
sensor). In both cases the ventilation was closed. 
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Figure 5-36: Top sensors measuring %LEL methane concentration levels. With flow in upward direction and open ventilation. 

  

Figure 5-37: Sensors at the side measuring %LEL methane concentration levels. With flow in upward direction and open 
ventilation. 

Table 5-12: Detection time and maximum concentration per sensor of Case 7-b: CH4 leakage with open ventilation. 

Case sensor 
Detection time  
4 %LEL (mm:ss) 

Detection time  
10 %LEL (mm:ss) 

Max. concentration 
(%LEL) 

7 - b 1 12:08 not reached 4 

 2 23:18 not reached 4 

 3 not reached not reached 2 

 4 not reached not reached 2 

 5 22:58 not reached 4 

 6 not reached not reached 2 

 7 01:28 not reached 4 

 

A comparison of the results of the hydrogen and the natural gas (methane) leakage in the open 

ventilation situation is shown in Figure 5-38. The methane in air was detected faster than the hydrogen 

at lower concentration level. This is explained by the concentration value at which methane gets 

detected (2 %LEL) and hydrogen gets detected from a concentration of 3 %LEL. 

When comparing the results of the hydrogen and methane sensors only sensor no. 1 showed the same 

concentration levels for both gases. For the sensors close to the leakage (sensor no. 5), it is clearly seen 

(in Figure 5-39) for both cases, the sensors detect the gas at around the same leakage period. 
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Figure 5-38: Comparison between the sensors no. 1 on the ceiling (One hydrogen sensor and one methane sensor). In both 
cases the ventilation was open. 

 

Figure 5-39: Comparison between the sensors no. 5 on the side (One hydrogen sensor and one methane sensor). In both cases 
the ventilation was open. 

Overall, these results show that the hydrogen concentration was higher than the methane 

concentration in the closed and open ventilation conditions at the same leakage period. Even though, 

the volumetric leakage flow rate of hydrogen is higher than for natural gas through the same leak size, 

the concentration levels of hydrogen are not as high as might be expected. Apart from the better 

mixing of hydrogen in air that exists due to its tendency to easily diffuse [71], an explanation for this is 

found in the study of Lowesmith (2009) [53]. It is stated that a gas with higher hydrogen content leads 

to a more buoyant gas mixture which leads to an increase in the ventilation air flow.  

Figures of the results of this study from DNV (2020) [70], shown in Appendix F (Figure F1 and Figure 

F2), describe the hydrogen and methane concentrations both for the same conditions. In case of worst-

case leakage rates (10, 15, 20 and 25 L/h), the highest leakage rates (25 L/h) lead to a lower maximum 

concentration than 20 L/h. At these high leakage rates, since hydrogen is much lighter than natural 

gas, hydrogen would rise faster and exits faster through the upper ventilation grill.  
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5.4 Best sensor location 
 

Table 5-13 in this section gives an overview of a ranking on the sensors with the fastest detection time 

and the ones that showed the maximum concentration. For each experiment case the top 3 of the 

sensors are ranked on detection time of detecting 4 %LEL hydrogen or methane concentration. This is 

the first significant concentration measured by the catalytic LEL-sensors. Moreover, the top 2 of the 

sensors that showed the maximum concentration are ranked at the right side of Table 5-13. Sensor no. 

1 and sensor no. 7 showed the fastest response in most cases. Generally, the sensor no. 7 (closest to 

the leakage) showed the fastest detection period in the most of cases.  

When focusing the attention on highest concentrations, sensor no. 1 was the sensor that in almost all 

cases reached the maximum concentration during the experiment period. Sensor no. 7 did not show 

the maximum concentrations in these cases. It showed the highest concentrations only in closed 

ventilation conditions when the leakage nozzle was directly pointed at the closest sensor inlet. 

Except from sensor no. 7 and 6 that are at a lower height in the metering cabinet, due to the rising 

hydrogen a higher placed sensor would give the fastest response to concentrations above 10 %LEL. 

Sensor no. 1 is in the top 3 of sensors based on the fastest detection time. Considering when the 

leakage is on the left side of the metering cabinet sensor no. 1 at the top-center is an effective location 

as well. Moreover, it had a reading of the maximum concentration in almost all of the test cases or was 

the second highest concentration in two of the cases (3-a and 6). 

Table 5-13: Catalytic LEL-sensors ranked on detection time of a 4 %LEL reading and ranked on maximum concentration. 

Case Gas Ventilation Sensor (S no.) ranked based on 
the fastest detection time 

Sensor (S no.) ranked based 
on max. concentration 

 1 2 3 1 2 

1 H2 Closed S6 S5, S7 S1 S1 S6 

2 H2 Open S7 S5 S5, S4, S6 S1  S4, S6, S7 

3 a H2 Closed S7 S6 S1 S7 S1 

b H2 Closed S6 S7 S4, S1 S1 * 

4 H2 Closed S1  S4 S8 S1 * 

5 H2 Closed S7 S6, S1 S5 S1 S2, S5, S6 

6 H2 Closed S7 S1 S2 S7 S1 

7 a CH4 Closed S6 S5 S1 S1, S2 S5 

b CH4 Open S7 S1 S5 S1 S2, S5, S7 

* The rest of the sensors have shown the same results. 

To have more insight in the fastest response and to have accurate responses of the sensors, the results 

of the detection time of the electrochemical sensors were also ranked in Table 5-14. Here, the 4 

sensors at the ceiling (and in one case the sensor at the left S8) are ranked on the detection time of 

reaching a concentration of 200 ppm. Sensors no. 1 and 4 got the same ranks in most of the cases. This 

means the sensors in the top middle of the metering cabinet measured hydrogen the fastest. Because 

the %LEL sensor type sensor no. 1 had better results for the longer detection periods. These findings 

therefore suggest that sensor no. 1 has the best location according to the results.  
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Table 5-14: Electrochemical ppm-sensors ranked on detection time of a 200 ppm reading. 

Case Gas Ventilation Sensor (S no.) ranked on detection time 

 1 2 3 4 

1 H2 Closed S1, S4 - S2 S3 

2 H2 Open S1, S4 - S3 S2 

3 a H2 Closed S4 S1 S3 S2 

b H2 Closed S1 S4 S2 S3 

4 H2 Closed S8  S1 S4 S2 

5 H2 Closed S1, S4 - S2 S3 

6 H2 Closed S4 S3 S1 S2 

 

5.5 Discussion of the risk of hydrogen leakage 
 

This part further discusses the risk caused during the seven different conditions of the studied 

experiment cases. In cases with closed ventilation, it was expected that the hydrogen builds up to 

high gas concentrations at the top section of the metering cabinet. The door was not completely air 

tight. Gas does escape from the cabinet trough small air leakages around the door. Nevertheless, 

closed ventilation leads to a constant increase of the hydrogen concentrations with the highest 

concentrations (19 %LEL) found in top of the metering cabinet. The readings of the sensors were all 

well below the lower explosion limit of 4 vol% (100 %LEL). 

The ventilation was expected to be an important factor that should have a major effect on the response 

in this experiment. The ventilation causes lower concentrations of gas in the top part of the metering 

cabinet. The importance of ventilation is clear from the outcomes. Ventilation caused changes in the 

distribution mechanism, resulting in a better mixing and reduced concentration of the hydrogen. The 

maximum hydrogen concentration reached to 6 %LEL. 

The concentrations of hydrogen observed at the ceiling were highest. Hydrogen tends to rise and stay 

at the top of the metering cabinet. This happens in phases as the hydrogen rises it will bounce off from 

the ceiling and go down. The upper ventilation grille needs to be positioned as high in the metering 

cabinet as possible to ensure the hydrogen exists on the top.  

The lowest concentration at the ceiling was in almost all of the cases on the location that sensor no. 3 

was placed (At the right side on the ceiling). This sensor measured a lower concentration level 

compared to the other sensors. Thus, it is not recommended to put a sensor on this position with the 

risk of a longer detection time. 

Other directions of the leakage caused a build-up of gas concentration in the lower part of the metering 

cabinet. Changes in response time of the sensors on the various height levels were expected. A 

direction of the leakage towards the back wall of the cabinet caused an additional risk. A high 

concentration peak of 20 %LEL was caused due to blockage by the back wall. Hydrogen could 

accumulate in the lower section of the metering cabinet as more gas was continuously added. With a 

direction of the leakage towards the bottom, less risk is involved. A better mixture of hydrogen in air 

resulted in a homogeneously spread of hydrogen in the compartment. 

The extra sensor on the left side would not necessarily be a better position to measure the hydrogen 

concentration in the case of a leakage on the left side of the gas meter. The other sensors placed on 

the right side of the cabinet can still detect the leakage in the left side of the cabinet due to the high 



88 
 

hydrogen diffusion rate. The highest hydrogen concentrations were detected in the top-center of the 

metering cabinet. So, the risk of having the leakage on the left side was therefore similar. 

The expected response with extra obstacles present in the gas metering cabinet, was that these objects 

alter the hydrogen distribution inside the cabinet. The most interesting part of the response was the 

gas concentration on the different height levels. In this case, the blockage by the obstacles trapped 

hydrogen gas at the bottom of the cabinet. No dangerous concentrations (above 20 %LEL) were 

reached. 

The expected response with a smaller leakage rate, was a lower hydrogen concentration caused by the 

leakage. But in some parts of the metering cabinet there might be build-up of hydrogen gas. It is 

observed that the period of reaching risky concentrations (above 4 %LEL) was longer for the low 

leakage rate compared to the 5 L/h leakage rate. 

In the case of hydrogen to natural gas comparison, the size of the opening (nozzle) was kept constant. 

But, due to a bigger CH4 molecule, it is assumed that the leakage rate of methane is less (2.5 L/h). The 

leakage rate depended on the difference in the gas properties (hydrogen and natural gas). As 

previously discussed, higher concentrations of hydrogen were expected at the top of the metering 

cabinet than in the methane case.  

During closed ventilation tests, the hydrogen concentrations were higher in %LEL than the methane in 

the same leakage period. The hydrogen gas rises quicker to the ceiling and builds up (and stays) in the 

upper part. The time required for the methane gas to reach the top sensors at the ceiling was three 

times longer than the hydrogen leakage. This happens because of the velocity of the hydrogen gas in 

air is roughly 3 times higher than methane [72].  

The buoyant hydrogen-air mixture rises to the top which might lead to increased ventilation. DNV 

(2020) [70] found that this was true especially for higher (worst-case) leakage rates. This was contrary 

to the behaviour found for methane. 
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6 Conclusions 

In the near future, hydrogen sensors will become readily available for a wide range of hydrogen 

detection systems in different applications.  Therefore, it is essential to understand for each application 

which sensor technology is the most effective and where it should be located for optimal performance. 

The conclusion to each sub-research question is presented in this section. 

This thesis aims to contribute to our knowledge of these hydrogen sensor technologies by addressing 

the research objective: 

Evaluation of hydrogen sensor technologies for residential safety and 

determination of the sensor location with the fastest response to high hydrogen 

concentrations inside a metering cabinet. 
 

6.1 What type of hydrogen sensor technology is most suitable based on the 

relevant criteria for residential use? 
 

The second chapter outlined the major different sensor technologies and discussed the advantages 

and disadvantages for the targeted application. A multi-criteria analysis was conducted to find out the 

highest scoring commercially available sensor technology for residential application. The most notable 

criteria against which these sensors were tested are accuracy, detection limit, measuring range, 

lifetime, response time, and stability.  

Thermal conductivity sensors showed the highest performance overall as seen from the final scores in 

Table 6-1. The type out-performed the rest on stability, response time and selectivity. However, it is 

costly and with future improvements on the detection limit, it could be considered suitable for 

residential applications. Catalytic sensors had a great performance during the evaluation of the 

sensors. They are accurate in measuring hydrogen and methane concentrations. However, their 

response is influenced by operating conditions, such as the gas leakage rate. Metal oxide sensors had 

an acceptable performance, they are unexpensive and the power consumption is reasonably low. 

However, the detection accuracy needs to be improved. Electrochemical sensors showed a variation 

in performance. They are highly accurate (in ppm range) but showed uncertainty of detection. The 

impact of environmental conditions, such as temperature and gas leakage rate, on the hydrogen 

detection are considerable. 

Table 6-1: Final scores and ranks of the sensor technologies from the WSM multi-criteria decision-making analysis. 

WSM Cat1 Cat2 Cat3 TC EC MOX   

Final score 0.749 0.724 0.667 0.871 0.586 0.742   

Rank 2 4 5 1 6 3  

 

6.2 What location of the hydrogen sensor shows the fastest response to high 

hydrogen concentrations inside the metering cabinet? 
 

The aim of the present research was to examine a hydrogen sensors application with the focus on 

experiments inside a Dutch metering cabinet. This study has shown some insights through 

experimentation separated into 7 different case studies.  
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In each case, some adjustments to the testing conditions in the metering cabinet were applied to 

investigate the response of the sensors. The leakage flow rate of 5 liters per hour was chosen for the 

experiments. It is the highest rate of a gas leakage currently allowed in the existing buildings (including 

the old ones). The measurements setup mainly consisted of 7 or 8 sensors that were positioned at the 

described locations inside the metering cabinet.  

The use of two different types of sensors, catalytic and electrochemical sensors, were needed to 

measure the entire concentration range. This helps to understand the behaviour of hydrogen in the 

metering cabinet. In the beginning of each experiment the attention goes to four electrochemical 

sensors placed at the ceiling of the cabinet. While the hydrogen concentration is above 1000 ppm, the 

catalytic sensors (%LEL) should be used to measure the hydrogen concentrations. These sensors only 

showed the hydrogen concentrations when it is above 3 %LEL. 

The results showed that the sensors at the ceiling are not always giving the highest readings at the 

beginning, but in most of the cases, they consistently showed the highest concentrations and the 

fastest response during the tests. This was illustrated in the analysed results while the ventilation was 

closed.  

The results of this study further indicate that in the cases with closed ventilation, the large 

concentrations could be found in the center of the ceiling. It is recommended that sensor no. 1 (at the 

top-center backside) has the best location to mount the hydrogen sensor according to the results 

(Table 5-13 and Table 5-14). Mounting the sensor on this location was also proven to be effective when 

assuming a gas leakage at the left side of the metering cabinet. Thus, the sensor with the position in 

the top-center backside of the metering cabinet is ranked with the highest concentrations in all 

situations.  

6.3 Which conditions lead to the highest risk of hydrogen leakage inside the 

metering cabinet? 
 

The experiments confirmed that the condition of closed ventilation leads to a constant increase of 

hydrogen concentration in the metering cabinet. The final concentration depends on the time of the 

hydrogen leakage into the confined space. The sensors close to the leakage measured significant 

concentrations in the first minutes of the test. The concentration continued to increase with a constant 

leakage flow of hydrogen and filled the whole cabinet to with a 2 %LEL difference concentrations as 

high as 19 %LEL. The readings of the sensors were all well below the lower explosion limit of 4 vol% 

(100 %LEL). 

The experiments have also clearly shown the effect of ventilation from the fluctuating and reduced 

concentrations. The hydrogen mixed with air escaped through the ventilation grilles. Ventilation 

causes changes in the distribution mechanism, resulting in better mixing of the hydrogen. This 

hydrogen-air mixture brings about better distribution and reduces hydrogen concentrations. The 

results of the experiment with open ventilation show that the concentration fluctuated with a 

maximum value of 6 %LEL. The level of 10 %LEL was not reached for all sensors.  

The concentrations of hydrogen at the ceiling were higher in case of no ventilation. Hydrogen tends to 

rise and stay at the top of the metering cabinet. Therefore, the upper ventilation grille needs to be 

positioned at the highest level in the metering cabinet to ensure the hydrogen exists on the top. This 

ventilation placed at the top area would reduce the risk of the hydrogen leakage. 

The direction of the leakage of the gas towards the bottom caused a better mixture of hydrogen in the 

air and created a more homogeneous dispersion of the gas. This causes less risk. In the cases of 
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different leak direction towards the wall and extra obstacles, the sensors on the side, closer to the 

leakage, gave peaks in the readings during the first part of the test. The flow was impacted due to 

blockage and slowly moved upwards. This causes a build-up of concentration in a short period at the 

start of the leakage. 

Compared to methane, the hydrogen gas rises quicker to the ceiling and builds up (and stays) in the 

upper part. The time required for the methane gas to reach the top sensors at the ceiling was three 

times longer than the hydrogen leakage. During closed ventilation test, the hydrogen concentrations 

were higher in %LEL than methane in the same leakage period.  

In open ventilation conditions, the sensors located near the leakage showed a similar concentration 

for both hydrogen and methane. The first detection (above 2 LEL%) of hydrogen and methane 

happened after the same leakage period.  

In comparison to methane, the hydrogen gas released leads to a more buoyant gas mixture that could 

have a great impact on the ventilation and better mixing of hydrogen in air due to its high diffusion 

factor. The buoyant hydrogen-air mixture rises to the top which might lead to increase of the 

ventilation, especially at higher leakage rates. 

6.4 Limitations of this study 
 

A limitation of this study which could have affected the analysis of different hydrogen sensor 

technologies was that the study was limited to commercially available sensors that were described in 

earlier research papers. Unfortunately, it is hard to find specific quantities for criteria such as the cost 

of the sensor types. The information about cost is often very unclear from manufacturers compared 

to the other criteria required for the full analysis of the hydrogen sensor technologies. 

Furthermore, performances of the sensors are significantly dependent on the electronics of the sensor. 

This is an uncontrolled factor in this study. The electronic components of the sensor also determine 

the signal for a large part and therefore play an important role. They influence and correct external 

parameters that in other cases would negatively change the measurement signal. 

Regarding the experimental research inside the metering cabinet, since the study was limited to the 

time that the experiment location was available, it was not possible to do measurements with much 

longer time spans. In spite of its limitation, the study certainly provides insight into the way hydrogen 

is distributed within the cabinet. 
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7 Recommendations 

In this section, recommendations for further research are outlined. Additionally, several safety 

measures are proposed to assure the safety apart from applying hydrogen sensors. 

7.1 Recommendations for further studies 
 

Other research that implements a multi-criteria analysis to determine the best performing sensor 

should appreciate that the weights attached to criteria are essential towards the final result. It is hard 

to decide which of the criteria will have more influence. It is recommended that there is a discussion 

on the various choices, grading, and weighting. An expert’s opinion is highly valued. This is done in 

order to get the best sensor outcome from the analysis. The outcome is highly dependent on the 

weights attributed to the criteria that is used in the analysis. 

The risk with the multi-criteria analysis remains that some criteria show overlap. The effect of a 

decision towards one of the sensors gets double-counted. Furthermore, it is possible that some criteria 

are not taken into account as much as others in the case they will be of negative influence on the 

application of the sensor. Much effort has been made to minimize these risks in finding the best 

performing sensor. 

A recommendation when doing experiments with hydrogen sensors is to find a solution to correct for 

the suction flow of the sensors. While the sensors pump out a small portion of the air and gas, the 

body of the sensors are placed outside the metering cabinet. The gas and air mixture is pumped out of 

the closed volume and would not flow back inside again. 

Regarding the experiments, multiple conditions (factors) have been chosen that were varied per 

experiment. These were mostly determined by practical factors that were changed, one at a time in 

each experimental case. However, for further research the number of experiments need to be higher 

for statistical reasons. In this case the theory of Montgomery (2013) [65] ‘Design and analysis of 

experiments’ need to be addressed. This theory describes methods of experimenting where the factors 

could be simultaneously changed. With this approach, the procedures are more structured so that they 

are clear in execution and reporting. 

Other worst-case scenarios should be examined. Experimental research with leakages for a longer 

period (e.g., 24 hours) need to be done. Since the study was limited to the time that the experiment 

location was available, it was not possible to do measurements with such time spans. It would be good 

to have an experiment that has a timespan of several hours to confirm if the LEL of hydrogen is reached. 

Furthermore, in case of a rupture in the pipeline, the major leakage of hydrogen might reach ignitable 

concentrations (4.0 vol% or 100 %LEL) of hydrogen much faster. 

Another recommendation for further studies is to investigate the performance of the CO detection 

sensors to be used for detecting hydrogen. Metal oxide CO sensors are cross-sensitive to hydrogen and 

therefore able to detect a portion of the hydrogen in a concentration range of 100-5000 ppm (0.01 

vol% - 0.5 vol%) [73]. However, the residential application of CO sensors is not yet out of the research 

phase. Approval and the relevant standards are first needed. 

More research works are needed to evaluate the hydrogen behaviour inside closed compartments. A 

CFD (computational fluid dynamics) model is a recommended tool to study the gas flow. The data 

from this experimental study could be used to validate the outcomes of the future CFD model. 
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7.2 Safety measures 
 

To add to the results of this research, some safety measures are important to take. This research made 

it clear that the location of the sensor is crucial to optimally detect hydrogen. In particular, the sensor 

should not be located too close to the ventilation opening in the metering cabinet in order to assure 

sufficient accuracy.  

Sufficient ventilation within the metering cabinet is also essential. Although this research was focused 

on the highest level of hydrogen concentration for the sensors, the findings related to the effect of 

ventilation are important to back up safety precautions. It has been found in this thesis research that 

with more ventilation, the concentrations fluctuate more which results in a lower hydrogen 

concentration build-up. Thus, ventilation is important to keep the hydrogen concentration at safe 

levels. 

Furthermore, since it is recommended to have sufficient ventilation the levels of hydrogen 

concentration to trigger the alarm in case of a metering cabinet with ventilation (open) should be 

lowered. In this research it has been found that in case of no ventilation in the metering cabinet, the 

alarm level at 10 %LEL hydrogen concentration is sufficient to provide early detection. However, in a 

situation where there is ventilation, and the sensor is put in the same position with highest 

concentration of hydrogen, a lower value of hydrogen concentration was observed than in the case of 

no ventilation. More specifically, the concentration fluctuated with a maximum value of 6 %LEL. 

Therefore, it is advised that the sensors give an alarm signal at 5 %LEL hydrogen concentration in the 

metering cabinet. In this way it prevents the leakage going unnoticed.  

Additionally, a system to shut off the supply of hydrogen gas inside the house is an important safety 

measure. This works by blocking the service line of hydrogen that enters the building, even when there 

is a power shortage. Therefore, it should trigger at all times even in case it is electrically powered. To 

assure proper functioning of the system, the implementation of a valve that works with gravity is 

necessary [74]. It is important to consider such a system for hydrogen. But it is not currently applied 

for natural gas. The LEL level (4 vol%) for hydrogen is around the same level as for natural gas (5 vol%). 

It can be concluded that better safety regulation is needed. 

Finally, due to the buoyant behaviour of hydrogen and gas escaping from the ventilation grilles, the 

addition of an odorant to the hydrogen gas is a good safety measure apart from the audible alarm 

provided by the sensors. Such an odorant would make it more likely that a leak is noticed and an 

accident prevented. However, this odorant should be suitable for all hydrogen systems and 

applications. More research still needs to be done to find the right substances that has no other 

negative effects. For example, sulphur based odorants have harmful effects on fuel cells [75]. 
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Appendix 

Appendix A 
 

A.1 

From: Hyindoor Final Report: Pre-normative research on safe indoor use of fuel cells and hydrogen 

systems  

Table A1: Tests results of the tested five commercially available sensors: Dark green - outstanding performance; light green - 

good performances; yellow - passing grade; red – unsatisfactory [38]. 

 

A.2 

From: Reliability of commercially available hydrogen sensors for detection of hydrogen at critical 

concentrations: Part II – selected sensor test results 

Table A2 : Results from detection limit and cross-sensitivity to CO tests [28]. 

CAT LDL 0 vol% H2 0.03 0.06 0.11 

Cross sensitivity 
vol% CO 

0.21 1.03 2.00 

MOX LDL 0 vol% H2 0.03 - - 

Cross sensitivity 
vol% CO 

none - - 

EC LDL 0 vol% H2 0.03 0.03 0.03 

Cross sensitivity 
vol% CO 

0.31 0.33 0.46 

TC LDL 0 vol% H2 0.60 0.15 - 

Cross sensitivity 
vol% CO 

- 0.36 - 
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A.3 

Table A3: The advantages and disadvantages noted for the various hydrogen sensor types tested based on observations 

during tests [28]. 

 

 

A.4 

From: Selectivity and resistance to poisons of commercial hydrogen sensors 

Table A4: Overview of the tested sensors [37]. 

 CAT-1 CAT-2 EC MOX 

Measuring range 0 - 1.4 vol% 1 - 4 vol% 0 - 4 vol% 0 - 4.4 vol% 

Cross sensitivity H2S,  
NO2 slightly 

- H2S, SO2  
NO2 slightly 

- 

 

A.5 

From: Hydrogen sensors – A review 

Table A5: performance specifications of commercially available sensors (adjusted) [23]. 
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A.6 

From: An overview of hydrogen safety sensors and requirements 

Table A6: Generalized ranking of various sensor platform to selected performance metrics (5 = ideal, 0 = poor) (adjusted) 

[24]. 
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A.7 

Table A7: An overview of the advantages and disadvantages of the technologies used for hydrogen sensing  [22]. 
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Appendix B 
 

B.1 Importance of criteria parameters for the residential application of hydrogen sensors 

Table B1: Hydrogen sensor importance scores for residential applications [20]. 
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B.2 Performance criteria (15) with their score on importance 

The importance of the different performance criteria determines the weights for the multi-criteria 

analysis. The importance is determined by using the previous table in B1 (Table B1). The weights are 

adjusted by a fraction to ensure that the total of all weights added up is equal to 15. The accuracy 

and selectivity criteria are the ones that are given more weight regarding its importance. 

     Importance  Weights (added up equal to 15) 

Accuracy     4   1.5 

LDL      4   1.5 

Response time recovery time  2.5   1 

Measuring range    3   1.3 

Selectivity     4.5   2 

Lifetime    3   1.3 

Relative humidity    2   0.5 

Pressure     2   0.5 

Temperature     3   1.3 

Stability     2.5   1 

Calibration / Maintenance   2.5   1 

Flow rate     1   0.3 

Robustness     1   0.3 

Cost      2.5   1 

Power consumption    2   0.5  + 

        15 
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Appendix C 
 

C.1 Multi-Criteria Analysis Matlab code 

clear all; 

close all; 

clc; 

 

W=[ 0.1 0.12 0.066667 0.086666667 0.133333 0.086666667 0.033333 0.033333 0.066667 0.066667 

0.066667 0.020 0.020 0.066667 0.033333]; 

%Weights per criterium 

X=[4 3 3 3 1 3 3 3 2 2 2 2 2 4 2; 2 3 2 2 3 3 2 2 3 3 1 3 3 2 2; 2 2 2 2 2 3 3 2 2 3 2 2 3 2 2; 3 3 4 3 2 3 2 4 

4 3 3 4 2 3 3; 2 4 1 2 2 1 2 2 1 2 1 1 3 3 3; 3 3 3 2 3 2 1 2 3 2 2 2 3 3 3];  

%Scores per sensor 

 

Xval=length(X(:,1)); 

for i=1:Xval 

for j= 1:length(W) 

Y(i,j)=X(i,j)/max(X(:,j)); %Normalized scores 

end 

end 

for i=1:Xval 

PWSM(i,1)=sum(Y(i,:).*W); %Weight Sum Method 

PWPM(i,1)=prod(Y(i,:).^W); %Weight Product Method 

end 

Weighted_Sum_Model_Score = num2str([PWSM]) 

Weighted_Product_Model_Score= num2str([PWPM]) 

 

C.2 Results from the Weighted Product Model 

Table C1: Final scores when using the Weighted Product Model. 

WPM Cat1 Cat2 Cat3 TC EC MOX 

Final score 0.706 0.688 0.641 0.858 0.532 0.725 

Rank 3 4 5 1 6 2 
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Appendix D 
 

Another method for hydrogen detection: Detection tape 

Realization of this idea could be done in the form of tape applied on the components that are 

sensitive to the leaked gas. If a leak occurs, the tape close to the location changes colour to indicate 

the presence of a leakage. An example of this by tape, form the company Midsun Specialty Products, 

is the hydrogen sensitive film Detectape [76]. The tape reacts to an increase in the local hydrogen 

concentration. The hydrogen sensitive film changes colour from light to dark. The colour shows 

differences in concentration level between 0–50 vol% H2. 

Silicone is the main material of the tape that lets hydrogen permeate through. The chemo-chromic 

pigment changes colour when it is exposed to hydrogen. It is a good technology to identify small 

hydrogen leaks which would otherwise go undetected. Regular observation is needed to identify the 

colour changes of the tape and appropriate manual actions could be taken. 

 

 

Figure D1: Detectape before and after being exposed to hydrogen [77]. 
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Appendix E 
 

Results of the hydrogen outflow visualised with a Schlieren technique experiment 

E.1 Set up Schlieren experiment 

 

Figure E1: Schlieren technique experimental set-up at the camera end including a concentrated flash light, a razorblade and a 
high-res. camera. 

 

 
(b) 

(a)  
Figure E2: (a) Schlieren technique experimental set-up seen from the camera. (b) The outflow nozzle of hydrogen gas and the 
mirror in position on the other end of the table. 
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Appendix F 
 

From working paper of DNV: ‘Proefopstelling verpreiding waterstof in de meterkast.’  

F.1 Maximum concentration of hydrogen 

 

 
(a) 

 
(b) 

 
Figure F1: Maximum concentration of hydrogen gas with in (a) data of the gas concentration: horizontally the leakage rate, 
vertically the height. (b) Figure of the data with four lines that represent the height in the metering cabinet [70]. 
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F.2 Maximum concentration of natural gas 

 

 
(a) 

 
(b) 

 
Figure F2: Maximum concentration of natural gas with in (a) data of the gas concentration: horizontally the  leakage rate, 
vertically the height. (b) Figure of the data with four lines that represent the height in the metering cabinet [70]. 

 


