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Abstract

:

Maritime transport is investigating several options to reduce its greenhouse gases and air pollutant emissions. An experimental ship, Energy Observer, is using excess renewable energy to generate onboard hydrogen by electrolysis of purified seawater. As a promising option for storing energy, it can provide on-demand energy to the ship through a hydrogen fuel cell (FC). As hydrogen FCs lifetime and performance are correlated to hydrogen quality, the hydrogen produced onboard needs to be monitored. This study assesses the probability of contaminants presence for this electrolyser, using purified seawater and supports the results with a hydrogen fuel quality analysis from the Energy Observer ship. It demonstrates that an electrolyser using onboard purified seawater can generate hydrogen of a quality compliant with ISO 14687:2019. Additional contaminants (i.e., ions, heavy metal) were also measured. The study highlights the potential contaminants to be monitored and future research on new contaminants from seawater to further develop hydrogen fuel for maritime applications.
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1. Introduction


The decarbonisation of the transport sector has accelerated in recent years, especially for land transportation (through battery electrical vehicles and fuel cell electrical vehicles) [1,2]. However, approximately 90% of world trade is transported by ship. In a business-as-usual scenario, total shipping emissions could account for about 18% of worldwide greenhouse gas emissions by 2050 [3]. The shipping industry is responsible for emitting around 1 Gt of CO2 equivalent every year [4]. The decarbonisation of maritime transport is critical to achieve Europe’s targets of zero emissions by 2050 [5] and for the 21st Conference of the Parties’ (COP21) targets. Shipping is one of the lowest emitting freight transport options (10–15 g per tonne-kilometre (g/tkm)); it is lower than rail (19–41 g/tkm), trucking (51–91 g/tkm) and aviation (673–867 g/tkm) [6]. Maritime shipping is, however, responsible for significant emissions of air pollutant and greenhouse gases (18 to 30% of NOx, 9% of SOx, and 3.5 to 4% of CO2 emissions worldwide [7]). The Danish Centre for Energy, Environment and Health (CEEH) found that European ship emissions were responsible for around 50,000 premature deaths every year [8]. The development of alternative energy applications for maritime transport would support a better global environment and improved health locally (along shipping routes).



In 2018, the International Maritime Organization (IMO) agreed to reduce GHG emissions by at least 50% by 2050 compared with a 2008 baseline [9]. Several technological pathways are emerging involving multiple technologies for propulsion and power (i.e., advanced biofuels, hydrogen, ammonia, fuel cells, wind, solar or nuclear) [10]. One of the key factors for maritime transport is the gravimetric energy density and fuel storage. Electric propulsion is considered one of the most energy efficient technology pathways and does not significantly release air pollutants. Despite this fact, battery electric has one disadvantage related to the potential cargo space lost by accommodating the batteries that could negate some of the energy-saving gains, particularly for larger ships on long journeys. This may lead to additional ships being needed to make up for the lost cargo space in order to maintain transport supply [11].



Among the possible alternatives, hydrogen fuel cells are considered as one of the most promising future technologies for maritime transport [12,13]. This perspective has motivated several studies to assess the potential and applicability of such systems in the maritime environment with a number of demonstrator systems [12]. Moreover, fuel cell hydrogen technology could support reducing the lost cargo space due to the higher gravimetric power density of hydrogen than battery and the ability to generate hydrogen onboard through renewable energy (i.e., a wind turbine or solar panel). A combination of hydrogen fuel cell, battery and renewable electricity generation would allow more sustainable maritime transport and reduce the cargo space lost, as the energy can be generated during the journey. The Energy Observer ship [14] is currently exploring this combination in a real-life situation.



The use of excess renewable energy to generate onboard hydrogen by the electrolysis of water is a promising option for storing energy and then providing energy back to the vessel using the hydrogen in a fuel cell. As water and electricity are available to the ship, hydrogen can be generated and stored onboard for use in a proton exchange membrane fuel cell (PEMFC) to generate power onboard the vessel.



PEMFC technology is maturing and is used in a large spectrum of transport vehicles such as cars, trucks, trains and forklifts [2] with tens of thousands of units currently in use worldwide. One of the key influences on PEMFC durability is impurities in the hydrogen with compounds such as sulphur species and carbon monoxide [15,16] reducing the lifetime. Hydrogen quality is monitored carefully for road vehicles through international standard (ISO 14687 [17], ISO 19880-8 [18]) and is related to the production process. In a proton exchange membrane water electrolyser (PEMWE) system, the water feedstock is a critical parameter in the process and could be one of the main sources of contaminants in the hydrogen generated [19].



However, there is currently no study or evidence of the hydrogen quality from a system onboard a ship such as Energy Observer using purified seawater as feedstock for the PEMWE. Understanding the likelihood of contaminant presence in hydrogen produced onboard the vessel is critical to ensure the durability of the system in a maritime environment and for the further development of these technologies. This study focuses on evaluating the probability of contaminant presence in the hydrogen produced by an onboard electrolyser using desalinated and purified seawater and renewable energy.



The probability of contaminant presence follows the guidance of the international standard ISO 19880-8 [18]. Two types of contaminants were considered: 1—contaminants known to impact PEMFC performance (contaminants mentioned in the international standard ISO 14687:2019 [17]) and 2—contaminants emerging from seawater. A measurement of the hydrogen produced onboard a prototype is presented as evidence. This study demonstrates that the proposed concept generates hydrogen of a quality compatible for the long-term operation of a PEMFC and will highlight further research areas.




2. Materials and Methods


2.1. Ship with Hydrogen Generation Onboard System


The system proposed in the study is the Energy Observer ship system. It uses an onboard PEM water electrolyser (PEMWE) fed by renewable energy generated via solar panel, wind turbine and seawater purified onboard to generate hydrogen. The hydrogen is then compressed and stored onboard. The hydrogen is used to generate power to the ship through a Toyota fuel cell stack from the first generation of Mirai [20].



The electrolyser is situated onboard the boat, with seawater being taken directly from the sea, and purified on board. Due to the boat being constantly in motion and taking seawater from many places/sources it is important that marine environment contaminants (i.e., oil spillage, antifouling paint, heavy metals [21,22]) be considered as well as the composition of seawater itself [23]. A schematic of the system is presented in Figure 1.



2.1.1. Seawater Purification System


The seawater is directly taken locally along the ship’s journey. The first step involves a prefiltration (down to 5 µm) to remove very large particulates and in order to avoid any damage to the membrane. Then, desalination of the seawater is carried out using two separate desalination units; both units remove impurities by reverse osmosis (RO) to remove ions. The reverse osmosis semipermeable membrane (SW30, Dow Filtec membrane) acts as a barrier to all dissolved salts and inorganic molecules as well as organic molecules with a molecular mass greater than approximately 100 Daltons (Figure 2). The RO units effectively achieve a high salt rejection of 99.2 to 99.5%. After the two steps of reverse osmosis, the conductivity of the water is approximately 3 µs/cm.



After desalination, there are additional steps to further remove impurities, this includes thin-film composite membrane filtration. The polyamide thin-film composite membrane (TW30 membrane, Dow Filmtec membranes) are semipermeable membranes that can achieve a high salt rejection of 98%. After this step, the conductivity of the water is approximately 1 µs/cm (Figure 2). The final purification is done by mixed bed resins to remove ions dissolved in the water.



This purification system is designed to reach a water conductivity of approximately 0.5 µS/cm. The conductivity of the water is measured at the end of the process to monitor the process performance (requirement: 0.5 µS/cm equivalent to 2 MΩ cm).




2.1.2. PEM Water Electrolyser (PEMWE)


Water electrolysis splits the water electrochemically, generating hydrogen gas at the cathode and oxygen gas at the anode. The vessel electrolyser can produce up to 4 Nm3/h of hydrogen at a 30 Bar gauge and with a dew point equal to −65 °C. The expected purity of the hydrogen is at least 99.9995%. Oxygen production is generated above atmospheric pressure.



The electrochemical reactions take place inside the PEM electrolyser stack. Under the passage of electrical current, water is oxidised into oxygen and protons at the anode. Protons cross through the membrane and are reduced at the cathode to produce hydrogen according to Equations (1)–(3). Water electrolysis also produces heat depending on reaction efficiency.


Anode reaction:   H2O → 2H+ + 2e− + ½ O2



(1)






Cathode reaction:   2H+ + 2e− → H2



(2)






Global reaction:   H2O → H2 + ½ O2



(3)







The fluid schematic presented in the Figure 3 shows a simple view of the electrolyser’s main components.



A pump feeds the stack with water to manage the supply of reactant and the thermal evacuation. Produced oxygen and excess water are returned to the main water tank. Gas is separated from liquid water by gravity and before venting oxygen, a sensor measures hydrogen concentration as part of the safety features. The presence of high hydrogen levels in oxygen reflects membrane or seal defects, which can lead to the creation of an explosive atmosphere. During operation, circulated water is continuously filtered with guard mixed bed resin filter while the water conductivity is monitored. If the water conductivity is higher than 1 µS/cm (equivalent to 1 MΩ.cm) during steady state operation, the electrolysis process is stopped. The membrane of a PEM electrolyser is sensitive to cation poisoning, which can cause a loss of stack performance and a shorter lifetime. Ionic contaminants could also lead to the production of nondesired compounds during operation. Even if deionised (DI) water supply meets conductivity criteria, ions can be generated by the electrolyser itself due to internal component degradation [24,25], such as a porous transport layer and catalyst or ancillary components [26] such as pump, tubing, water tank, or from air dissolution in water, especially during long-term shutdown for both cases. The water at the electrolyser stack inlet must therefore be purified to a very high standard [27], highlighting the importance of the seawater purification system beforehand.



Out of the cathodic stack compartment, hydrogen is exhausted at 45 °C and is water saturated. Moreover, it is mixed with liquid water due to electro-osmosis water flow. Consequently, three additional steps are needed to obtain dry hydrogen. Firstly, a liquid/gas separator allows the removal of water from gas and sends it back to the main water tank. Then a heat exchanger cools gases to around 10/15 °C, condensate water goes down to liquid/gas separator. Finally, a pressure swing adsorption dryer decreases the hydrogen dew point to −65 °C. A dew point sensor monitors hydrogen humidity and can be considered as a barrier for water contamination of hydrogen. The pressure regulator maintains hydrogen pressure at 30 Bar gauge inside the electrolyser. To reach the hydrogen purity target continuously, hydrogen is vented for several minutes during start up.



Due to the permeability of the membrane, the produced gas can cross over from anode to cathode side and vice-versa. This gas permeation involves the presence of oxygen in hydrogen, which is the main source of oxygen contamination during operation. Considering that the rate of oxygen permeation is a function of the applied current [28], maintaining a minimum hydrogen production rate limits the maximum concentration of oxygen in hydrogen (and hydrogen in oxygen concentration). Moreover, stack conception and the chemical composition of the membrane electrode assembly help to reduce gas crossover through the membrane. It is constant for a specific electrolyser, and the permeation rate is diluted in the hydrogen production.





2.2. Probability of Contaminant Occurrence—Risk Assessment Method


The evaluation of the risk of noncompliance to the hydrogen fuel quality requirements should be based on scientific knowledge and ultimately link to the protection of the fuel cell stack. The approach used in the study followed the principles of ISO 19880-8 [18], EN 17124:2019 [29] and an example from literature [19]. To clearly define the probability of occurrence, two questions were used:




	
Possible failures: which events can cause the impurities to be above the threshold value?



	
What is the likelihood that impurities can be above the threshold value?








In this study, only the probability of contaminant occurrence was studied for the electrolyser production method using seawater. The consequence (severity) for the fuel cell stack was not considered as it requires additional study to understand the severity of new compounds identified in the study. For each contaminant of the ISO 14687:2019 specification and any new contaminant identified, a dedicated risk assessment was carried out. The objective was to identify the probability of occurrence to have each contaminant above the threshold values of the specifications given in ISO 14687 [17] in the hydrogen at the end of the production process. The possible cause of contaminant was established compound per compound, based on the technical knowledge of the process. It also considered the existing barriers in the current process and online analysis in the process (i.e., conductivity measurement)



For the probability of occurrence of the event: impurities in hydrogen exceeding the threshold value, Table 1 summarizes the five levels of occurrence classes defined in the study.



A link between the occurrence or frequency and the occurrence in hydrogen refuelling was made to provide an estimate of the event frequency for fuel cell users. In performing an effective risk assessment, the robustness of the data set is important because it determines the quality of the output. Revealing assumptions and reasonable sources of uncertainty will enhance confidence in this output and/or help identify its limitations. The output of the contaminant probability of its presence is a qualitative description of a range of occurrence.



A previous study [19] provided an example of the probability of occurrence of contaminant from a water PEMWE model considering purified tap water as the feed. In this study, the water PEM electrolyser was considered functioning in normal conditions, steady state. The risk assessment also considers any impurities that could arise via the electrolysis process using PEM electrolysis fed with purified seawater.



The water purification system is one of the key aspects of the risk assessment exercise. The seawater composition varies depending on the ship’s location, it is important to consider spot contamination and potential breakthrough in the water purification system. The types of contamination considered are oil contamination, antifouling agents, biocides, biological materials or small particles. Even if these contaminants are not part of ISO 14687’s list of contaminants, it would be important to consider them in the risk assessment and link the probability of their presence to the vessel routes (i.e., contaminated areas on the route, harbour location, spillage event).




2.3. Sample Analysis


2.3.1. Hydrogen Gas Analysis from Energy Observer


Hydrogen sampling was performed at the hydrogen storage pressurised tank of the Energy Observer ship. Samples were taken into four cylinders provided by NPL. They were filled by the same hydrogen process and considered collectively as the energy observer sample. The cylinders provided by NPL were 10 L aluminium cylinder with SPECTRA-SEAL treatment (BOC, UK) evacuated below 10−5 mbar. The sampling cylinders were filled to 21 bar by direct transfer from the hydrogen storage pressurised tank. The samples were analysed within one month after arrival to NPL.



The National Physical Laboratory (NPL, UK) is a national metrology laboratory and has developed analytical methods to measure the hydrogen fuel contaminants listed in ISO 14687. The analyses were performed for the following compounds: N2, O2, Ar, CO, CO2, CH4, nonmethane hydrocarbons (NMHC), total sulphur, halogenated compounds, ammonia, formaldehyde, formic acid, H2O, He, ions (ammonium ion, sodium ion, calcium ion, nitrate ion, magnesium ion, potassium ion, lithium ion, chloride ion) and trace elements (Si, P, Al, B, Be, Sc). The analytical methods used were NPL internal methods and accredited ISO 17025 methods for the following contaminants (N2, O2, Ar, CO, CO2, CH4, NMHC, total sulphur, H2O, He). All analyses were calibrated using NPL gravimetric gas standards in hydrogen matrix gas. Gravimetric standards and/or dynamic standards (prepared by dilution using mass flow controller system (Bronkhorst, NL)) were used to generate calibration curve ranges covering the EN 17,124 and ISO 14687 thresholds and the measured values (as long as it is above the limit of detection). The data was scrutinised; however, no result was discarded without a technical reason. Trace elements and ion analysis was performed after the gas passed through an impinger system. Then the impinger water was analysed inductively by coupled plasma mass spectrometry (ICP-MS) and ion chromatography (IC). The calibration curve, results of analysis and associated uncertainties were determined using NPL software XLGENline [30]. An expanded uncertainty was provided with 95% confidence level. In some cases, a more conservative uncertainty was derived from scientific experience. Detailed information about the analytical methods is provided in Supplementary Materials.




2.3.2. Water Analysis


A sample of water was taken from the water tank of the Energy Observer ship into a 250 mL polyethylene bottle. The water sample was stored at 4 °C until analysis. The analysis was done less than 2 weeks after reception at NPL. Trace elements and ions analysis were performed by ICP-MS and IC. The ion chromatography analysis results are traceable to NPL’s calibration solutions, which are gravimetrically prepared using traceable certified reference materials.






3. Results


3.1. Probability of Occurrence


3.1.1. Contaminants Known to Impact PEMFC Performance (ISO 14687)


Based on the model described in Figure 1, Figure 2 and Figure 3, the probability of contaminant occurrence for the onboard Energy Explorer ship electrolyser system is discussed in this section for each relevant contaminant. Several contaminants (helium, methane, carbon monoxide) are not discussed as they are expected to be completely absent from the production process. Contaminants with a probability of presence of very unlikely (ammonia, argon, formaldehyde, formic acid and total hydrocarbons) are not detailed in this section but in the additional material 1.



Nitrogen: Four sources of nitrogen were identified: (i) air dissolved in seawater, (ii) air intake, (iii) pure nitrogen/air used as a purging/inerting/actuating gas and (iv) nitrate in water converted to nitrogen at the electrolyser. The presence of dissolved air in the seawater or an air intake in the water pretreated in a plastic tank (air exchange) are considered as two sources of nitrogen. The equilibrium concentration of dissolved nitrogen in water at ambient temperature (25 °C) and atmospheric pressure (1 atm), calculated using Henry’s Law [31], is around 14 mg/L (equivalent to 6–7 µmol/mol). As the nitrogen threshold in ISO 14687 is 300 µmol/mol, dissolved nitrogen is not sufficiently abundant to allow 300 µmol/mol in the hydrogen gas. Gases are known to routinely cross over the PEM within the electrolyser, however, this is rather unlikely to reach the ISO 14687 threshold due to the very low concentration of dissolved nitrogen. The presence of nitrate in the water used by the electrolyser is highly unlikely as the presence of a mixed bed resin filtration and online conductivity measurement set at a low threshold were considered sufficient to set the occurrence of nitrogen from this nitrate presence to extremely low. It requires a double failure of the conductivity measurement and the resin exchange filtration to allow nitrate in the water intake of the PEM electrolyser.



Nitrogen or air are commonly used to actuate pneumatic valves. Any leakage of air or nitrogen from the valve may become a source of nitrogen in the hydrogen gas. However, it was considered unlikely as it would be an issue for the process and detected by the pneumatic valve monitoring. The last possible source is insufficient purging after a maintenance operation leading to contamination of the hydrogen in the system. Maintenance should be carried out by trained staff following specific procedures; however, this is perceived as a possible occurrence. Therefore, the probability of occurrence of nitrogen was set to 2.



Carbon dioxide: Several carbon dioxide sources can be found in the process: (i) dissolved CO2 in seawater, (ii) oxidation of carbon-based impurities into CO2 and (iii) air intake in the onboard plastic tank. The high potential of the anode in the PEMWE is capable of electrochemically oxidising organics into CO2 [28]. The generation of CO2 in the electrolyser due to other impurities would require a significant amount of organic carbon in the purified water. The different purification steps involved in the system are enough of a barrier to reduce the total organic carbon to a level below 1 µmol/mol. All dissolved CO2 found in the seawater passes the membrane to the permeate (around 0.5 µmol/mol). As soon as this water is dispensed into a vessel (i.e., onboard plastic tank) it may come into contact with air. The oxygen and nitrogen contents do not change significantly but CO2 may rapidly be absorbed from the air. Like other gases, CO2 passes unaltered through filters. The actual fraction of dissolved CO2 will vary based on different water parameters (i.e., pH, equilibrium with air, pressure) and due to the possible appearance of bicarbonate and carbonate ions. However, the estimation of dissolved CO2 was considered below 1 µmol/mol in the water which is lower than the ISO 14687 threshold. The presence of carbonate ions can, in effect, be retained on anion exchange resins, therefore, their contribution in increasing the level of dissolved CO2 may be low. Therefore, the conductivity measurement can be used as a barrier to detect a high content of CO2 due to the presence of carbonate ions. Therefore, the probability of occurrence of carbon dioxide above ISO 14687 was set to unlikely and 1.



Oxygen: Four sources of oxygen were investigated: (i) oxygen dissolved in seawater, (ii) air intake, (iii) pure air used as purging/inerting/actuating gas and (iv) electrolyser. The presence of dissolved air in the seawater or air intake in the water pretreated in the plastic tank (air exchange) are considered as sources of oxygen. The concentration of dissolved oxygen in water at ambient temperature is around 8.9 mg/L using Henry Laws. The PEM membrane (low crossover through the membrane) was considered as a last existing barrier leading to the probability of occurrence of oxygen above ISO 14687 to be unlikely from this source. A leakage of air from the pneumatic valve may be a source of oxygen in the hydrogen gas. However, it was considered very unlikely as it would be an issue for the process and would be detected on the pneumatic valve monitoring. The main sources of oxygen in the hydrogen may be the electrolyser process itself. Compared to dissolved oxygen in water that come from various sources, the majority of oxygen comes from the anode compartment where water is split into oxygen and protons. It is widely known that oxygen may cross over into the anode side during operation. Up to 0.1 vol.% of O2 was reported in the hydrogen gas when a lab-scale PEM electrolyser was operated using a Nafion 117 membrane [32]. The membrane employed on the Energy Observer uses a recombination catalyst embedded within the membrane to mitigate gas crossover. The recombination catalyst, typically Pt based, works by recombining H2 and O2 chemically into water. The concept has been shown to effectively mitigate H2 crossover into the anode chamber [33] and also works the other way around in preventing O2 contaminating the hydrogen gas. In addition, the cathode chamber is operated at elevated pressure, further reducing the likelihood of O2 contamination through membrane crossover. It should be noted that different electrolyser manufacturers may employ a different strategy and choose a membrane with no recombination catalyst inside. In this case, an external purification system, such as pressure swing adsorption (PSA) is implemented. Oxygen presence above ISO 14687 is considered possible and set to class 2.



Water: Water is a reactant in the electrolysis process that is typically supplied at the anode side only. Four possible sources of water in the hydrogen produced were considered: (i) permeation through the PEM membrane due to electro-osmosis and diffusion, (ii) oxygen conversion into water, (iii) hydrogen water saturated and (iv) hydrogen drying malfunction. Out of the four, water permeation through the membrane plays the most prominent role. Electro-osmosis drag takes place when water is transported along with the proton from the anode to the cathode. The dragged water will be higher at high current density and high temperature [34]. Even if there are several sources of water contamination, the presence of a PSA and a dew point hygrometer (with set point at −65 °C dew point) represents a significant barrier to avoid the presence of water above 5 µmol/mol in hydrogen. Finally, the procedure may ensure venting of gas production after restart (time of venting depend on the installation) to avoid ambient water still present in the pipeline. Following these reasons, water was considered unlikely and set to class 1. The system is not cooling hydrogen for fast refuelling therefore the impact of water on the fuel cell system needs to be reconsidered for this application compared to ISO 14687 and ISO 19880-8 guidelines.



Total sulphur components (includes sulphate ions): Even if the presence of sulphur compounds is unlikely in a conventional PEM water electrolyser, the use of seawater as a raw material needs to be investigated. Sulphate ions from seawater (2639 mg/kg) [35] are some of the most abundant ions in seawater and a preponderant source of sulphur. It would contribute to the overall total sulphur fraction against a target threshold set at 4 nmol/mol. To mitigate this risk, the prefiltration prior to reverse-osmosis, together with the desalination itself and finally the resin filtration are considered barriers to most ions. The conductivity measurement (with alarm if conductivity is above 0.5 µS/cm) is the last barrier to ensure that the fraction of ions is at nmol/mol level when reaching the electrolyser. Another source of sulphur compound is correlated with material gaskets or valve seats. If the material is not correctly selected, a release of nmol/mol of sulphur could contaminate the hydrogen. To avoid this, the selection of the material should exclude any sulphur-containing material. The probability of occurrence of sulphur compounds in the hydrogen was set to possible (2) due to the lack of technical evidence and the prevalence of sulphate ions in the seawater. Despite technical evidence that sulphates may not be harmful to fuel cells, it would be part of the total sulphur budget as defined in the ISO 14687 requirements. Further studies may lead to a change in the total sulphur budget. As it is required to demonstrate that the total sulphur content is below the ISO 14687 threshold, therefore the probability of occurrence is set to possible (2) but could be decreased to very unlikely (0) based on technical evidence.



Halogen and chloride ions: One of the main potential contaminant sources is the seawater composition. Chloride ions make up the largest proportion of salts dissolved in seawater (around 19 g/kg of Cl−). The prefiltration prior to reverse-osmosis, together with the desalination itself and finally the resin filtration are considered barriers to most ions. The conductivity measurement is the last barrier to ensure that the fraction of ions is at nmol/mol level when reaching the electrolyser. At the anode of the electrolyser, chloride ions can be oxidised through a side reaction into Cl2. The generated chlorine gas can easily permeate into the hydrogen side and contaminate the hydrogen which may contribute to key halogenated hydrocarbons. As a high fraction of Cl2 could damage the fuel cell stack [36], it is critical to ensure that sufficient barriers are present to avoid key halogenated (chlorine basis) to be over 50 nmol/mol (ISO 14687). Considering the conductivity measurement threshold, it is expected that the ion fraction would be below µmol/L. However, the chlorine ion crossover of the membrane is difficult to estimate, therefore, the probability of occurrence of chlorine ions in the hydrogen was set to unlikely (value of 1) due to the lack of technical evidence and their prevalence in the seawater. For organo-halogenated compounds that could be present in the seawater (pollution), the reverse osmosis purification unit is considered a sufficient barrier to consider the probability of occurrence to be zero.



Table 2 summarises the probability of occurrence of the ISO 14687 contaminants from an electrolyser using purified seawater onboard a ship like the Energy Observer.




3.1.2. Contaminant Originating from Seawater and Not Regulated in ISO 14687


In the evaluation of contaminant presence, additional contaminants not currently regulated in ISO 14687 were considered due to their presence in the seawater. As the contaminants are unregulated, the probability of presence is not based on internationally agreed thresholds but on assumptions. Table 3 summarises the findings for these contaminants originating from seawater.



Seawater compounds including sodium and inorganic carbon: One of the main potential contaminants of an electrolyser using purified seawater is the main composition of the seawater [23]. Chloride and sodium ions make up the largest proportion of salts dissolved in seawater (19,000 mg/kg of Cl− and 10,500 mg/kg of Na+). Other ions are significantly present in seawater, such as magnesium ions (1300 mg/kg), calcium ions (400 mg/kg), potassium ions (380 mg/kg) or at lower amount fraction bromide (65 mg/kg), strontium (13 mg/kg), boron (5 mg/kg), fluoride (1.4 mg/kg) ions. Most of these ions are removed completely through the prefiltration prior to reverse-osmosis, desalination, and the ion exchange resin. The conductivity measurement is the last barrier to ensure that the fraction of ions is at nmol/mol level when reaching the electrolyser. Considering the existing ISO 14687, there is no precise requirement on ions except a recommendation linked to the water fraction in the annex of ISO 14687:2019 [17]. As long as the water fraction is maintained below the threshold of 5 µmol/mol, the transport mechanism for water-soluble contaminants such as K+ and Na+ when present as an aerosol would not allow the level of ions (i.e., K+, Na+) to exceed 50 nmol/mol [18]. Considering the conductivity measurement threshold, it is expected that the concentration of all the ionic compounds are below µmol/L level. For these reasons, the probability of the occurrence of ions in the hydrogen was set to very unlikely (0) except for Na+ set to unlikely (1), due to the lack of technical evidence and their prevalence in seawater. These probabilities may need to be revised based on technical evidence and the potential impact of some ions on the fuel cell system at a low fraction.



Inorganic carbon as carbonate (excluding CO and CO2): Inorganic carbon particulate present in seawater (30 mg/kg) would be expected to be removed in a prefiltration step that is required before desalination/reverse osmosis. Subsequently, any smaller particulate would be removed in the reverse-osmosis process. Therefore, the conductivity measurement can be used as a barrier to detect a high content of inorganic carbon due to the presence of carbonate ions. For these reasons, the probability of the occurrence of inorganic carbon in the hydrogen was set to very unlikely (0).



Contaminant originating from seawater: Another category of contaminant investigated were chemical compounds originating from seawater pollution. Three categories were considered as chemical contaminants in seawater (e.g., antifouling paints containing tributyltin (TBT)), biocides (copper salts), heavy metals (i.e., mercury, cadmium, lead), biological materials in seawater (sewage, plant/animal matter). Chemical contaminants in seawater were considered, especially antifouling paints (organotin tributyltin), biocides (copper salts). TBT paint has been prohibited since 2008, however, TBT still impacts some localised European coastal ecosystems [37]. Copper-based biocides have been the main alternative to TBT-paints [22]. Most of the biocides and booster biocides (i.e., Diuron) [22] are large complex metal-based molecules which would be filtered by the reverse osmosis systems, thin film and exchange resin. Most antifouling paints and biocide molecules have a mass above 200 Daltons and therefore, the probability of their presence is very unlikely and set to zero. Heavy metals are known to be present and could be found in seawater, however, they are often present in the colloidal phase or in solid form (i.e., particulate) [38]. The purification process will remove any molecule above 200 Daltons and therefore the probability of any heavy metal presence is very unlikely and set to zero. The presence of biological materials in seawater from various human activities (sewage, plant/animal matter). There are multiple examples of sea and ocean coastal areas contaminated by biological materials. Most of the biological materials will be in the form of large molecules that the prefiltration and the reverse osmosis would be expected to remove, due to the large molecular size of the biological materials.




3.1.3. Contaminants Originating from Seawater Purification


Antiscaling and antifouling inhibitors: antiscaling and antifouling inhibitors (i.e., acids, organic polymers, polyacrylamide, polymaleic acid, phosphonates, polyphosphates, biocides, ozone, sodium, calcium hypochlorite) were considered as a source of contamination from the purification system itself. It should be considered that it is part of the normal maintenance process of the purification system. So, adherence to the maintenance protocol should avoid the presence of any of these compounds. Most of these compounds are particulate and would not pass through the reverse osmosis or filters. It is recommended to rinse thoroughly the system after maintenance and ensure that a proper procedure is in place to define the length of rinsing prior to the use of the purified water. The conductivity measurement will provide a last barrier informing that the purification process is not functioning correctly. The probability of the presence of these compounds was set to very unlikely.



Filtration materials: The compounds from the filtration system as sodium polystyrene sulphonate or trimethylammonium groups (CH3)3NR+OH−) have been considered but not expected to be present above the ISO 14687 threshold as long as maintenance is performed according to the filtration manufacturer’s recommendations. Therefore, the probability of the presence of these compounds was set to very unlikely.



Oil contaminants: The purification process and the compression process include a few compressors and pumps. The pump that provides the seawater into the system could potentially leak oil. In this situation, the leakage would be noticed due to process monitoring and the leakage would be tackled by the purification system (most oil compounds are above 200 Dalton). In this situation, the probability that oil contaminants would not be stopped by the purification filter is unlikely. Another potential contamination could be in the compression of the hydrogen produced by the electrolyser. The hydrogen is stored under pressure to minimise storage space. The compressor using oil may leak in a case of malfunction, maintenance issues or failure. This situation is unlikely as the process is monitored, the event may be considered as unlikely. Therefore, the probability of the presence of oil contaminant was set to unlikely (1).





3.2. Analytical Results


3.2.1. Purified Water Composition


The sample of purified water from a prototype system designed for onboard application was tested. Results for elemental compounds and ions are provided in Table 4. It can be noticed that none were quantified above detection limit except calcium, sodium, chloride and sulphate ions. The reported values were consistent with the conductivity of 0.5 µS/cm. The four ions quantified were consistent with seawater composition representing approximately 250 nmol/mol of ions in solution. Considering the guideline of 0.05 µmol/mol of ions in hydrogen reported in ISO 14687 [18], it would require the crossover of 50% of all chlorine ions or sodium ions in solution into the hydrogen gas to reach the guideline. Therefore, the ion crossover is a vital parameter to monitor, to avoid significant contamination of the hydrogen gas produced.



The results of the analysis clearly support the probability of presence of all ions (except sodium and chloride) to be defined as very unlikely (0). It was noticed that some elemental compounds had a higher limit of detection above 50 nmol/mol. It is recommended to continue monitoring the performance of the purification system by elemental analysis of the water produced especially for the four ions detected (sodium, calcium, sulphate and chloride ions). While it is not the scope of this work to evaluate electrolyser durability, it is of note that even 1 µmol/mol of cation has been reported to be able to degrade performance in a lab-scale electrolyser [39]. The longevity of the electrolyser on-board should be thoroughly investigated in future work, to assess whether this water quality is sufficient to sustain long maritime operations.




3.2.2. Hydrogen Quality after Compression


A sample of hydrogen produced by the onboard electrolyser fed by purified seawater was tested for quality by NPL. The hydrogen gas was tested for the contaminants mentioned in ISO 14687:2019. The results are presented in Table 5.



These results of the analysis demonstrate that the hydrogen produced onboard the pilot ship is compliant with the ISO 14687 standard. The level of oxygen, nitrogen, water and carbon dioxide are below the ISO 14687 threshold which is in coherence with the probability of occurrence “unlikely”. All the other compounds are below the detection limit as expected from the probability of occurrence exercise. It is important to note that the “total sulphur” fraction was below the detection limit and considered to be absent. These results tend to support a decrease in the sulphur probability of presence, however, further measurement may be required in a more polluted environment.



An interesting finding in Table 5 and Table 6 was the low fraction of halogenated compounds in the sampled hydrogen, while 223 ± 30 µg/L of chloride ions were present at the inlet of the water electrolyser. It would support the low cross over of chloride ions through the electrolyser membrane. Therefore, as long as the presence of Cl in the water stays within the conductivity limit, the ions may not be a concern for hydrogen fuel production.






4. Discussion—Perspective for Hydrogen Quality Monitoring


This study presents the first evaluation of contaminant presence from an electrolyser using purified seawater. The contaminants highlighted by the expert knowledge (Table 7) are coherent with the process and with the seawater and its purification system on the Energy Observer. The hydrogen fuel measurement showed that the hydrogen fuel produced was highly pure and coherent with the requirement of ISO 14687:2019. It tends to prove that some contaminants, such as total sulphur may be relaxed from the “possible” to “unlikely” probability. The additional contaminants (outside the ISO 14687 scope) considered were not observed at a significant fraction (below the analytical method limit of detection in most cases).



For future maritime applications, it is critical to understand the boundaries of this system (i.e., seawater purification limits), and any additional requirements to ensure the quality control of the hydrogen produced (i.e., sensors). This study has highlighted that nitrogen, oxygen and water needs specific attention (Table 7). Several contaminants (i.e., sulphur, due to local pollution) may require attention or additional process control (choosing the location of the seawater intake). Moreover, when considering maritime application, it is important to have a reliable sensor or analyser onboard to monitor some contaminants on a regular basis. It may be more complicated to manage failure or loss of performance while at sea compared to road transport. Currently, the conductivity and dewpoint sensor already onboard Energy Observer are routine control measures for quality monitoring of this type of system. Nitrogen, sulphur and oxygen sensors may need to be developed to allow control of the preponderant contaminants for this system.




5. Conclusions


This study demonstrated that an electrolyser using onboard purified seawater can generate hydrogen compliant with ISO 14687 quality standard and with fuel cell stack requirements. This study presents the first hydrogen quality measurement from an electrolyser using purified seawater on a ship (the Energy Observer). The probability of contaminant presence was proposed based on the ISO 19880-8 guidelines in order to define the quality control requirements for the process. It highlights the fact that few contaminants need monitoring or additional barriers (nitrogen, oxygen, water and total sulphur) and with lower importance (carbon dioxide, oil contamination and chloride ions). This study demonstrates that the current system on the Energy Observer is providing hydrogen fuel compliant to ISO 14687:2019 and may not require complex quality monitoring.



To further progress the hydrogen as a fuel for maritime application, it may be interesting to investigate the potential impact and presence from contaminants not currently listed in the ISO 14687 standards. The study highlights the fact that seawater may contain contaminants currently unregulated and not studied as anion, cations or heavy metals. While it is not the scope of this work to evaluate the electrolyser’s durability, it is of note that even 1 ppm of cation has been reported to be able to degrade performance in a lab-scale electrolyser.



Another important aspect related to the use of seawater is its variability in composition and contamination. It is important to realize that local contamination due to human activity could significantly disturb the seawater purification system and could impact the final purity. It is, therefore, recommended to avoid using the seawater in the vicinity of large industrial areas, large cities or harbours, unless the impact is known.



Therefore, a future perspective would be to investigate the impact of new and known contaminants related to seawater, their transfer to the hydrogen in the electrolysis process, and if found at relevant levels, how they would impact the fuel cell performance and lifetime.
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Figure 1. Schematic of the hydrogen production, storage and use on the Energy Observer vessel. 
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Figure 2. Schematic of the seawater purification system from seawater down to deionised water used to feed the PEMWE. An approximative conductivity value is presented for each step of the processes. 






Figure 2. Schematic of the seawater purification system from seawater down to deionised water used to feed the PEMWE. An approximative conductivity value is presented for each step of the processes.



[image: Processes 09 01252 g002]







[image: Processes 09 01252 g003 550] 





Figure 3. Simplified scheme of electrolyser device including main components. 
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Table 1. Definition of the occurrence or frequency for the probability of contaminant occurrence.
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	Occurrence Class
	Class Name
	Occurrence or Frequency





	0
	Very unlikely (Practically impossible)
	Contaminant above threshold never been observed for this source/supply chain/station



	1
	Unlikely
	Known to occur at least once for this source/supply chain/station



	2
	Possible
	Has happened once a year for this source/supply chain/station



	3
	Likely
	Has happened more than once a year for this source/supply chain/station



	4
	Very likely
	Happens on a regular basis for this source/supply chain/station
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Table 2. Probability of occurrence of ISO 14687 contaminants in hydrogen produced from onboard electrolyser using purified seawater. Some probabilities proposed may be changed based on technical evidence.
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	Contaminant
	Threshold

[µmol/mol]
	Possible Cause
	Existing Barrier
	Probability





	Nitrogen
	300
	Air dissolved in sea water

Leak at electrolyser

Air intake into water tank
	PEM membrane crossover

H2 pressure > air pressure

Operational procedure
	2



	Argon
	300
	Possibly presence from air dissolved in seawater

Leak at electrolyser
	PEM membrane crossover

H2 pressure > air pressure

Operational procedure
	0



	Helium
	300
	Not expected to be present
	
	0



	Methane
	100
	Not expected to be present
	
	0



	Oxygen
	5
	Generated at anode

Membrane crossover

Air dissolved in sea water

Leak at electrolyser
	H2 pressure > air pressure

Pt particle convert O2 in H2O

Operational procedure
	2



	Carbon dioxide
	2
	Air dissolved in sea water

Leak at electrolyser

Air intake into water tank
	reverse osmosis, ion exchange membrane, conductivity measurement

PEM membrane
	1



	Carbon monoxide
	0.2
	Not expected to be present
	
	0



	Water
	5
	Reactant, through PEM membrane
	Operating procedure
	2



	Sulfur
	0.004
	Material (gasket, seal)

Seawater composition
	Material choice

Desalination, reverse osmosis
	2 *



	Ammonia
	0.1
	Water on anodic side

Local seawater pollution
	Reverse osmosis, PEM membrane
	0 **



	Total hydrocarbons
	2
	Local seawater pollution
	Reverse osmosis, PEM membrane
	0 **



	Formaldehyde
	0.2
	Not expected to be present

Local seawater pollution
	Reverse osmosis

PEM membrane
	0 **



	Formic acid
	0.2
	Not expected to be present
	
	0



	Halogens
	0.05
	Water at anodic side
	Reverse osmosis, water purification
	0



	chloride ions
	0.05
	Seawater composition
	Reverse osmosis, water purification
	1 *







* probability may be reduced based on technical evidence and measurements; ** avoid using water for the electrolyser when reaching known contaminated water area (i.e., industrial regions, harbours) until further evidence available.
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Table 3. Probability of occurrence of seawater contaminants in the hydrogen produced from onboard electrolyser using purified seawater.
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	Contaminant
	Threshold

[µmol/mol]
	Possible Cause
	Existing Barrier
	Probability





	Ions (including sodium and heavy metal)
	0.05
	Seawater composition
	Reverse osmosis

Anion exchange

Conductivity measurement
	0

Or

1 (for sodium)



	Chemical contaminant (antifouling paints, biocides)
	n.a.
	Human contamination and aquaculture

Purification system
	Reverse osmosis

Anion exchange

Conductivity measurement
	0



	Heavy metal
	n.a.
	Industrial contamination
	Reverse osmosis

Anion exchange

Conductivity measurement
	0



	Biological material
	n.a.
	Sewage, plant/animal material
	Maintenance of the purification system

Filter

Reverse osmosis

Anion exchange
	0
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Table 4. Results of analysis of ions and elemental compounds from purified seawater before use in the electrolyser. (1) Other chemical elements include V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Br, Rb, Sr, Zr, Nb, Mo, Ru, Rh, Pd, Ag, Cd, In, Sn, Sb, Te, I, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, Re, Os, Ir, Pt, Au, Hg, Tl, Pb, Bi, Th, U.






Table 4. Results of analysis of ions and elemental compounds from purified seawater before use in the electrolyser. (1) Other chemical elements include V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Br, Rb, Sr, Zr, Nb, Mo, Ru, Rh, Pd, Ag, Cd, In, Sn, Sb, Te, I, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, Re, Os, Ir, Pt, Au, Hg, Tl, Pb, Bi, Th, U.





	Chemical Element
	Measured Value
	Units





	Si
	<20
	mg/L



	P
	<20
	µg/L



	Al, B
	<200
	µg/L



	Ammonium ion
	<50
	µg/L



	Sodium ion
	122 ± 17
	µg/L



	Calcium ion
	85 ± 30
	µg/L



	Nitrate ion
	<50
	µg/L



	Magnesium ion
	<50
	µg/L



	Potassium ion
	<50
	µg/L



	Lithium ion
	<50
	µg/L



	Chloride ion
	223 ± 30
	µg/L



	Be, Sc, Zn, Fe
	<3.0
	µg/L



	Sulfate ion
	26 ± 7
	µg/L



	Other chemical elements (1)
	<1.0
	µg/L
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Table 5. Results of hydrogen gas quality from ship onboard electrolyser according to ISO 14687:2019 list of contaminants.
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	Compound
	Measured Value
	Units





	Nitrogen
	4.59 ± 0.11
	µmol/mol



	Helium
	<10
	µmol/mol



	Argon
	<1.0
	µmol/mol



	Oxygen
	0.60 ± 0.10
	µmol/mol



	Water
	<0.6
	µmol/mol



	Nonmethane hydrocarbons
	<50
	nmol/mol



	Carbon dioxide
	<30
	nmol/mol



	Methane
	<25
	nmol/mol



	Carbon monoxide
	<30
	nmol/mol



	Formic acid
	<30
	nmol/mol



	Ammonia
	<30
	nmol/mol



	Formaldehyde
	<10
	nmol/mol



	Total halogenated compounds
	<37
	nmol/mol



	Individual organo-halogenated compounds
	<4
	nmol/mol



	Total sulphur compounds
	<1.2
	nmol/mol
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Table 6. Results of elemental analysis from hydrogen gas. The hydrogen was passed through a filter that was then analysed for chemical elements. (1) Other chemical elements include V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Br, Rb, Sr, Zr, Nb, Mo, Ru, Rh, Pd, Ag, Cd, In, Sn, Sb, Te, I, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, Re, Os, Ir, Pt, Au, Hg, Tl, Pb, Bi, Th, U.






Table 6. Results of elemental analysis from hydrogen gas. The hydrogen was passed through a filter that was then analysed for chemical elements. (1) Other chemical elements include V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Br, Rb, Sr, Zr, Nb, Mo, Ru, Rh, Pd, Ag, Cd, In, Sn, Sb, Te, I, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, Re, Os, Ir, Pt, Au, Hg, Tl, Pb, Bi, Th, U.





	Component
	Measured Value
	Units





	Si
	<20
	µmol/mol



	P
	<0.5
	µmol/mol



	Al, B
	<0.20
	µmol/mol



	Ammonium ion
	<60
	nmol/mol



	Sodium ion
	<50
	nmol/mol



	Calcium ion
	<50
	nmol/mol



	Nitrate ion
	<50
	nmol/mol



	Magnesium ion
	<40
	nmol/mol



	Potassium ion
	<30
	nmol/mol



	Lithium ion
	<50
	nmol/mol



	Chloride ion
	<20
	nmol/mol



	Be, Sc
	<10
	nmol/mol



	Sulfate ion
	<4.0
	nmol/mol



	Other chemical elements (1)
	<1.0
	nmol/mol










[image: Table] 





Table 7. Summary of contaminant presence in the PEMWE using purified seawater onboard Energy Observer.






Table 7. Summary of contaminant presence in the PEMWE using purified seawater onboard Energy Observer.





	Probability of Contaminant Presence
	PEM water Electrolysis Process with TSA





	Very Likely
	None identified



	Likely
	None identified



	Possible
	N2, O2 and H2O, sulphur compounds *



	Unlikely
	CO2, oil contaminant, chloride and sodium ions



	Very unlikely
	He, Ar, CO, CH4, CH2O, CH2O2, NH3, hydrocarbons compounds, organo-halogenated compounds







* total sulphur may be relaxed from the “possible” to “unlikely” probability based on analytical results.
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