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Abstract

:

A nanosecond pulsed non-equilibrium plasma reactor is used to crack hydrocarbons into hydrogen and lighter intermediates at atmospheric pressure and warm temperature. The effects of power, capacitance, breakdown voltage, pulsing frequency, energy per pulse, and carrier gas type are investigated for product generation. Multiple gaseous products including hydrogen and hydrocarbons are calculated and compared at different conditions. A statistical analysis is performed on hydrogen yield for different experimental conditions to determine the significance of the studied parameters. Comparable hydrogen yields are produced when using methane (4 to 22 g-H2/kWh) as a carrier gas as compared to argon (7 to 14 g-H2/kWh). Although, notably, the methane carrier is more selective to hydrogen and sensitive to other operating parameters, the argon is not. Statistical analysis shows that plasma power, capacitance, and energy per pulse appear to influence hydrogen yield while pulsing frequency and breakdown voltage do not. A higher yield of hydrogen is achieved with low plasma power and a low energy per pulse, with a low capacitance for both cases of pure CH4 and pure Ar. The results show that low plasma power based on a low energy per pulse of <10 mJ is preferable for hydrogen production in a batch reactor. This CO2-free hydrogen production method produces hydrogen from fossil fuels at less than USD 2/kg in electricity.
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1. Introduction


Continuous global population and economic growth, combined with rapid urbanization, have resulted in a massive increase in energy demand [1,2]. The conventional energy supply model is based on depleting hydrocarbon (fossil fuel) energy resources that are geographically dispersed and difficult to extract [3,4]. This process emits enormous Greenhouse Gases (GHGs) in our atmosphere, which is the primary cause of global warming [5,6,7,8,9]. Renewable Energy (RE) resources will be critical in the transition to a more sustainable and clean energy system [10,11]. The elegant idea of storing RE in a storable, transportable, and usable energy carrier such as hydrogen may be the solution [12,13]. In comparison to fossil hydrocarbon fuels, hydrogen is not abundant in nature [14]. It can, however, be produced from many primary energy sources and then used as a fuel in an internal combustion engine or a fuel cell, producing only water as a byproduct and zero carbon emissions [15,16,17]. As a carbon-free fuel with the highest energy content, hydrogen is widely accepted as an environmentally secondary source of renewable energy in place of fossil fuels. Additionally, when supported by appropriate storage technologies, hydrogen can be used for domestic consumption [18,19,20,21]. The primary impediment to using hydrogen gas as a fuel is its scarcity in nature, the requirement for low-cost production methods, and the inherent difficulties in transportation and storage. Many developed countries’ energy development strategies recognize the importance of hydrogen for the future energy economy (e.g., the European Commission’s European roadmap for hydrogen and fuel cells [22,23] and the US Department of Energy’s “National hydrogen energy roadmap” [24]). Lower production costs and higher production efficiency are two of the DOE’s 2020 targets for hydrogen production on a distributed scale. The hydrogen economy and market will also expect exponential growth in the next few decades. For example, one study concludes that the European Union (EU) and the UK could see a hydrogen demand of 2300 TWh (2150–2750 TWh) by 2050. This corresponds to 20–25% of the EU and UK final energy consumption by 2050.



There are numerous processes available for producing H2, namely conventional and renewable technologies. The first category involves the processing of fossil fuels and includes the hydrocarbon reforming and pyrolysis processes. Steam reforming, partial oxidation, and auto-thermal steam reforming are the chemical techniques used in the hydrocarbon reforming process [25,26]. Currently, the catalytic hydrocarbon reforming process is the most developed and cost-effective method of producing hydrogen. Along with the hydrocarbon, the other reactant in the reforming process is either steam or oxygen, which is referred to as steam reforming or partial oxidation [27,28]. Methane has been the most frequently used hydrocarbon for hydrogen generation to date. However, because the catalytic reforming of methane requires a relatively high temperature (>300 °C), it is limited in some applications, such as vehicles, where a rapid ignition/response is required. Additionally, the deactivation of expensive catalysts caused by coke formation is a problem that must be resolved [29,30]. Green hydrogen made from water electrolysis at low temperatures with renewable electricity is being viewed as the key to decarbonizing the energy sector; its cost, however, is still too high to be widely adopted in industry. The hydrocarbons used in this research including methane and liquid hydrocarbons do not have to be fossil-fuel-based. There is an increasing number of renewable hydrocarbons such as renewable natural gas and biofuel. If we use our technology to produce hydrogen from renewable hydrocarbons, the process will be carbon-negative.



Plasma technologies have progressively gained attention for their use to generate hydrogen due to the following characteristics: easy to turn on and off, better compatibility with a wide range of hydrocarbons, elimination of expensive catalyst and fouling, insensitivity to trace impurities in the gas stream, and compactness [31]. Atmospheric or low-pressure plasmas can be used. While low-pressure plasmas like radio-frequency (RF) or microwave (MW) plasmas have the potential to achieve high hydrocarbon conversion and good H2 selectivity, the low H2 production rate and the extra energy required for the vacuum device limit their practical application [32]. Atmospheric plasma can be divided into two forms based on the temperature of the gas: thermal plasma and non-thermal plasma. In a thermal plasma, such as a plasma torch, all charged species (electrons and ions) and neutral species (atoms, molecules, radicals, and excited species) are essentially in thermal equilibrium [33]. The gas temperature ranges from 1000 to 10,000 K. Corona discharge, dielectric barrier discharge (DBD), and surface discharge, on the other hand, exist in a thermally non-equilibrium condition, with the electron temperature (10,000–100,000 K or 1–10 eV) being much greater than the gas temperature (<500 K) [34,35]. Plasma cracking occurs in non-thermal plasma (NTP) reactors when free electrons with a mean energy of 1–10 eV collide with neutral molecules, and break C–C and C–H bonds (with a mean energy of 3–4 eV) [36]. Small, activated radicals are created because of these collisions, which are recombined to produce lighter molecules including hydrogen and small hydrocarbons. Several works have been conducted recently to produce hydrogen using plasma [37,38,39,40].



Methane pyrolysis using electricity has gained lots of attention recently because of its low cost and existing infrastructure. Monolith is scaling up a plasma-based methane pyrolysis technology to produce clean hydrogen and high-quality carbon black [41]. Other plasma technologies such as the microwave torch are also being investigated for the same purpose [40,42]. Li et al. used NTP generated in four distinct electric discharges to conduct studies on methane conversion to C2 hydrocarbons and hydrogen (pulsed streamer discharges, pulsed spark discharges, pulsed DC DBD, and AC DBD) [43]. Maximum H2 productions of 51% and 69% of methane conversion were achieved using a needle-to-plate reactor with pulsed spark discharges. Prieto et al. concentrated on batch plasma hydrogen generation. Heavy oil conversion to hydrogen with a selectivity of 70% was investigated using a non-equilibrium plate-to-plate corona discharge reactor [44]. The optimal set of variables led to 70 µL/J of energy efficiency [45]. Rathore et al. used a micro-ball plasma reactor to process JP-8 liquid and convert it into lighter fuels using a low energy per pulse [46]. Wang et al. developed an electrical method using nanosecond pulsed multiphase plasma to convert fossil fuels at ambient temperature. The researchers used a nanosecond pulsed electrical discharge to partially upgrade n-hexadecane with methane and hydrogen at ambient pressure [47]. This oil conversion process has higher efficiency and significantly lower GHG emissions than traditional technologies. Wang et al. also investigated the role of bubble and impurity dynamics in the electrical breakdown and the relative breakdown voltage and energy deposition in the liquid and gas phase of multiphase hydrocarbon plasmas for in-depth research on hydrocarbon conversion using plasmas [48,49].



This study based on work performed by Wang et al. further investigates the effect of capacitance, breakdown voltage, frequency, energy per pulse, and carrier gas type on hydrogen generation under feasible conditions. Hydrogen yields from using both methane and argon are compared at similar experimental conditions, though insignificant differences are observed. Comparing hydrogen yields by using inert gas (argon) to those by using hydrogen-containing gas (CH4) helps us understand whether hydrogen is produced from the liquid phase or gas phase, which is beneficial for enhancing hydrogen yields. The hydrogen production yield (g-H2/kWh) is compared at different experimental conditions. Statistical analysis is performed to determine the significance of the studied parameters. While not necessarily determining the optimum conditions, this paper seeks to identify trends for more efficient generation of hydrogen with low cost and GHG emissions.




2. Materials and Methods


2.1. Experimental Setup


Figure 1 shows the diagram of the experimental setup for hydrogen generation using a nanosecond-pulsed non-equilibrium plasma. A cylindrical glass tube with an outer diameter OD of 1–3/4 inches, wall thickness of 1/8 inches, and length of 1–5/8 inches was sealed on both sides using custom-designed aluminum plates with an o ring in between. The top electrode was a 1/4-inch-diameter stainless-steel round rod that functioned as the ground. The lower electrode was a hollow rod of outer diameter OD 1/8 inches and wall thickness of 0.028 inches, which acted as the high-voltage electrode insulated by dielectric alumina of 0.047 inches in thickness to prevent current from leaking into the oil. The aluminum plate had two circular inserts, one for temperature measurement using a thermocouple thermometer and another for a heating rod controlled with a variable transformer (Model no. SC-10T, 117VAC60Hz). The gap distance was 5 mm between the electrodes and submerged under oil where the discharge occurred. The reactor was oriented vertically with the gas flow from the high-voltage electrode through its hollow column. The exhaust gas outlet was centered at the top of the aluminum plate.



The nanosecond pulsed nonequilibrium plasma was generated by an RC circuit powered by a high-voltage dc power supply (Spellman SL150, 0–50 KV, 3 mA). The resistor was 10 Mohm and the capacitor was a variable parameter as per the design of experiments. The application of DC voltage into the dielectric liquid with gas bubbling results in a self-pulsing circuit when the bubble location and applied voltage are both appropriate. A typical nanosecond discharge is represented by a current pulse with a full width at half the maximum peak current of 20 ns. Generally, within 60 ns, the energy is deposited. Due to the stochastic nature of the bubble discharge initiation process, there is significant variability in both the breakdown voltage and frequency. LabVIEW, a data acquisition system, was used to record the total current and voltage from the power supply and the data were processed using MATLAB 2020b. An oscilloscope (Tektronix model no. DPO 7254C with a time resolution of 40 GS/s) was also used with a voltage probe and current transducer to study the nanosecond energy deposition events. The energy input into the reactor was determined by using the same method in our previous work [47].




2.2. Experimental Procedures and Product Analysis


About 9 g (~12 mL) of pure C16 (>99%) from Sigma Aldrich was injected into the reactor, partially filling the glass chamber and filling the discharge gap between the top and bottom electrode. Carrier gas was bubbled into the gap at a rate of 10 SCCM (standard cubic centimeter) through the capillary and controlled using a mass flow controller from Alicat, Tucson, AZ, USA. The temperature of the discharge gap was maintained at 100 °C by heating the bottom plate. A thermocouple was also inserted into the bottom aluminum plate to monitor the temperature. The flow rate of the outlet gas was measured by another mass flow meter and data were logged into its flow controller software. A 50 mL syringe was also used to calculate the volumetric flow rate by recording the time taken to fill the syringe. The syringe was later sampled and analyzed using a Shimadzu gas chromatograph 2014 equipped with a flame ionization detector for detecting hydrocarbons and a thermal conductivity detector for detecting hydrogen. A 27-refinery gas calibration standard was performed to measure the linearity of distinct hydrocarbon gas species and calibrate the instrument to enable molar volume concentration outputs after running a sample.




2.3. Design of Experiments


The experiments were designed to investigate different parameters and their effects on hydrogen production yield on a g-H2/kWh basis. Three independent parameters including plasma power (roughly 0.1 W, 1 W, and 4 W), capacitance (25 pF, 100 pF, and 440 pF), and carrier gas feed type (methane and argon) were studied while dependent parameters including energy per pulse, frequency, and voltage were also changed. Ideally, 3 × 3 × 2 × 3 = 54 experiments with three repeats need to be conducted to fully investigate the effects of those parameters. However, due to the limit of time and resources, only a fraction of those experiments were conducted to compare hydrogen gas yield at different plasma powers and capacitances with different carrier gases. Four groups of experiments were conducted for pure CH4, and each group consisted of sets targeting a specific plasma power with capacitance as the independent variable and breakdown voltage and frequency as dependent variables. During the experiments, the target power was approximately controlled by controlling the capacitance, but the voltage and current variation were distinctive. The relation between the parameters was highly nonlinear but still represented the parameter space of target power and capacitance. Similarly, another four groups of experiments were conducted for pure Ar to appropriately compare with the pure CH4 experiments. Parameters that resulted in optimal hydrogen yield g-H2/kWh are reported along with the best experimental results. Table 1 below shows the experimental conditions and tested parameters in this paper. Other parameters such as flow rate and residence time, gap length, and bubble dynamics significantly affect the interaction between plasma, gas, and liquid, possibly resulting in different chemistry, but examining these parameters is beyond the scope of this paper.




2.4. Plasma Power Calculation


Plasma power calculation is one of the most important calculations for this work. It is essential to know accurately the power input into the oil. Every time there is an electrical discharge event, the voltage drops and the current spikes. This voltage drop or current spike can be used to count the number of discharge events. A MATLAB code was incorporated into LabVIEW code to count the number of pulses. The MATLAB code uses a function called peakfinder to calculate the pulses. The peakfinder has input arguments to correctly determine the pulse. These arguments include minimum height of the spike and minimum peak prominence (which is the distance the spike falls after an event) amongst others. Data were saved as high fidelity (10,000 samples/s) for power analysis. Counting the number of peaks, which is represented by frequency f, the power delivered into the plasma can be calculated by


   P =  1 2  × C ×    V b   2  × f    E n e r g y = P o w e r × t i m e   








where C is the capacitance, Vb is the breakdown voltage, and f is the number of pulses per second. The total energy deposited into the system can be calculated by the average power multiplied by the total experimental duration. This is specifically the power added by the plasma to the system.



The hydrogen gas was produced from both the gas phase (in case of CH4 gas as a carrier gas) and n-C16H34 liquid phase via plasma-induced cracking in all experiments. The hydrogen yield g-H2/kWh demonstrates the efficiency of producing hydrogen as the ratio of the mass of hydrogen gas produced and the total energy consumed by the reactor and is given by


   H 2    y i e l d =   T o t a l   m a s s   o f   h y d r o g e n   T o t a l   e n e r g y    













3. Results and Discussion


The pulsed plasma discharges within the liquid and gas phases in the reactor are shown in Figure 1 as an actual image. During a discharge, the nanosecond discharge propagates through the liquid and then along the surface of the bubble and to the counter electrode. This causes chemical conversion of both the gas and liquid phase. After the discharge, a plasma-induced bubble expands and contracts, similar to a cavitation bubble. High-speed videos of the discharges are presented in the supplementary material of Wang et al. [47]. During a discharge, the plasma deposits energy into both the liquid and gas phases, and a proposed model and quantification of energy deposition into each phase have been determined by Wang et al. [49]. A complete mass balance of all the liquid and gas phase products of a single parameter condition was also determined in depth by Wang et al. During the parametric sweeps, the changes in the visual characteristics of the plasma were relatively minor. The discharges were all very short in duration, which caused mixing in the gas–liquid multiphase. Generally, higher pulsing energy and higher plasma power generate brighter light emission and louder sound. This paper focuses on hydrogen production from this multiphase plasma system.



3.1. Product Selectivity


Figure 2 shows the molar selectivity plot for the experiments. Generally, the selectivity toward intermediate hydrocarbons is higher for Ar as a carrier gas compared to methane. Using pure CH4 as a carrier gas favors more hydrogen selectivity. The highest selectivity for H2 using CH4 as a carrier gas is in E2 with 79% selectivity compared to 60% for the Ar case in E9. For experiments with CH4 as the carrier gas, the multiphase interactions are very complex and distinguishing whether a product arises from the methane or liquid phase cannot be determined. However, it can be concluded that the new gas species concentrations are from both liquid and gas phase interactions with plasma. For Ar as a carrier gas, Ar is an inert gas and, while it can interact as a short-lived radical in the plasma, it does not form stable long-lived compounds with other molecules. Hence, all the gas species products with the Ar carrier are from the liquid phase interaction with plasma. It is possible that some of the product gas hydrocarbon species interact with the liquid phase and generate new molecules. Bubbles are about 2 mm in diameter and, at a flow rate of 10 sccm, have a formation time of ~200 ms. The plasma typically pulses at 10 to 50 Hz (100 ms to 20 ms period between pulses). So, the plasma may interact with a bubble a few times before it exits the discharge zone. Based on this, it is not surprising that the argon discharge is ~10% more selective to produce higher hydrocarbon species than hydrogen. In the methane case, the energy is distributed to both the methane gas and the liquid, producing on average lighter-molecular-weight crack products. The lower C2H2 yield in the pure CH4 case with low capacitance and plasma power compared to higher-capacitance and higher-plasma-power cases in pure CH4 is also believed to be due to faster energy dissipation and thermal quenching, which suppresses the production of C2H2, which is thermodynamically favored at higher gas temperatures and longer residence times [50,51]. The selectivity in the Ar case remains constant except for E8 where methane production is higher than average. There is more variation in selectivity with the CH4 case. Although H2 is the focus of this paper, the other products may also be valuable fuels or chemical/plastic precursor commodities and are efficiently produced by this process. Also, liquid products are generated but not measured for all these cases.




3.2. Product Yields


The product mass flow rates (µg/s) of various hydrocarbon species and hydrogen gas produced from measured GC-FID/TCD molar concentrations for various plasma powers and capacitances using pure CH4 with n-C16 (E1–E7) and pure Ar with n-C16 (E8–E16) are also calculated as shown in Figure 3. The mass flow rate is calculated based on both syringe volumetric syringe measurement and mass flow measurement from the mass flow meter and data are validated against each other. Controlled experiments flowing pure CH4 and Ar in C16 are also performed and plotted as raw values. The raw values act as a baseline for validation of the experiment. The mass flow rate of Ar should remain constant irrespective of the presence of plasma as Ar is an inert gas. For CH4, it can be produced or consumed in the reaction. It is shown that generally similar hydrocarbon gas species and hydrogen gas are produced compared to the pure Ar cases for similar given plasma powers and capacitances. Achieving high power with low capacitance is quite difficult as a higher frequency is needed to obtain the power and, most times, the spark discharge can transform to a glow. A spark is preferred as it has a significantly higher plasma-to-liquid multiphase interaction than a glow discharge. Hence, the experiment needs to be carefully controlled to ensure the glow mode is not occurring. For a given plasma power, as the power increases, the product mass flow rate of hydrocarbon species increases for both the pure CH4 and pure Ar cases. The total mass flow of Ar cases is higher than that of CH4 because Ar weighs more than CH4. The mass flow rate of pure CH4 is ~100 (µg/s) while the mass flow rate of pure Ar is ~265 (µg/s). The highest mass flow of H2 is from E7 with the highest power at 12.5 µg/s with 6.86 W. For Ar as the carrier gas, E13 with 440 pF produces the highest H2 at 10 µg/s with 4.28 W. Again, a higher frequency contributes to a higher mass flow of hydrogen with lower capacitance compared to higher capacitance with low frequency. For example, the E3 H2 production rate is 9.2 µg/s with 1.66 W compared to E4 at 2.6 µg/s with 1.37 W. Similarly for Ar, the E10 H2 production rate is 5.1 µg/s compared to E11 with 2.6 µg/s.



Figure 4a,b show the relationship between plasma power, total product mass, and H2 mass. The relationship can be interpreted as a first-order approximation where, as the power increases, both the total mass and H2 mass increase approximately linearly with an R2 value of 0.99 and 0.98 for argon, while E1–E7 with methane as a carrier gas have more variations with an R2 value of 0.85. The lower R2 value indicates that the process is sensitive to parameters other than power. The Ar set of experiments from E8–E16 tends to follow the linear trend more closely. For CH4 as a carrier gas, E1–E7 have some variations and outliers. This is because CH4 participates in the complex multiphase reaction with plasma and contributes to forming intermediate species, whereas Ar is an inert gas and does not contribute any new products. It also implies that multiphase plasma processing may be more complex when more chemical reactants are present. Nevertheless, in both gases, a higher power deposition contributes to a higher total mass flow and H2 mass flow. As a function of power, a comparable amount of hydrogen is produced when using methane as a carrier gas as compared to argon. Although, notably, the methane carrier is more sensitive to other operating parameters, the argon is not. The hydrogen yield ranges from 4 to 22 g-H2/kWh for methane carrier gas and from 7 to 14 g-H2/kWh for argon carrier gas.




3.3. Effect of Different Parameters


3.3.1. Effect of Changing Capacitance


Hydrogen yield (g-H2/kWh) is the most important metric to determine the efficiency of the system at producing hydrogen. It is defined as the amount of H2 produced per kWh of electrical energy consumed. Capacitance is the main independent variable in the experiment. Hydrogen yield and capacitance (pF) for each experiment are plotted in Figure 5 with both CH4 and Ar as carrier gases. Three power levels (0.1 W, 1 W, and 4 W) are also compared as capacitance changes. Generally, higher hydrogen yields are obtained with a lower capacitance of 25 pF by using CH4 as the carrier gas. However, a lower capacitance is also susceptible to variations in hydrogen yield. A low capacitance with CH4 as a carrier gas provides a higher H2 yield. This could be attributed to the fact that CH4 also takes part in dissociation reactions and contributes to H2 yields, while Ar is an inert gas. As capacitance increases, the hydrogen yield decreases rapidly. For Ar, the H2 yield is consistent for all different capacitance and power levels. For CH4, the relation rather has a minimum at 100 pF and then increases at 440 pF. For 100 pF, it is even less than that of Ar. One possible explanation is, as a lower capacitance results in a lower energy per pulse, 25 pF mostly cracks CH4 molecules into H2 and not much energy is spent reforming liquids. At a capacitance of 100 pF with a higher pulsing energy, both CH4 molecules and liquid hexadecane molecules are broken down, resulting in higher H2 yield. When the capacitance is further increased to 440 pF, pulsing energy may be too high and results in significant gas heating and efficiency loss. The non-equilibrium gas phase mechanism is more efficient at low Ttrans and high Tvib, while equilibrium thermal mechanisms are more efficient at very high Ttrans. At intermediate conditions, neither equilibrium nor non-equilibrium processes are efficient.




3.3.2. Effect of Changing Power


Generally, the hydrogen yield decreases as the power is increased and is mainly sensitive at lower powers, as shown in Figure 6a. With power >1 W, the yield flattens out. The best results obtained are the pure CH4 case, achieving >22 g-H2/kWh at ~0.1 W. The best results for the Ar case are achieving >14 g-H2/kWh at similar power. The results show that for efficient hydrogen production in a batch system using a pulsed non-thermal plasma, a plasma power less than 0.1 W is preferred. However, the process scale-up for industrial applications will be a challenge due to the extremely low power density of the system. To overcome that, using a continuous-flow system to convert natural gas and liquid fuel would allow much higher plasma powers and still avoid hot gas temperature in the plasma zone because of effective cooling. Systems like such are being developed at the pilot stage.




3.3.3. Effect of Changing Energy per Pulse


Energy per pulse is a derived quantity based upon the capacitance and breakdown voltage given by the following formula:


  E =  1 2  × C ×  V 2   











It represents the energy released during the discharge and may be better correlated with hydrogen yield than primitive variables such as capacitance. A low energy per pulse, e.g., less than 10 mJ, can be deposited by electrical discharge within 100 ns. Molecules may not have enough time to reach thermal equilibrium in such a short time duration, resulting in high vibrational temperature but low gas temperature [52,53,54]. Generally, the hydrogen yield decreases as the energy per pulse is increased and is mainly sensitive at a lower energy per pulse as shown in Figure 6b. As the energy per pulse increases, more energy is spent in gas heating rather than molecule splitting. A similar trend was observed in work by Delikonstantis [55]. This explains why a lower energy per pulse is more efficient for hydrogen generation. The best results obtained are the pure CH4 case, achieving >22 g-H2/kWh at ~6.5 mJ/pulse. The best results for the Ar case are achieving >14 g-H2/kWh at a similar energy per pulse. The results indicate that for efficient hydrogen production using a pulsed non-thermal plasma, a small energy per pulse less than 10 mJ/pulse is desired.




3.3.4. Effect of Pulsing Frequency and Breakdown Voltage


Generally, the hydrogen yield is not dependent on the pulsing frequency within the range of frequencies tested, as shown in Figure 6c. High yield is obtained in both low-frequency and high-frequency ranges. The best result obtained is the pure CH4 case with 25 pF (0.1 W plasma power) at <25 Hz and the second-best result is obtained at a much higher frequency of >120 Hz. It is worth mentioning that discharge events are relatively independent from each other at low pulsing frequency. At high frequencies, however, two or more discharge events may deposit energy into the same gas bubble, which causes the gas temperature to increase. At very high frequency, the plasma may transition to a glow-like behavior.



As the voltage is increased, there is a slight decrease in the H2 yield, as shown in Figure 6d. A higher voltage might be expected to increase the electric field (and reduced electric field E/n), resulting in an improved efficiency of non-equilibrium processes [56,57]. However, that effect might compete with a decrease in non-equilibrium processes due to the increased energy per pulse. Generally, <30 KV of voltage gives a higher H2 yield. The results >22 g-H2/kWh show that for efficient hydrogen production using a pulsed non-thermal plasma, a small plasma power ≤0.1 W and a low voltage <30 kV are preferrable for high hydrogen yield. At an electrical energy cost of USD 0.038 per kWh, this hydrogen production costs less than USD 2/kg in electricity, which is a milestone for CO2-free production of hydrogen from fossil fuels.



Table 2 shows the analysis of variance for the different parameters investigated for their effects on hydrogen yields. While some parameter values give higher yield, the statistical significance of the parameters is not very clear from the graphs. Since this is the first time hydrogen yields were studied in a multiphase system using electrical discharges, there are still uncontrolled and unknown parameters in our system. We choose a confidence interval of 90% corresponding to p value < 0.1. Our future work will focus on increasing the parameter optimization map to improve data reliability. It shows that capacitance, energy per pulse, and power have a significant response to hydrogen yield, while frequency and voltage do not. The response is inversely correlated with capacitance, power, and energy per pulse, with the statistically significant single-degree-of-freedom coefficients listed in Table 2.




3.3.5. Effect of Changing Gas


Comparisons between results from using pure CH4 and pure Ar as carrier gases for the experimental conditions have shown that the hydrogen gas yield from the liquid phase is significant. In the pure CH4 experiments, an additional yield of hydrogen gas can be generated from non-oxidative methane gas reforming. The physical and chemical influences of plasma-induced cracking in a multiphase system on the production of hydrogen gas appear to be gas-dependent. The ionization potential and cross-section will vary for different carrier gases; however, a low capacitance will ensure that a low energy per pulse is maintained to maximize energy efficiency for hydrogen gas yield. While a better hydrogen yield can be optimized using both carrier gases with different parameters, the best yields are obtained when using CH4 as a carrier gas as methane takes part in the multiphase reaction and can act as a hydrogen donor. Ar as a carrier gas has a higher selectivity toward intermediate hydrocarbons than methane. More hydrogen selectivity is favored when pure CH4 is used as a carrier gas. Pure Ar does not react, so it eventually transfers all its energy to the liquid that is neither in equilibrium nor at a constant temperature. In the methane case, the energy is distributed between the methane gas and the liquid, resulting in crack products that typically have lighter molecular weights. Although H2 is the focus of this paper, the other products, which are effectively produced by this process, may also be valuable fuel or chemical or plastic precursor commodities.





3.4. Thermodynamics Related to Higher Yield


Best-case results for high hydrogen yield are achieved with low power, low capacitance, and low energy per pulse. Power, energy per pulse, and capacitance, which are statistically significant parameters in these experiments, are strongly correlated. A low power can be achieved using a low energy per pulse, which can be achieved by low capacitance and low voltage. From these results, it is believed that at a low power of ~0.1 W, low capacitance of 25 pF, low voltage of <30 KV, and energy per pulse maintained at <10 mJ/pulse, breakdown events will lead to smaller cavitation bubbles and lower gas temperatures (Ttrans) but higher vibrational temperatures (Tvib) within the bubble vicinity after breakdown compared to higher-energy-per-pulse cases. Smaller bubbles have higher plasma–liquid surface interactions and hence higher probabilities of collisions. A high energy per pulse has a higher power density and higher gas temperature, which will result in more liquid evaporation. Also, a higher energy per pulse has the possibility to overtreat the gas or thermally heat the gas and liquid, wasting energy. All processes are transient and both higher- and lower-energy-per-pulse processes are quenched within microseconds. However, a lower energy per pulse relaxes more rapidly than a higher energy per pulse. In general, at a higher gas translational temperature (Ttrans > 2000 K), thermodynamic equilibrium processes will dominate and have increased efficiency with increasing temperature. On the other hand, at higher vibrational temperature, Tvib, non-equilibrium-plasma-driven processes will be more efficient at generating radicals that lead either directly or stepwise to H2 formation. Hydrogen is a product of both chain scission and cross-linking reactions. Generally, higher vibrational temperature is accessed at high electric field and low gas temperature [58]. With increasing energy per pulse, the rotational and translational temperatures increase, while the vibrational temperature drops. Energy per pulse can also be correlated with pressure in this case. In the lower-pressure region, the gradient of the rotational temperature is positive, whereas the gradient of the vibrational temperature is negative. Under higher-pressure conditions, both temperatures converge toward a saturation value that is almost equivalent to each other. Vibrational excitation and vibrational relaxation are the two processes that determine the vibrational temperature [58]. As observed from the trends in Figure 5 for methane, the efficiency is higher at low power, low energy per pulse, and low capacitance and then decreases, as seen at 100 pF, and finally increases again at 440 pF. This agrees with the hypothesis that the non-equilibrium gas phase mechanism is more efficient at low Ttrans and high Tvib. Equilibrium thermal mechanisms are more efficient at very high Ttrans. At intermediate temperatures, neither non-equilibrium nor equilibrium processes are efficient. It should be noted that the mass of hydrogen produced and hydrogen yield are two different parameters during scaling-up to an industrial process, and an optimum might need to exist between either increasing yield or increasing production.





4. Conclusions


A nanosecond pulsed non-equilibrium multiphase plasma reactor is used to convert methane and liquid n-hexadecane into hydrogen and lighter intermediate hydrocarbons at atmospheric pressure and warm temperature. Preliminary results indicate that plasma power, energy per pulse, and carrier gas have larger effects on hydrogen yields than those of breakdown voltage, pulsing frequency, and the other parameters investigated. The product’s mass increases mostly linearly with plasma power. As a function of power, a comparable amount of hydrogen is produced when using methane as a carrier gas as compared to argon. Although, notably, the methane carrier is more sensitive to other operating parameters, the argon is not. The selectivity toward hydrogen generation is higher for CH4 as a carrier gas while the selectivity for intermediate hydrocarbons such as acetylene is higher for Ar as a carrier gas. The hydrogen yield ranges from 4 to 22 g-H2/kWh for methane carrier gas and from 7 to 14 g-H2/kWh for argon carrier gas. It is shown that a higher yield of g-H2/kWh input is achieved with a low energy per pulse, low capacitance, and low breakdown voltage for both cases of pure CH4 and pure Ar. The results show that for energy-efficient hydrogen production, using a low plasma power of ≤0.1 W, low voltage of <30 kV, and low energy per pulse of <10 mJ is preferable with CH4 as a carrier gas and can yield >22 g-H2/kWh. This hydrogen production costs less than USD 2/kg in electricity assuming an electricity cost of USD 0.038 per kWh.



This system is multiphase and is believed to contain a large set of dependent plasma–gas–liquid interaction mechanisms that are influenced by energy per pulse; gas–liquid ratio at the plasma pulse reaction site; liquid and gas temperatures; cavitation bubble temperature; electronic temperatures of neutral, radical, and intermediate species; and collision frequencies. The complexity of this system and the numerous dependencies make determining an overall gas–liquid mechanism challenging. Nevertheless, our results indicated that using this non-equilibrium multiphase plasma system could produce hydrogen at a lower cost than water electrolysis with nearly zero GHG emissions.
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Figure 1. Diagram of the experimental setup for hydrogen generation using a nanosecond-pulsed non-equilibrium plasma with actual picture of the discharge in the reactor. 
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Figure 2. Product selectivity of all experiments with hydrogen and different hydrocarbons. For CH4 as a carrier gas, methane is not included as a product. For Ar as a carrier gas, methane is also a product. Dash lines are used to differentiate capacitance of tests. Doted lines are used to differentiate different carrier gas. 
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Figure 3. Total mass flow of all experiments with hydrogen and different hydrocarbons. CH4 raw and Ar raw show initial mass flow. Dash lines are used to differentiate capacitance of tests. Doted lines are used to differentiate different carrier gas. 
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Figure 4. Product mass flow dependence on plasma power. (a) Total mass flow of products changes with plasma power; (b) hydrogen mass flow changes with plasma power. The relationship can be interpreted as a first-order approximation seen as the dotted lines, where as power increases, both the total mass and H2 mass increase approximately linearly. The goodness of fit is also indicated by the R2 value. 
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Figure 5. H2 yield (g-H2/kWh) vs. capacitance at different plasma power levels. Capacitance is the main independent variable in the experiment. Plasma power may also change as we change the capacitance, but it is a dependent variable on capacitance. 
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Figure 6. The effect of power, energy per pulse, frequency, and voltage on H2 yield (g-H2/kWh). (a) The relation between power and H2 yield. (b) The relation between energy per pulse and H2 yield. (c) The relation between frequency and H2 yield. (d) The relation between voltage and H2 yield. The horizontal error bars are less than the marker size and hence are not reported here. An increase in power with the same capacitance is represented by a change in color from dark to light. 
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Table 1. Design of experiments for parametric study.
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Carrier Gas

	
CH4

	
Ar






	
Target power (W)

	
0.1

	
1

	
4

	
0.1

	
1

	
4




	
Capacitance (pF)

	
25
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100
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Experiment number
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E10
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E14
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E12
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Table 2. Analysis of variance.
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	Source
	DF
	Adj SS
	Coefficient
	F-Value
	p-Value





	Capacitance
	1
	81.27
	−0.01257
	3.76
	0.073



	Voltage
	1
	0.000046
	NS*
	1.9
	0.19



	Frequency
	1
	0.000047
	NS*
	1.95
	0.184



	Energy per pulse
	1
	79.93
	−0.0218
	3.58
	0.079



	Power
	1
	81.70
	−1.248
	3.79
	0.072







NS* = Not significant.
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