The Efficiency of Hydrogen Production Using Electrolysis

By Noah Wade, Ekaterina Vasileva, Michael Sheng and John-Nicholas Furst
Abstract 

An analytical study of the most efficient way to produce Hydrogen (for a fuel cell) using electrolysis. Variations were specifically made to the voltage of an electric current to test whether a high voltage over a short period of time or a low voltage over a long period of time would produce more hydrogen. The overall amount of energy was kept the same so that a direct comparison of the hydrogen produced to the voltage applied could be determined. The detected increase in hydrogen production with changes in voltage was not statistically significant, however, and may have been due to the small amount of total hydrogen collected and other factors. Electrolysis is an effective way to produce hydrogen for fuel cells since, it forms hydrogen without engendering harmful emissions. Furthermore, this technique can utilize any alternative power source such as wind, hydroelectric, solar or nuclear power to effectively convert electricity to hydrogen for use in cars in a clean and relatively safe process. Electrolysis can accomplish all of this if additional studies are performed to increase the overall production efficiency of hydrogen.
Introduction


Electrolysis is a simple and easy-to-perform reaction to generate hydrogen. Despite that, it has not yet been perfected to achieve its maximum efficiency. Many variables affecting this method have yet to be researched and solved, so that electrolysis can be used for private or commercial manufacturing of hydrogen. This study looks at the effect of changing the voltage of an electric current used to power the electrolysis reaction on the amount hydrogen produced.


In recent years hydrogen fuels have been developed and are now starting to be used as an alternative to petroleum gas-powered cars. These new ultra-efficient hydrogen fuel cell cars produce no harmful emissions and have the equivalent horsepower to that of a modern petroleum engine [6]. Not only are hydrogen fuel cells clean while operating, but its fuel itself, hydrogen, can be produced in clean and safe environments. Hydrogen can be produced using both renewable and nonrenewable power, such as solar, hydroelectric, wind and nuclear power [2]. In addition, fossil fuels can be used to generate hydrogen, by utilizing hydrocarbons which creates fewer pollutants than would be generated if the hydrocarbons were used to power a diesel engine [6]. 

Currently, the biggest problem with hydrogen fuel cells is that there is no natural source of pure hydrogen that can be used to power them with [6]. Hydrogen is the most abundant element on earth as it can be found within our bodies, drinking water, air and every living thing. Purifying it to its quintessential state and storing and transporting it for consumer use, however, is the whole barrier to the entire fuel cell project [5]. Hydrogen is one of the most reactive elements and yields the lowest density. This is what makes the storing and transporting of hydrogen a big problem. Hydrogen’s low density requires immense storage tanks to hold a sufficient amount of hydrogen for practical use [8]. Facilities like gas stations would have to double the size of their current gas tanks in order to keep up with the demand for hydrogen if everyone were to drive hydrogen fuel cell cars [6]. Alternatively, the gas could be kept under high pressures. Doing so, however, would increase dangers for accidents. In addition, this same problem applies to the transportation of hydrogen. There is a limited amount of hydrogen that can be kept under safe pressures while being transported by tank trucks. This would mean that in order to keep up with the growing demand of hydrogen, more trips to ship hydrogen would have to be made than are currently being made to transport petroleum fuels. This increase of journeys greatly raises the danger of potentially deadly accidents that can occur with the highly reactive element.

Commercial production of hydrogen has become a fairly efficient process, and a large volume of energy can be produced without wasting much energy [5]. It would be beneficial, however, if hydrogen could be produced onsite for consumer use. This would solve many of the storage and transportation issues with hydrogen. Unfortunately, many of the resourceful commercial methods of hydrogen production are not yet ready for smaller, single business sized applications. Therefore, electrolysis which involves the splitting of water molecules into hydrogen and oxygen is the most proficient method of hydrogen production for small applications. 


Electrolysis is a method which separates bonded elements and compounds by passing an electric current through them. The electric current provides the essential energy required to break the bond. In most cases an ionic compound will be dissolved in water and then a set of electrodes, an anode and a cathode, will be placed in the water and an electric current run through them [4]. In the case of hydrogen production however, it is much more simple. While an electrolyte, or the ionic compound, is not required, an anode (positive side) and a cathode (negative side) is still required. Dihydrogen monoxide can be subjected to an electrolysis reaction which splits the water and forms H2 and O2.  On the cathode side, hydrogen gas will float up while in the anode say oxygen gas with float up. The hydrogen can then be collected and used in a fuel cell. 

If the electrolysis reaction can be developed to the point where is becomes efficient enough to produce hydrogen on a scale large enough to supply the equivalent to of a gas station, then hydrogen could be produced onsite instead of being  transported from factories to distributors. Water can easily be supplied along with electricity from the main power gird. A small electrolysis reactor could then be used to provide a constant source of hydrogen. Storage tanks could then be much smaller as they would be constantly refilled. This would also eliminate any issues with transporting the hydrogen. 

The main issue preventing such a system deals with the amount of energy required to run the electrolysis reaction based on how energy is generated. While fuel cells have an energy efficiency rating of about 60-65%, the electrolysis reaction is much less efficient [5]. An issue that could be responsible for the lower efficiency is the kind of energy being used to run the reaction. One of the great benefits of the reaction is that it can be carried out with a relatively small amount of energy. At lower energies the hydrogen is not produced as rapidly as higher energy. Currently there is no set standard for the most efficient use of energy for running a water electrolysis reaction. This means that it is often run at different voltages and with different amounts of energy. This in turn leads to a general inefficiency of the production process. If an optimum voltage for producing hydrogen could be identified, the overall efficiency could be improved. 
Methods

As previously mentioned, setting up an electrolysis reaction is simple and feasible. An electric current is run from the positive terminal of a power source to a cathode sitting in a container of water. In the same container, a cathode completes the circuit by running a wire from it back to the positive terminal of the power supply. The water in the tank provides a link between the anode and the cathode and allows the electric current to pass through it. In doing so the electric current provides enough energy to split apart the hydrogen and oxygen bond and releases hydrogen (H2) gas and oxygen (O2).  The gases, which are lighter than the more dense water and air molecules, bubble up to the surface and into the air.  By placing a container designed to catch hydrogen over the cathode, the hydrogen can be gathered and filtered out of the air with relatively little effort. 

In order to test how changing the voltage of an electric current passing through the electrolysis reaction affects the amount of hydrogen produced, a basic electrolysis reaction was set up. First, a variable power supply box was connected to a standard wall outlet allowing the voltage of the electric current to be easily controlled, monitored and changed from test to test. From the variable power supply box, two insulated wires were connected, one running from the positive terminal of the variable power supply to the cathode, and one from the negative terminal of the variable power supply to the anode. The anode and cathode in an electrolysis reaction can be made of any conductive material, and for this test a 1/8 inch wide steel rod cut into approximately 4-inch segments was used. A rubber stopper was pressed onto the end of the steel electrodes. The anode was held in place, with a metal ring stand, with about 2/3 of the rod in a large beaker filled with 500 mL of room temperature water. The cathode was held in place by an identical set up and a second insulated wire connected the cathode to the negative terminal of the variable power supply box. Once the anode and cathode were in place, a third ring stand was placed directly above the cathode with a small plastic cup hanging face down about ¼ inch over the surface of the water. The cup was large enough to cover the entire area above the cathode where the hydrogen bubbles up. The exact area needed was determined by pre-testing. For this experimental set up a 2 in diameter cup was used. 

After the experimental set up was complete, a preliminary test of the system was conducted in order to determine if everything was set up correctly. The power to the variable power supply box was turned on and the water was examined in order to see that reaction was taking place. After visual confirmation that reaction was taking place, i.e. visible bubbles could be seen rising from the negative cathode, the first data test was performed. 

In order to determine whether running a high voltage for a short period of time or supplying energy at a low voltage over a long period of time produced more hydrogen, a standard amount of energy need to be determined. The point of the first data test was to establish a base amount of energy that each reaction should receive in order to produce measurable data and still be a practical amount of time to run the test. Before running the first test the weight of the cup to be used in the collection of the hydrogen was measured using an electronic scale. During the experiment, the hydrogen produced was measured as the difference in weight of the cup due to buoyant force of the collected H2 gas.  During this first test the voltage was set to 30 volts and the experiment was left to run. During this time the cup was left above the cathode to collect the hydrogen. This test was run three times, for one, two and three hours respectively. After each test a lid was pushed up over the open face of the cup to seal the hydrogen inside. The weight of the cup was taken and the difference in weight calculated. After analyzing the data, it was determined that 25,000 J would be used for each electrolysis reaction test. 

Once the standard base level of energy to be provided to each test was established, calculations were made in order to determine how long each voltage test needed to be run in order to have a total of 25,000 J of energy. The equations, volts = watts/amperes and watts = joule/second were used to make this calculation. In each test the amperes were kept constant at 0.11 amps. This allowed the number of watts to be calculated based on what voltage each test was performed at. Once watts were calculated, time could be determined based on the 25,000 J and the calculated watts. These calculations provide a given amount of time that each voltage test needed to be run for in order to have each test have 25,000 J of energy. For example, 30 volts at 0.11 amperes produces 3.3 watts of power. By using the definition of a watt as watts = joule/seconds and our preset 25,000 J, time can be calculated in seconds by multiplying by seconds and then dividing by watts. This gave a total time of 7575.76 sec; converted to hours is 2.1 hours (note a complete list of times used for specific voltages can be found in the data section under Table 1. Pretest calculations). By keeping the energy constant, a direct correlation between the voltage of the electric current and the amount of hydrogen produced can be created. 

Each test was set up individually on its own circuit with its own variable power supply box. The weight of the small plastic cup, placed above the cathode in order to collect the hydrogen, was carefully measured and recorded.  The wires were connected to the variable power supply and a voltage was set along with the constant number of amperes. Once the switch to allow the electric current to flow through the circuit was turned on, a start time was recorded.  For the purposes of consolidating total time spend on testing, multiple tests were run at the same time. Once the duration of time needed to have a constant 25,000 J of energy had passed, based on calculations described above, the variable power supply was turned off and a lid was placed over the opening of the cup. The cup was then weighed in order to measure buoyant force that the hydrogen trapped in the cup was providing.  This was then compared to the other tests. 

During the testing process 30 Volts, 25 Volts, 20 Volts, 15 Volts and 10 Volts were used as the variables for the amount of volts run though the reaction. Calculations for the amount of time required for each specific voltage were made.  A variable power supply box was set to each required voltage and run for the calculated amount of time. This process was completed three times for each voltage and the data recorded. Once all tests were complete the data was compiled and analyzed. 

Data


Each test was performed three times. Prior to the entire test a time calculation was made using volts = watts/amperes and watts = joule/second with amperes and joules as constants to calculate between voltage and time (Table 1.). The weight of each collection cup was weighted at the start and end of each test. This data was termed original cup weight and weight with hydrogen respectively. These two weights were subtracted to find the weight difference, equivalent buoyant force termed weight difference (Table 2.).  The data showed that the 30-volt test had the highest average weight difference with 0.027 g and that 20-volts had the lowest with 0.009 g. All other averages were with 0.01 g of each other. The greatest net difference between the hydrogen weight differences was 0.027g on tests 3 and 9. All data were with a reasonably close range both within each voltage level and within the test as a whole. The R2 value for a linear data trend line was equal to 0.2079 and 0.3482 for the polynomial trend line (Chart 1.). These suggest that no accurate trend line can be generated on based collected data. In general, however, the higher voltage test did have higher weight difference the lower test. Both 10 volts and 15 volts test produced more hydrogen than the 20-volt test suggesting the differences in production are not specifically due to voltage but may just be a natural deviation from test to test. Testing under large-scale productions setups is needed in order to determine if these small differences in hydrogen production translate into significant increases. 

Table 1. Pretest calculations based volts = watts / amperes and watts = joule / second to calculate time need in order to maintain a constant amount of energy for all test.  

	Volts
	Amps
	Watts
	Joules
	Time Need (In Hours)

	30
	0.11
	3.3
	25000
	2.10

	25
	0.11
	2.75
	25000
	2.53

	20
	0.11
	2.2
	25000
	3.16

	15
	0.11
	1.65
	25000
	4.21

	10
	0.11
	1.1
	25000
	6.31


Table 2. Weight of cup measured before and after experiment and weight difference as a result of the buoyant force calculated.

	Test #
	Volts
	Original Cup Weight
	Weight with Hydrogen
	Weight Deference

	1
	30
	15.314 g
	15.287 g
	0.027 g

	2
	30
	14.744 g
	14.72 g
	0.024 g

	3
	30
	14.785 g
	14.753 g
	0.032 g

	4
	25
	14.854 g
	14.832 g
	0.022 g

	5
	25
	15.587 g
	15.572 g
	0.015 g

	6
	25
	14.825 g
	14.806 g
	0.019 g

	7
	20
	15.147 g
	15.139 g
	0.008 g 

	8
	20
	15.154 g
	15.14 g
	0.014 g

	9
	20
	14.954 g
	14.949 g
	0.005 g

	10
	15
	14.561 g
	14.544 g
	0.017 g

	11
	15
	15.124 g
	15.097 g
	0.027 g

	12
	15
	14.544 g
	14.52 g
	0.024 g 

	13
	10
	14.552 g
	14.535 g
	0.017 g

	14
	10
	15.795 g
	15.786 g
	0.009 g

	15
	10
	15.484 g
	15.469 g
	0.015 g


Chart 1.  Graph of Table 2 weight difference vs. volts used with Excel generated trend lines. 
[image: image2.emf]Hydrogen Weight Displacement vs. Volts Used

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0 5 10 15 20 25 30 35

Volts used

Hydrogen Weight Displacement

Weight Difference

Poly. (Weight Difference)

Linear (Weight Difference)



Discussion

The collected data indicated that there is no clear correlation between the voltage used and the amount of hydrogen produced. An Excel drawn data trend line, producing the best fit linear and polynomial line, indicated that the data only have a R2 rating of at best, 0.34 for the polynomial trend line, and only 0.21 for the linear. This indicates that the data does not demonstrate a relationship between voltage and H2 production. R2 value ratings need to be at least around 0.5 for conclusive correlation and in most cases a strong correlation requires a R2 rating of about 0.6 or higher. 

Although this data does not show a clear, positive correlation between voltage and H2 production, varying the voltage seemed to have some effect on the gas production. There are distinctions that can be made regarding the difference in voltage. The average weight displacement at 30 volts by the hydrogen was 0.027 g, and the average at 10 volts was 0.014 g, 50% less then what the 30-volt produced. The average variance measured between any tests run at the same voltage was 0.007 g. This data indicates that there could be some relationship between the voltage and the amount of hydrogen produced, but does not display what the actual trend is.

Further research shows that by increasing voltage levels and the potential difference, more energy is being applied over a shorter period of time [1].  This does not necessarily mean more work is being done in that time. It just means more work can be done. This extra energy may be being diverted to other forms such as heat, light or just passing through without doing any work. The higher voltage may end up only being good for splitting apart larger molecules and molecules that require more energy to break the bonds [1]. High voltage may be useful in an electrolysis reaction that doesn’t involve water. It would instead provide the extra energy required to split the bonds (For example, isolating a copper compound from unpurified ore). In a water reaction however, this extra energy is not necessary. One of the benefits to producing hydrogen through electrolysis is that the reaction requires relatively little energy [1]. The intent of this study was to test to see whether higher or lower voltages would change the amount of hydrogen produced. The data range was selected specifically to give a wide enough range of the scale to provide a data set that would indicate some sort of algebraic equation that could be used to predict production levels at higher voltages. It would be more reasonable to look for the specific point were the voltage is most effective, however. For this to be done a larger range and smaller increments of voltages would have to be tested. Instead of finding a linear or other graphical equation that indicates a specific trend is being followed for every voltage run through a electrolysis reaction it would make more sense that at a certain point there would be a maximum efficiency and after that more energy being run through the system is doing no useful work. This energy would then just be converted into other waste forms such as heat, light and sound. Finding the most efficient point would mean that within a certain reasonable limit there could be a point were a certain voltage would complete the maximum amount of work with the least amount of wasted energy. While the data here does not provide this correlation it does support the idea that different voltages have different production efficiencies for hydrogen gas. 

In addition, the experimental set-up was not the most ideal for this experiment. The set up used for this test was based on a traditional lab experiment. Set up is fairly simple and requires only basic experimental equipment. The down side is that because the cup was placed above the surface of the water it can not be guaranteed that all of the hydrogen is collected and the all of the hydrogen stays in the cup. A more effective experimental set would be the Hoffman electrolysis apparatus [3]. This is an experimental test set up designed specifically for an electrolysis reaction. The apparatus is composed of two test tubes connected together by a tiny tube near the base [3]. This connection allows the water to be able to flow from one test tube to the other and the anode and cathode can be built in the bottom of the test tube [3]. This way when the hydrogen bubbles up from the reaction it can be collected and measured in the narrow opening at the top of the test tube.  By performing the test using this set up, the loss of the reaction product, the hydrogen gas, would have been more controlled [3].

Another potential problem was the temperature of the water was not monitored closely. Water was left at room temperature at the start of the test. The temperature was not monitored during the test, however. Some of the energy in the experiment could have gone to heating the water. If the temperature had been monitored, then this could have provided more information to help draw further conclusions. In addition, the distance between the anode and cathode was not kept constant. In each test the distance between them was approximately an inch, however this was never measured and could have affected the data. The length of the experiment may also have affected the data collected. The length of time each test took compared to how little measurable hydrogen was produced created two potential problems. First, the amount of measured hydrogen was so small that even with strict measuring methods small errors in data collection would factor in to being a significant percentage.  The measurements varied only by about 10 thousandths of a gram, a small grain of sand or dust on the cup during the test or that was on the cup during original measurement, could have account for as much as a 20% difference in the final weight. Second, trying to collect more hydrogen would have involved running a single test over multiple days which due to the limited control over our experimental set up, would have created larger error in the data due to lost hydrogen and other factors the could not be practically controlled under our conditions. 

In order to continue the study to try and determine what effect voltage has on hydrogen production, several changes should be made. First, the study should cover a larger range of voltages in smaller increments to create more useable data. Second, a Hoffman electrolysis apparatus should be used for the experimental set up. This would provide more control over the experiment and reduce an error of hydrogen leaking out or not being collected at all.  Tests should also be performed over a longer period of time in order to collect enough hydrogen to offset margin of error. Additionally, a more precise method of measuring H2 such as by pressure rather than weight could reduce error.  By altering these aspects of the experiment more data could be collected that could better explain if voltage has an effect on the efficiency of hydrogen production. The data collected in this experiment only indicates that there is the possibility that a certain voltage may be more efficient, but in order to conclude that using a specific voltage would increase the efficiency, more data needs to be collected and additional experiments performed.  
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