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Abstract


                 The necessity for highly efficient production of hydrogen is increasing as the hydrogen economy emerges as a promising answer for tomorrow's energy woes. Hydrogen production through high temperature solid oxide electrolysis is very efficient compared to other electrolysis processes. The most important parameter that affects the operation of solid oxide electrolysis cell is the operating voltage. This paper investigates the effect of operation of solid oxide electrolysis cell at higher operating voltages. At higher operating voltages, especially above thermoneutral voltage, heat generated because of exothermic reaction can be used to achieve the operating temperature as opposed to other sources of heat. This can significantly increase the efficiency of hydrogen production. Both hydrogen production and the associated electrical costs are also expected to be comparatively high in these conditions. A mathematical model will be created to predict the outcome of high operating voltages on SOEC and to identify the optimum operating voltage for a given set of operating conditions

Introduction

             Electrolysis is a process of splitting water into hydrogen and oxygen through the application of electricity. Solid Oxide Electrolysis is one such process that takes place at high temperature. Conventionally, this high temperature is achieved by converting electrical energy into thermal energy. This way of achieving high temperature is an inefficient and an expensive process. O’Brien et al [1] [2] and other researchers [3-5] have suggested the use of thermal energy recovered from the reaction taking place in a nuclear reactor as a source of heating solid oxide electrolysis cell. Although this is a very efficient way of producing hydrogen the nuclear energy restricts the hydrogen production to a particular geographic location. McConnell et al [9], Thompson et al [10], have suggested the use of solar energy as the source of heat through the use of a hybrid solar concentrator. Licht [11] has performed a fundamental analysis in the efficient generation of hydrogen fuel. This is comparatively a more flexible option but the hydrogen production is limited by the absence or lesser availability of solar energy during night and cloudy days respectively. Gopalan et al [12] have proposed recuperating heat from the solid oxide electrolysis process itself, which is currently wasted. The hydrogen and the oxygen stream exiting solid oxide electrolysis cell at high temperature can be used to heat the fuel (steam) stream. The temperature of the exit streams will basically be a function of operating voltage. If the operating voltage is above the thermoneutral voltage, the resulting reaction is exothermic and the gas streams exits at high temperature. If the operating voltage is below the thermoneutral voltage, then the resulting endothermic reaction cools the gas streams. This phenomenon affects the costs in three ways. Firstly, the operating electrical costs associated with hydrogen production will increase with increasing operating voltage. Secondly, the higher operating voltage yields higher temperature of exit streams that results in the reduction of heat exchanger costs. Thirdly, if the operating voltage is below the thermoneutral voltage then the exit stream cools down. So the extra heating energy has to be provided to boost the temperature to the desired value. It is expected that the combined effects of these factors would yield an optimum voltage at which the electrolysis process is the most efficient. This voltage can be either at, below or above the thermoneutral voltage. This paper will investigate the effect of operating voltages on the costs of hydrogen production and identify the optimum operating voltage under a given set of operating conditions
Cost Analysis

         



The model of the recuperative solid oxide electrolysis cell is given above, There are 2 sources of heat for the electrolysis cell. The solar energy and the thermal energy recuperated from the electrolysis cell. During cloudy period or night, the availability of solar energy becomes limited. This can be compensated by the operation of the electrolysis cell above the thermo neutral voltage. The total costs of the system is a function of operating voltage, steam utilization, Area specific resistance, the size of the heat exchanger, thermal conductivity and the thickness of the insulator used, number of cells, temperature of the exit gas streams. In this model, a few parameters such as area specific resistance, size of the electrolytic cells,  thermal conductivity and the thickness of the insulator are fixed while the parameters such as steam utilization, ‘UA’ of the heat exchanger to obtain the optimum operating voltage. The parametric model [12] was constructed using Visual basic in order to simulate the various operating conditions and the hydrogen produced at each of these conditions was obtained. The temperature of the gas streams exiting the solid oxide electrolysis stack is obtained as a function of operating voltage and steam utilization value. If the exit temperature is below a certain value then the extra heating energy costs are estimated. The ‘UA’ of the heat exchangers are computed from the exit gas temperatures. The area and the heat exchangers costs are hence calculated. During the heat transfer process in the heat exchanger, there is pressure drop associated with the streams. The costs associated with the fan power are also estimated from the parametric model. The operating electrical costs to produce unit mass of hydrogen based on operating voltage are evaluated using the basics of electrochemistry. This is multiplied with the hydrogen produced for a period of the lifetime of the stack. The total costs is given as

Total cost( Operating electrical costs + Hardware costs (electrolysis stack + heat exchanger) + Costs of heating (if required) + Electrical costs to compensate the pressure drop + Costs of thermal insulation of the system

The selling price of the hydrogen is calculated based on the market price of the hydrogen and the amount of hydrogen produced over the operating lifetime of the electrolysis system. The difference between the computed selling price and the cost price yields the profit obtained over the lifetime of the system for a given operating voltage and steam utilization

Heating Costs

The temperature of the gas streams exiting the electrolysis system as a function of steam utilization and operating voltage is given below
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where ‘k’ is the thermal conductivity of the insulator, Tinlet is the inlet temperature of the gas streams, To is the ambient temperature, Cp  is the specific heat of the gas streams, dm/dt is the mass flow rate of the streams
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The temperature of the gas streams increases with increasing steam utilization value for all the operating voltages, if the voltage is above the thermoneutral voltage. This pattern reverses for the operating voltage lesser than thermoneutral voltage. So it is implied that in all those cases, extra heating energy will be required. The extra heating energy required is given as
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The heating energy costs are calculated from the above calculated Qextra   based on the lifetime of the stack. The heating energy costs are given as a function of operating voltage is given below
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Heat Exchanger costs

The governing equation for a heat exchanger design is
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Where Q is the Overall heat duty required, U is the overall heat transfer coefficient, LMTD is the Log Mean Temperature Difference. The log mean temperature difference of a heat exchanger with counter current flow can be given as
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Where TH_IN is the temperature at which the hot stream enters the heat exchanger (leaving the SOEC), TC_OUT is the temperature at which the gas stream exits the heat exchanger (entering the SOEC), TH_OUT is the temperature at which the hot stream exits the heat exchanger after cooling down, TH_IN is the temperature at which main stream entering the heat exchanger. In the above equation TH_IN  is the temperature at which the gas exits the SOEC, which is determined, TC_IN is the temperature at which gas streams enter which is usually room temperature. TC_OUT is the required temperature at which we want the gas to enter the SOEC, which can be fixed at around (800°C-830°C). So the only unknown quantity TH_OUT can be determined from the energy balance of the in-streams and out-streams
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Where (H is the change in the enthalpy of the respective streams that gets recuperative heat. Since all the temperatures are known LMTD of the heat exchanger is calculated. The overall heat duty of the heat exchanger is a known quantity, which is given as 
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The overall heat transfer coefficient is evaluated using appropriate Nusselt number. Now the net total area required for both the heat exchangers are calculated by summing the areas obtained for air heat exchanger and fuel heat exchanger. The cost of the heat exchangers are subsequently obtained

Total costs

It is seen from the below graph that above the thermo neutral voltage cost of extra heating energy costs keeps decreasing and eventually becomes zero. The operating electrical costs increase with increase in operating voltage. The selling price of the hydrogen and the total overall costs also shows a similar pattern as given below. The selling price of hydrogen shows a linear relationship with respect to the operating voltage. The total costs is not linear with respect to operating voltage rather it is parabolic 
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The profit obtained for a lifetime of two years of the stack is shown as 
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Conclusions

The operation of the electrolysis system at a operating volatge higher than thermoneutral voltage is the most profitable scenario. The optimum voltage was around 1.6V to 1.7V for any number of cells which is much above the thermal neutral voltage.  The operating electrical cost was the most dominant cost associated with the system compared to heat exchanger, extra heating energy costs and fan power costs to compensate for pressure drop. This system is  self sustaining irrespective of its location or climatic conditions 
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