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Abstract:



Electrical energy storage (EES) systems allow shifting the time of electric power generation from that of consumption, and they are expected to play a major role in future electric grids where the share of intermittent renewable energy systems (RES), and especially solar and wind power plants, is planned to increase. No commercially available technology complies with all the required specifications for an efficient and reliable EES system. Reversible solid oxide cells (ReSOC) working in both fuel cell and electrolysis modes could be a cost effective and highly efficient EES, but are not yet ready for the market. In fact, using the system in fuel cell mode produces high temperature heat that can be recovered during electrolysis, when a heat source is necessary. Before ReSOCs can be used as EES systems, many problems have to be solved. This paper presents a new ReSOC concept, where the thermal energy produced during fuel cell mode is stored as sensible or latent heat, respectively, in a high density and high specific heat material and in a phase change material (PCM) and used during electrolysis operation. The study of two different storage concepts is performed using a lumped parameters ReSOC stack model coupled with a suitable balance of plant. The optimal roundtrip efficiency calculated for both of the configurations studied is not far from 70% and results from a trade-off between the stack roundtrip efficiency and the energy consumed by the auxiliary power systems.
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1. Introduction


The share of renewable energy in the electricity generation mix has been increasing for many years in order to reduce the dependency on fossil fuels and mitigate carbon dioxide emissions. This trend is having a strong impact on the electric energy system: in the last 60 years, electric grids have been built and managed so that the electric energy produced by a small number of large power plants could be dispatched to satisfy the demand of a large number of users. In this scenario, it was quite easy to predict the simultaneity of large numbers of small loads by statistical methods, thus controlling the power output of large power plants in a centralized control room.



Nowadays, the number of small size renewable power plants with a much smaller power output is increasing and is given the priority to dispatch the generated power, by creating significant challenges in keeping the electric grids balanced. This is especially true in smaller or more isolated sections of the electric grids with a large share of intermittent renewable energy systems (RES). Therefore, it is necessary to develop solutions that could provide a storage capacity, in order to improve the matching of the demand and supply of electricity. The development of a large storage capacity is the key challenge that must be faced to reduce the stress on the grid, and to increase the share of renewable energy beyond the current level [1].



Pumped hydro storage represents about 95% of worldwide electrical energy storage (EES), but it is close to the full available capacity [2]. Other solutions (e.g., compressed air energy storage) were mostly discontinued after testing in some pilot installations, due to a relatively low efficiency and location restrictions. New generation batteries (e.g., lithium ion, redox flow) provide good efficiency, but they are still not able to meet the requirements for a durable and cost-effective EES [3]. Furthermore, because a range of applications, and thus operating requirements, are expected from EES devices, a portfolio of different technology solutions will be beneficial [1].



The direct production of hydrogen by reverting the operation of fuel cells has been studied for decades as a means to store electric energy, and, most recently, the interest has increased by focusing on the use of high temperature solid oxide cells for electrolysis. A fuel cell is an electrochemical conversion device that produces electrical power directly from the chemical energy stored in some fuel species. In electrolysis, the cell operates by reducing chemical species and producing a fuel, while consuming electric energy.



In the literature, various authors have been interested in the simulation of the interaction between hydrogen based energy storage technologies and the electric grid. Kasai [4] discussed the hydrogen energy storage with two different energy mix scenarios: one with large scale renewable energy penetration corresponding to highly fluctuating energy supply and one with nuclear power plants with highly fluctuating energy demand. In 2013, Gahleitner [5] wrote a comprehensive review about the power to gas solutions which could cope with intermittent power generation from renewable energy sources highlighting the need for further research to improve the efficiency, reliability, lifetime and costs of electrolyzers and fuel cells as well as to develop codes and standards for the use and storage of hydrogen .



One of the most promising fuel cell technologies is the reversible solid oxide cell (ReSOC). State-of-the-art solid oxide cells consist of a positive electrode-electrolyte-negative electrode (PEN) element. The solid electrolyte is generally made of yttrium-stabilized zirconium (YSZ), the anode of a nickel-impregnated yttria-stabilized zirconia cermet, which mechanically supports the cell, while the cathode is made of a lanthanum strontium cobalt ferrite (LSCF) layer. Generally, a protective layer of either Gadolinium-doped ceria (GDC) or Yttrya-doped ceria (YDC) is added to prevent a secondary face-interface formation [6]. The chemical species flow in channels and react inside the porous electrode. ReSOC has to operate at a high temperature (about 800 °C) because the electrolyte (YSZ) ionic conduction is highly influenced by the cell temperature. The benefit of high temperature operation allows for high electrolysis efficiency as shown by Ferrero et al. [7]. A schematic of a ReSOC is shown in Figure 1.


Figure 1. Schematic of a reversible solid oxide cell (ReSOC) operational modes. Adapted from [8]. SOFC: solid oxide fuel cell; SOEC: solid oxide electrolysis cell.
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Various experimental studies focused on solid oxide electrolysis. Three different studies, published in 2008, have highlighted the high measured efficiency of high temperature solid oxide water electrolysis [9], some specific issues of materials and shape of electrodes [10], and control strategies and reactions with oxygen on the anode side [11]. Other tests of solid oxide electrolysis were presented in [12,13,14]. Those tests focused on transient operation, which is fundamental for reversible operation of solid oxide cells [12], on the effect of temperature and steam inlet concentration [13] and on degradation in electrolysis mode [14]. Jung et al. [15] recently presented a complete assessment of the performance of two materials when operated in solid oxide fuel cell (SOFC) and solid oxide electrolysis cell (SOEC) modes, also determining the effect of the reversible operation on materials.



A complete theoretical study dealing with thermodynamics, overpotential and performance of steam electrolysis in pressurized solid oxide cells was presented in [16]. Peters et al. [17] studied the influence of operating parameters on solid oxide electrolysis performance and identified four different efficiency definitions with different amounts and types of heat supply.



Another possible utilization of solid oxide electrolyzer cells is in the so called co-electrolysis of CO2 and water, which produces a syngas from where either Fischer–Tropsch liquid fuels or CO and H2 rich gases can be produced for different applications. Jensen et al. proposed to use SOEC to produce Fischer–Tropsch fuels either using atmospheric or pressurized cells [18,19]. Similar results were published by Becker et al. [20], and by Kazempoor and Braun [21], whereas Cinti et al. [22] applied co-electrolysis to investigate the eventual convenience of distributed CO and hydrogen production and centralized F–T fuel synthesis. Co-electrolysis has also been studied for the production of chemicals by producing optimal syngas mixtures with the correct CO/H2 ratio. To this aim, several studies were published about the performance, the durability and the optimal operation of the SOEC [23,24,25,26].



In all of the previously cited studies, the electrolysis mode is considered the normal mode of operation of the solid oxide cell. Even in the reversible cell tests, the two modes of operation are not considered integrated with hydrogen and steam storage as it could happen in an energy storage system. The term ReSOC or rSOC is used to describe a solid oxide cell that can be operated either to produce power in SOFC mode or to electrolyze steam in SOEC mode. Most of the modeling studies about the performance of ReSOCs have been written by the research group of Braun [27,28,29,30,31,32]. Starting with the first concept presented by Kazempoor and Braun [27] in 2015, where ReSOC are proposed for storing intermittent renewable energy, the subject was studied from different points of view and different levels of detail in [28,29,30,31,32]. Klotz et al. [33] developed a simplified model, which accurately represents the behavior of SOC in both operational modes, while Ferrero et al. [8] presented a model, validated and calibrated it with experimental test. SOEC and ReSOC have also been studied experimentally in order to validate concepts and simulations and to understand aging and deterioration of materials. Among the most complete experimental studies, two deserve to be mentioned:

	
at the Julich research center, a two-cell planar stack was operated for 4000 h in fuel cell mode, for 3450 h in steam electrolysis and for 640 h in co-electrolysis modes [34];



	
Sar et al. [35] made similar tests with different materials for a shorter time (430 h as SOEC and 350 as SOFC).








From the state-of-the-art of the research, it is clear that the ReSOC might be an electric storage technology with a high roundtrip efficiency (>70%) and higher energy density than batteries [28,36]. Wendel proposed in his Ph.D. thesis [28] to store and provide the thermal energy produced and required by the cell (Figure 2) using the C-H-O equilibrium catalyzed by the nickel of the fuel anode. In fact, the use of methane as primary fuel produces an endothermic reaction in power generation mode, while hydrogen and carbon monoxide are produced during electrolysis, and methanation (exothermic reaction) is expected. The problem with this solution is that at the working temperatures and pressures of the state-of-the-art ReSOC (1000 K and atmospheric pressure), methanation reaction practically does not occur. Thus, Wendel proposed to use a lanthanum strontium magnesium gallate (LSGM) electrolyte ReSOC, which is theoretically able to achieve 80% percent cell roundtrip efficiency at 650 °C, which is a much more favorable temperature for methanation reaction, and to increase cell pressure.


Figure 2. Typical SOFC–SOEC polarization curve. In this picture, the electrical and thermal power in fuel cell and electrolysis mode are shown. Adapted from [13].
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This paper describes ReSOC systems, and most of the challenges that have to faced in order to build and operate such a system in both SOEC and SOFC modes with a suitable hydrogen and steam storage system. This could be also considered as a way to store hydrogen and use it efficiently on the same site where it is produced. In fact, the interest for this technology relies on the fact that the user (a SOFC) has a very high efficiency and is located in the same place where the hydrogen is produced, whereas any other solution where hydrogen is produced far from the user requires transport and delivery costs and additional energy.



The ReSOC is a very interesting technology for EES applications because of the high theoretical roundtrip efficiency, which can be enhanced with an appropriate thermal management strategy: in fact, because of the high operating temperature, the stack needs thermal power when performing electrolysis that can be stored when the cell produces electric power increasing the roundtrip efficiency.



One of the most challenging problems is the stack durability: in fact, the different thermal behavior during SOFC and SOEC operation induces thermal stress that can damage the cells. Another important challenge to face is the cell performance degradation. In fact, the cell has to work in both oxidizing and reducing environments, and it is important to develop electrode materials, which are stable in both those operating conditions [37,38,39].



A stand-alone energy storage system can be built by operating the system in both fuel cell and electrolysis modes and storing the gas as “fuel” and “exhaust” species. In addition, a new management strategy for thermal energy and a power plant configuration for ReSOC based EES are presented. Thermal energy is stored directly inside the stack using a sensible heat storage for a small size EES plant or a phase change material (PCM) thermal storage for a large size one.



In all of the plant configurations presented in this paper, the ReSOC stack is based on the Julich F-design anode supported cells (ASC) with YSZ electrolytes, Ni/YSZ hydrogen electrodes and perovskite oxygen electrodes with LSCF. Those cells were chosen since their reliability has been proven in long-term tests in both SOFC and SOEC modes as mentioned above [34].




2. Theoretical Background


2.1. Reversible Solid Oxide Cell Stack


The theoretical work that can be obtained by oxidizing a mole of fuel can be expressed as:


[image: there is no content]



(1)




where [image: there is no content] is the enthalpy variation between reactants and products, [image: there is no content] the Gibb’s energy change and [image: there is no content] the entropy difference. The term [image: there is no content] is the heat produced during this reversible process. The energy required to perform the inverse process can be calculated as:
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(2)







In this case, ΔG is the share of the total energy that has to be provided as work while [image: there is no content] is the thermal energy.



At higher temperatures, the thermal energy theoretically required to perform electrolysis and produced in SOFC mode increases, while the ΔH slightly increases [13]. At the typical ReSOC working temperatures, the thermal energy required to perform electrolysis is approximately 30% of the total. The relationship between current and voltage in a ReSOC is a fundamental characteristic of the cell efficiency and is generally calculated from the open circuit voltage. The open circuit voltage ([image: there is no content]) is estimated by the Nernst potential, calculated as:


[image: there is no content]



(3)




where n is the number of electrons involved in the reaction, ΔG is the Gibbs free energy variation and F is the Faraday constant. Expanding the Gibbs free energy term follows:
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(4)




where [image: there is no content] is Gibbs free energy variation in standard conditions, y[image: there is no content], y[image: there is no content] and y[image: there is no content] are the molar fractions of hydrogen, oxygen and steam, respectively, p is the reactant pressure and [image: there is no content] is the reference pressure.



The voltage difference from the Open Circuit Voltage (OCV) in each operational mode, due to a current dependent overpotential caused by the internal losses due to irreversible processes, determines the cell voltage. The overpotential is typically divided into activation, concentration and ohmic [8].



Activation loss derives from the chemical disequilibrium, and they are modeled with the Butler–Volmer equation. The activation overpotential in solid oxide cells, working in electrolysis mode, is smaller than in low temperature electrochemical cells. Activation overpotential slightly increases with current density at normal operation temperatures.



Concentration losses are mainly due to the transport phenomena inside the porous anode because it is over ten times thicker than the cathode. In fact, most of the electrochemical reactions occur at the interface between electrolyte and electrodes, and the reactant concentrations in that layer are different from the bulk ones.



The ohmic overpotential derives from the electric and ionic resistance of electrodes and electrolyte, respectively; in particular, the ionic conductivity is highly influenced by the temperature. All of the overpotential components described grow with the current density.



Cell potential can be expressed as [30]:


[image: there is no content]



(5)




where [image: there is no content] is –1 in SOFC mode and +1 in SOEC mode. The thermoneutral potential is the potential at which the heat generated by the Joule effect into the cell, due to the current flow, is equal to the heat demand of the electrolysis reaction, and it is defined as:


[image: there is no content]



(6)




where ΔH is calculated at the working temperature.



The electric power produced or needed by the cell can be calculated as:


[image: there is no content]



(7)




where S is the active surface of the cell and J the current density (positive for SOFC mode and negative for SOEC mode). The thermal power produced or required is:


[image: there is no content]



(8)







During electrolysis, the cell needs thermal energy until the cell potential reaches the thermoneutral voltage. At higher voltage, the cell also produces thermal power in SOEC mode. The most important evaluation parameter for an EES system is the roundtrip efficiency, which is defined as the ratio of the net energy generated in SOFC mode to the total energy supplied in SOEC mode:


[image: there is no content]



(9)




where [image: there is no content] and [image: there is no content] are the total electric energy produced and consumed by the stack in SOFC and SOEC mode, respectively, while [image: there is no content] and [image: there is no content] represent the energy consumed by the auxiliary systems. When considering only the ReSOC stack, the roundtrip efficiency is defined as:


[image: there is no content]



(10)




where [image: there is no content] and [image: there is no content] are the average cell potential during SOFC and SOEC mode. It is important to underline that this definition of the roundtrip efficiency does not take into account the internal energy variation of the system during the working cycle. In this study, the charge and discharge times have been assumed the same since the main focus was on the possibility to operate a solid oxide cell in reverse mode with a high temperature (hot) storage. However, in general applications, charge and discharge times may be different. This can be achieved by sizing the storage systems appropriately. The stack power control is performed by keeping the utilization factor constant. This parameter is defined as the ratio between the consumed and inlet reagents, which is defined during SOFC mode operation as:


[image: there is no content]



(11)







During SOEC mode operation, the utilization factor is calculated as follows:


UF,H2O=NH2O,consumedNH2O,in=modJSNcell/(2F)NH2O,in



(12)







A representative voltage-current plot for a ReSOC is shown in Figure 2.



The cell chosen for this study is a state-of-the-art cell with Ni:YSZ fuel electrodes, YSZ electrolytes and LSCF air electrodes, with a protective layer made of YDC. A schematic of the cell can be found in Figure 1. The electrochemical and thermal models of the cell have been developed by Ferrero et al. [8]. They allow for calculating cell overpotential, and consequently the polarization curve, when cell temperature and inlet gas compositions are known. The electrochemical reactions are considered faster than the thermal dynamics of the cell, so the electrochemical model is stationary, while the thermal model is time dependent, to take into account cell temperature variation. The reactant concentrations needed to calculate the polarization curve are the average between inlet and outlet because the current density is supposed uniform inside the cell.



Some more assumptions have been made in order to have a simple and analytic cell mode:

	
stationary plug flow with negligible gas conduction in both anode and cathode channel;



	
uniform temperature inside cells;



	
isopotential electrodes;



	
reactant concentrations and molar fractions used to calculate cell potential are the mean ones between inlet and outlet.









2.2. Heat Exchangers


The heat exchangers in the proposed plants preheat reactants and cool down products, and they are necessary in both the configurations. In the proposed plants, heat exchangers’ dynamic behavior was neglected because their transients are faster than those of the stacks, which have a higher inertia. The efficiency method, which is often used to size heat exchangers, can model them in a simple and coherent way. A value of the heat exchanger efficiency has been assumed as constant in all operating conditions.




2.3. Compressors and Expanders


Both compression and expansion devices have been modeled assuming an isentropic efficiency. Thermodynamic properties of chemical species have been calculated using the REFPROP software [40], while thermodynamic properties of mixtures are calculated with the assumption of ideal mixtures.





3. Thermal Management Strategies


The SOEC mode operation, as shown in Figure 1, can be either exothermic or endothermic, depending on the current density. To achieve steady state operation, the stack has to work in a slightly exothermic regime, which implies a high current density, irreversible processes, and consequently, low system efficiency. For this reason, in order to increase the EES performance, the stored thermal energy during the SOFC mode has to be recovered during SOEC mode.



In the literature, McElroy proposed to store thermal energy by using lithium fluoride (LiF), whose fusion temperature is 848 °C, as a PCM in direct contact with the cell stack [41]. This solution presented several problems due to the low thermal conductivity, which produces a significant temperature difference between cell and PCM.



Another problem is that lithium fluoride, while changing phase from solid to liquid, increases its volume by 30% [42]. Moreover, McElroy experiments were carried out using an electrode supported cell stack, which has a working temperature about 100 °C higher than state-of-the-art ASC, for the PCM to operate at lower temperatures.



In this work, two different thermal storage strategies are proposed: sensible heat storage using a ceramic material, such as aluminum oxide, or latent heat storage using a PCM, preferably an eutectic metal alloy, with a high thermal conductivity and low volume change. The thermal storage material is in close contact with the stack, and to decrease the contact thermal resistance, micro-channels are used, allowing a higher heat transfer coefficient and lower thermal gradients. A schematic representation of the stack configuration can be found in Figure 3.


Figure 3. Stack configuration.
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The EES can be theoretically operated in SOEC mode for a very long time with no external heat source, working slightly above the thermoneutral potential to keep the stack temperature constant. This would, however, decrease the system roundtrip efficiency.




4. Modeling Approach


System modeling approach is used to determine suitable system configurations and operating conditions that allow a high roundtrip efficiency. Two plant configurations have been proposed and modeled with differences in thermal and water management. The models were built using the Matlab/Simulink software (Mathworks, Natick, MA, USA).



4.1. Condensed Vapor Configuration


The condensed vapor configuration is shown in Figure 4 when the system is operated in SOFC mode and in Figure 5 when the system is operated in SOEC mode. In both SOFC and SOEC modes, the steam that comes from the ReSOC stack is condensed after every compression stage, so that almost pure hydrogen is stored in the tank. In the condensed vapor configuration, shown in Figure 4, when the ReSOC stack operates in SOFC mode, the excess thermal energy is stored in a steam generator tank and the steam contained at the outlet of the stack is condensed after every compression, so that the hydrogen contained in the pressurized tank is almost pure, with a higher energy density. Both hydrogen and ambient air are preheated in, respectively, the air heat exchanger (HEX) and the fuel HEX before entering the ReSOC stack. The ambient air molar flow is higher during SOFC operation in order to have a high oxygen molar fraction in the cell, while during SOEC operation, air has to only blow away the oxygen formed in the electrode; furthermore, since the heat exchanger efficiency is not one, a larger air flow rate implies higher stack thermal loss. In order to control the water molar fraction entering the cell and to further increase the temperature of the gas, fuel is recirculated in both SOFC and SOEC operation.


Figure 4. Condensed vapor plant configuration in SOFC mode.
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Figure 5. Condensed vapor plant configuration in SOEC mode.
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In SOEC mode, steam is extracted from the steam generator tank, expanded to the stack pressure and preheated in the fuel HEX.



This configuration allows a high stack roundtrip efficiency because it is possible to operate in both SOFC and SOEC modes with high reactant molar fractions. The water steam necessary during SOEC mode is generated in the storage steam generator tank: the gas exiting the fuel HEX and the first compression stage flows through heat exchangers heating the tank. In fact, at nominal conditions ([image: there is no content] = 1000 K, p = 1 atm, [image: there is no content] = 5000 A/m2), the thermal power produced in SOFC mode is approximately 20 W, while the heat needed in the SOEC is about four times smaller (5–8 W). The surplus heat is used to generate the steam for the electrolysis: during SOFC operation, part of the thermal energy goes to the thermal storage material inside the stack itself, and part is transferred by the gas flows processed by the stack and by a cooling fluid to the steam generator, which actually works as a boiler drum. During SOFC operation mode, its temperature and pressure increase, while during SOEC mode, when steam is required, the tank pressure decreases promoting water evaporation. The pressure inside the steam generator can be controlled expanding part of the fluid in a steam turbine. This configuration is applicable only for low capacity EES or for thermally integrated plants because of the thermal energy needed to generate steam during electrolysis. The thermal energy required is at low temperature and can be provided by solar collectors.



In Table 1, the coefficients used for the simulation are reported.



Table 1. Parameters used for the condensed vapor configuration. PCM: phase change material.







	
Parameter

	
Value






	
Compression isoentropic efficiency

	
0.8




	
Pressure ratio (1st stage)

	
4




	
Pressure ratio (other stages)

	
3




	
Heat exchanger efficiency

	
0.8




	
Hydrogen tank pressure

	
108 bar




	
PCM melting temperature

	
1050 K




	
Optimal Working Parameters




	
Inlet [image: there is no content] molar fraction (SOFC)

	
0.8




	
Inlet [image: there is no content] molar fraction (SOEC)

	
0.8




	
[image: there is no content] utilization factor

	
0.6




	
[image: there is no content] utilization factor

	
0.6










A parametric analysis has been carried out to find the combination of reactant utilization factors and reactant inlet molar fractions that provide the highest roundtrip efficiency. Since the system does not operate under stationary conditions and the heat needed for electrolysis is stored as sensible heat, an evaluation cycle has been defined. This cycle consists of two hours of nominal power SOFC mode followed by electrolysis that ends when the hydrogen initial reservoir is full again. The parametric analysis shows how the roundtrip efficiency is almost constant. This was predictable, since a higher utilization factor means lower molar flow rates to compress and lower compression work, but it also means lower stack roundtrip efficiency. The same is true for the inlet reactant concentration: a higher reactant molar fraction produces higher stack efficiency, with lower fuel recirculation and higher compression work.



The best roundtrip efficiency achieved in these conditions is around 72% for both the sensible and the PCM heat storage, with 0.6 utilization factor and 0.8 inlet reactant molar fraction for both SOFC and SOEC operation.



This configuration presents some critical issues: first of all, even when PCM is used for thermal storage, it is not possible to perform electrolysis for a long time because of the limited steam availability. In fact, if no additional thermal source heats the steam tank, its pressure drops below the atmospheric one. Another critical aspect, due to the fast temperature change, appears when switching operation modes: if the stack operates in SOFC mode, the cell temperature is higher than the thermal storage material temperature (either ceramic material or PCM), because heat is transferred from the stack to the heat storage. If a step change of operation mode occurs and the electrolysis begins, the stack needs thermal energy that cannot be provided by the thermal storage material, because its temperature is lower. Therefore, the stack temperature drops quickly until it reaches the material’s temperature, because of its low thermal inertia.



The roundtrip efficiency for this concept can be theoretically improved with pressurized stack operation. In fact, a lower compression energy would be required, thus increasing roundtrip efficiency because of the higher reactant concentration. Pressurized SOFC and SOEC operation has also been studied at Idaho National Laboratory [43]. In order to keep pressure equilibrium inside and outside cell sealing, the stack was inserted into a pressurized nuclear vessel. However, stack reliability was compromised and no experimental stack survived longer than 900 h because pressure equilibrium could not be perfectly guaranteed. Moreover, the ReSOC electrochemical mode was validated only with ambient pressure operation.



Pressurized stack operation, for this configuration, would cause further limitations: the steam tank minimum pressure should be the stack pressure, and the minimum temperature should increase, decreasing the thermal energy recovered. For this reason, pressurized stacks would not significantly increase the roundtrip efficiency.




4.2. Stored Vapor Configuration


To enhance the EES system flexibility operation, another configuration is proposed. This new configuration does not need a steam generator because the water rich mixture needed for electrolysis is stored in the exhaust tank, so the only limitation to the electrolysis operation time comes from the thermal storage capacity.



In the stored vapor configuration, there are two pressurized tanks, one for the fuel rich and one for the water rich gas mixture. When producing electrical power, the fuel rich mixture is expanded and enters the ReSOC stack, while the exiting water rich mixture is compressed and finally enters the steam rich tank. When performing electrolysis, the water rich mixture enters the ReSOC stack and the hydrogen rich mixture is compressed and stored in the fuel tank (Figure 6). To keep water in vapor form, tank temperature must be higher than the saturation temperature at the storage pressure.


Figure 6. Vapor stored plant configuration. During SOFC mode (in black), the hydrogen rich gas comes out of the Fuel tank and is expanded in the ReSOC stack while steam rich gas is compressed in the Exhaust tank. During SOEC operation (in red) steam rich gas is expanded from the Fuel tank to the ReSOC stack and hydrogen rich gas is compressed and stored in the Exhaust tank.
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In order to decrease the energy needed to compress the high temperature mixture, the expansion energy is recovered as shown in Figure 6. The compression is divided into four intercooled stages: after every compression, the hot gas is cooled inside the heat exchanger, heating the expanding gas before it enters the turbine for the decompression.



This configuration presents a higher flexibility than the previous one because steam is stored and the steam generator, which was the most limiting element of the previous system, is no longer necessary. The main problem with this configuration is that achieving high roundtrip efficiency requires high reactant utilization factors to reduce the compressed molar flow, i.e., the compression energy. With high utilization factors, some of the assumptions made in the stack model cannot be accepted anymore: current cannot be considered uniform inside the cells and the cell voltage calculated by the model is not correct.



Moreover, thermal gradients dangerous for the stack could arise because of the non-uniform current distribution. Therefore, the results shown in these conditions can be seen as a simple estimation of the system performance. A parametric analysis has also been performed for the stored vapor configuration, and the highest calculated roundtrip efficiency was 64%, obtained for a 0.9 utilization factor for both hydrogen and water in SOFC and SOEC operation mode (Table 2). Pressurized stack operation could be an interesting way to decrease compression energy and increase roundtrip efficiency. A plant simulation has been performed for this condition, and the highest roundtrip efficiency achieved was 74%, always with 0.9 reactant utilization factor for both SOFC and SOEC operation.



Table 2. Parameters used for the stored vapor configuration.







	
Parameter

	
Value






	
Compression isentropic efficiency

	
0.8




	
Expansion isentropic efficiency

	
0.85




	
Pressure ratio (1st stage)

	
4




	
Pressure ratio (other stages)

	
3




	
Heat exchanger efficiency

	
0.8




	
Tank pressure

	
108 bar




	
PCM melting temperature

	
1050 K




	
Optimal working parameters




	
[image: there is no content] utilization factor

	
0.9




	
[image: there is no content] utilization factor

	
0.9












5. Conclusions


The thermodynamics of a ReSOC system have been thoroughly analyzed and a methodology developed to predict theoretical roundtrip performance in a duty cycle in order to understand the potential applications of this new technology as an electric energy storage system.



A state-of-the-art solid oxide cell (LSCF air electrode, YSZ electrolyte, and YSZ-Ni fuel electrode) model was used to characterize the impact of a variety of cell operating parameters on the stack efficiency. With the aim of internally recovering part of the thermal energy produced in SOFC mode, and using it in SOEC mode, a sensible heat storage system was studied, and all the PCM critical aspects discussed. The increased thermal inertia is useful to stabilize stack operation during transients but can cause some issues during operation inversion (i.e., from SOFC to SOEC or from SOEC to SOFC).



The calibrated ReSOC model was also coupled with the thermodynamic balance of plant model to simulate dynamic roundtrip operation of ReSOC energy storage systems in an estimated duty cycle. The system modeling capabilities were applied to two different plant configurations: a stored vapor and a condensed vapor configuration.



Both of those conceptual plants have been tested and possible performance improvements have been evaluated. The concepts of the stored vapor and condensed vapor configurations were optimized, finding the working parameters which maximized roundtrip efficiency. The vapor condensed plant showed an almost constant efficiency over a wide range of operating conditions. The optimized stored vapor plant has almost the same performance of the condensed vapor plant, but it needs higher reactant utilization factors. This could cause problems in cell operation such as temperature stress or loss of performance that cannot be analyzed because of the assumptions used in the stack model.



The optimized stored vapor model was also tested in pressurized stack conditions to evaluate improvements of the system performance due to the lower required compression power. The stored vapor plant roundtrip efficiency increased from 64% to 74%, while the condensed vapor plant showed problems due to the lower thermal power available for water evaporation with pressurized stack operation.
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