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Abstract 

 

There is a rapidly growing need to balance the consumption of electricity and its production 

from renewable energy sources, since the power demand rarely coincides with the power 

generation. Therefore electricity storage technologies have been highly studied during the last 

decades. One recently proposed, promising storage technology is an iron-air battery that utilizes 

a reversible solid oxide electrochemical cell (RSOC) coupled with iron as a thermochemical 

storage medium, which operates at ~700 °C. 

The main goal of the project is to model the heat management of a high temperature solid oxide 

iron air redox battery and use the model to design a novel battery system that integrates a 

phase-change material (PCM) to provide latent heat storage and improve the round-trip 

efficiency of this type of battery. The model has been built with the software COMSOL 

Multiphysics using a three-dimensional geometry with fluid flow and heat transfer physics 

implemented. The model has been solved with finite element methods (FEM). The model was 

used to design a compact system in an insulated box that includes a heat exchanger, a phase 

change material and the RSOC stack. Therefore, the balance of plant is minimized, integrating 

the thermal storage in direct contact with the stack and using a simple heat exchanger. 

 

Firstly, a simpler model was designed using a heater instead of the PCM, in order to obtain a  

baseline configuration in steady state conditions that could manage the heat fluxes both modes 

of operation, exothermic discharge (fuel-cell) mode and endothermic charge (electrolysis) 

mode. Afterwards, the PCM was added to recover the heat released in discharge operation and 

to use it in charge, and this system was studied using a time-dependent solution.  

 

By using the PCM instead of the heater, the round-trip efficiency increased from 58% to 83% at 

low current density operating conditions. At higher current density conditions the integration of 

the PCM does not enhance the efficiency significantly (61.7% with PCM and 57.8% with the 

heater) because the charge mode is nearly isothermal and cannot utilize the stored heat. 

Moreover, with the PCM the oxygen overblow factor could be eliminated, which otherwise 

needed to be 40 times higher to provide cooling during exothermic operation. 

 

 



Eventually, the amount of Iron and of Aluminum that is needed per hour of storage capacity has 

been analyzed, and the amount of Aluminum is much greater than that of the Iron, e.g. in order 

to have 3 hours of storage capacity, 3.3 kg of Iron are needed and 12.5 kg of Aluminum. 

Regarding the cost of the material per kWh of storage capacity, the Aluminum is higher than 

Iron, e.g. in order to store 3 kWh the Aluminum costs 35 $ and the Iron 3 $, therefore the cost of 

the electrical storage medium is almost negligible compared to that of the Aluminum. 
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Nomenclature 

 

𝐴       Area [𝑚2]  

𝐴𝑈  Air utilization [−]  

𝐶                Specific heat [𝐽/𝑘𝑔/𝐾]  

𝑐𝑝 Heat capacity at a constant pressure [𝐽/𝐾/𝑘𝑔]  

𝐷ℎ    Hydraulic diameter  [𝑚]     

𝑑𝑖𝑛  Diameter of the inner pipe  [𝑚]  

𝐷𝑜𝑢𝑡  Diameter of the outer pipe  [𝑚]  

𝐹                 Faraday’s constant, 96485.3 [𝐶/𝑚𝑜𝑙];  

∆𝐺  Gibbs free energy difference [𝐽]  

∆𝑔  Molar Gibbs free energy difference [𝐽/𝑚𝑜𝑙]  

ℎ𝑐𝑜𝑛𝑣      Convective heat transfer coefficient  [𝑊/(𝑚2 ∙ 𝐾)]  

∆𝐻  Enthalpy difference [𝐽]  

∆ℎ  Molar enthalpy difference [𝐽/𝑚𝑜𝑙]  

ℎ𝑐𝑒𝑙𝑙  Height of the cell [𝑚]  

ℎ𝑠𝑡𝑎𝑐𝑘   Height of the stack [𝑚]  

𝐼  Faraday current [𝐴]  

𝑖                    Current density [𝐴/𝑐𝑚2]  

𝑘     thermal conductivity [𝑊/(𝑚 ∙ 𝐾)]  

𝐿          Length of the pipe [𝑚]  

𝑄𝑙𝑎𝑡𝑒𝑛𝑡  Specific latent heat of the phase change [𝐽/𝑘𝑔]  

𝑚                  Mass [𝑘𝑔]  

�̇�          Mass flow rate [𝑘𝑔/𝑠]   

�̇�             Molar flow rate [𝑚𝑜𝑙/𝑠]  

𝑛𝑐𝑒𝑙𝑙  Number of cells [−]  

𝑁𝑢  Nusselt number [−]  

𝑃   Electrical power [𝑊]  

𝑝𝑖                   Partial pressure of the specie in [𝑃𝑎]  

𝑃𝑟     Prandtl number [−]  

𝑄  Heat source [𝑊]  

�̅�                  Universal gas constant [𝐽/(𝑚𝑜𝑙 ∙ 𝐾)]  

𝑅𝑒  Reynolds number [−]  



𝑆  Base surface area of the stack [𝑚2]  

∆𝑆  Entropy difference [𝐽]  

∆𝑠  Molar entropy difference [𝐽/𝑚𝑜𝑙]  

𝑇               Temperature [𝐾]  

𝑡  Time [𝑠]  

𝑇𝑓                  Temperature of the phase transition [𝐾]  

∆𝑇𝑚𝑙  Logarithmic mean temperature difference [𝐾]  

𝑡ℎ    Thickness of the pipe [𝑚]  

𝑈      Thermal transmittance [
𝑊

𝑚2𝐾
]  

𝑢      Velocity of the flow [𝑚/𝑠]       

𝑉  Cell voltage [𝑉]  

𝑉𝑡𝑛  Thermoneutral voltage [𝑉]  

𝑊   Work [𝐽]  

𝑧                  Number of electrons exchanged in the reaction [−]  

 

Greek Symbols 

 

  

𝜀  Porosity [−]  

𝜂𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛  Activation overpotential [𝑉]  

𝜂𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛  Diffusion overpotential [𝑉]  

𝜂𝑜ℎ𝑚𝑖𝑐  Ohmic overpotential [𝑉]  

𝜃  Fraction of the phase transition [−]  

𝜅  Permeability [𝑚2]  

𝜇       Dynamic viscosity of the fluid  [𝑃𝑎 ∙ 𝑠]  

𝜈𝑖                Generic stoichiometric coefficient [−]  

𝜌        Density [
𝑘𝑔

𝑚3
]  

𝜙  Heat [𝐽]  

 

Subscript 
 

𝑐  Cold 

𝑒𝑙   Electric 

𝑒𝑞  Equivalent 



ℎ  Hot 

𝑖  Index for the species 

𝑖𝑛  Inlet- inner 

𝑖𝑟𝑟  Irreversible 

𝑙   Liquid state 

𝑜𝑢𝑡 Outlet- outer 

𝑝ℎ Phase transition 

𝑟𝑒𝑎𝑐𝑡  Reaction 

𝑠  Solid state 

𝑆𝑆   Stainless-Steel 

𝑡ℎ  Thermal 

 

Acronyms 

 

ASR  Area specific resistance  

EL Electrolysis  

FC Fuel cell  

OCV  Open circuit voltage  

PCM  Phase change material  

RCU  Redox circuit unit  

RES  Renewable energy sources  

ROB Rechargeable Oxide battery  

RSOC  Reversible solid oxide cells  

SOEC Solid oxide electrolysis cell  

SOFC Solid oxide fuel cell  

SOIARB  Solid oxide iron-air redox battery  

TES  Thermal energy storage  

TSU  Thermal storage unit   

1D  One dimension  

2D Two dimensions  

3D Three dimensions  
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1. INTRODUCTION 

 

1.1 Description of the project 

 

In order to mitigate carbon dioxide emissions, a reduction on the dependency on oil, natural gas 

and fossil fuel must be accomplished. The best solution to achieve this goal should be a 

reduction of the consumption of energy, energy efficiency improvement and a greater 

exploitation of the renewable energy sources. 

The main issue related to many renewable energy sources (RES), such as wind and solar, is their 

intermittent nature. In fact, the power produced is subject to daily and seasonal fluctuations, 

which lead to a grid’s stability problem. This will result in discrepancies between power 

produced by RES-based energy systems and requested power from the load, which means there 

will be periods of over-production of energy from RES system, and periods of energy shortage of 

the users. 

In order to reduce and control this negative effect, improved network management in terms of 

transmission capacity and an improvement in storage capacity are needed. 

For this reason, the development of a large-capacity electrical energy storage is very important 

for the realization of a smart grid based on a significant fraction of intermittent RES. 

 

One recently proposed promising energy storage technology, is an Iron-air rechargeable battery 

that consists of a reversible solid oxide cell (RSOC) coupled to iron as a redox medium, wherein 

two reactions occur: an electrochemical one at the RSOC, and a thermochemical one at the 

metal.  

 

RSOCs are electrochemical devices used for energy conversion. The main advantage of this cells 

is that it is possible to work both as electrical energy producer (fuel cell mode) and as fuel 

producer (electrolysis mode), therefore it can be used as electrical storage. In electrolysis mode 

(SOEC), the electrical energy from renewable sources is supplied to split H2O and/or CO2 

molecules into H2 and/or CO with very high efficiency. These products can be converted into 

hydrocarbons and then exploited in industrial processes, or can be reutilized in the RSOC in fuel 

cell mode (SOFC) to convert back into electrical energy on demand from the chemical energy of 

H2 and/or CO. 
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 Then the system provides reversible electricity storage like an open system rechargeable 

battery, but if it is possible to make it a closed system, like a battery, it would simplify the 

balance of plant of the system. 

Usually, the RSOCs are powered by high purity pre-heated gases, and when the electrolysis 

produces hydrogen, it should be further processed or synthesized to be stored, increasing the 

cost of the system and decreasing the efficiency. Moreover, the roundtrip energy storage 

efficiency of H2O to H2 and H2 to H2O is not very high and limited by thermodynamics to 70-80%, 

and around 50% in a practical system. 

 

One interesting closed system is the solid oxide Iron-air redox battery (SOIARB), in which a RSOC 

is integrated with Fe/FeO. The Iron redox material is a porous structure with high surface area, 

and it is the electrical storage medium. By integrating the Iron with the RSOC, the hydrogen and 

the steam can flow in a closed system to reduce and oxidize FeO/Fe and there is no need to 

supply or remove the gases. Moreover, there is no need to capture and store the hydrogen.  

 

This typology of battery could be attractive because of the following reasons: the cost is reduced 

because less complex balance of plant is needed, since it works with a mixture of steam and 

hydrogen in contact with a storage material, it does not require a supply of fuel gas; it is a clean 

and pollution free technology, it has high energy storage capacity. 

 

However, this type of battery has some drawbacks: the roundtrip efficiency is the same as the 

H2O/H2 system and most system designs involve a still rather complex balance of plant. For 

these reasons, in this thesis, a compact system which integrates a phase change material (PCM) 

for latent heat storage has been designed. The system built in this project is an insulated box 

that consists of a heat exchanger, the RSOC stack, and the PCM. In the first design, a simple 

heater was implemented instead of the PCM, in order to study the best configuration in terms 

of geometry and operating conditions for both the operating modes (fuel cell and electrolysis). 

So the final design was a tradeoff of the two modes, in fact, in electrolysis the aim was to keep 

the heat inside the system, in fuel cell mode the goal was to shed the heat in order to not 

overheat the stack. 

Afterwards, the PCM was added instead of the heater in order to store the heat in excess during 

fuel cell mode, and then use it during electrolysis mode, and consequently to improve the 

round-trip efficiency. 
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1.2 Aim of the work 

 

 

The aim of this thesis is to improve the thermal management of the SOIARB by making it more 

isothermal and avoiding thermal cycles during idle periods. This is achieved by integrating a PCM 

with the RSOC.  

 

The PCM is a thermal energy storage of latent heat, and it should improve the round-trip 

efficiency because it would absorb the heat released from the stack during the exothermic fuel 

cell mode; it would release this heat to maintain the temperature of operation during the idle 

period and to sustain the reaction, or part of it, during the endothermic electrolysis mode. 

Moreover, the system need a simpler balance of plant than is required without the PCM, which 

would make the system cheaper.  

 

Achieving a high efficiency also requires that the heat generated by the RSOC stack and flowed 

out in the air exhaust must pre-heat the incoming air that should enter the stack. Therefore a 

heat exchanger has been designed to exploit the heat of the hot air leaving the stack.  

Thus, the goal is to design a compact closed system able to control the thermal balance of the 

rechargeable oxide battery. 
 

1.3 Literature review 

 

The Iron-air redox battery is a rather new technology developed in the last few years, since 2011 

several papers have been written on this new battery [1]–[8].  

Different physics of the SOIARB have been studied. The gas diffusion and the mass transport 

were investigated, and it was found that the H2-H2O is very effective in transporting the oxygen 

between the RSOC and the Fe/FeO. Furthermore, the kinetics of the different reactions were 

considered, finding that the oxidation kinetics are much faster than the reduction ones and, 

when the kinetics of the two reactions (at RSOC and at the redox metal) are almost equal, the 

terminal voltage is constant. Instead when the redox reaction becomes slower the terminal 

voltage increases or decreases at the end of the operation, depending if it is in charge or 

discharge, which leads to limited performances. Moreover, other papers focused on the volume 

expansion of the redox metal during the discharge operation, concluding that it limits the redox 

reaction because it reduces the diffusion coefficient. Another important topic was how to 
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improve the round-trip efficiency, and the solution was to integrate a heat exchanger to pre-

heat the inlet air and a thermal storage to recover heat. Moreover, an important point about 

heat transfer is that the heat released during discharge operation can exceed the cooling 

provided by air convection, so an enhancement of the air flow rate (overblow of air) is needed.  

Eventually, it has been analyzed the electrical storage medium as iron and its degrading 

properties [7], but also the Calcium-Iron has been studied as storage medium because more 

redox cycles are possible with less degradation [4].  

 

The complete system in previous work [9] (Figure 1a), included a heat exchanger, a Solid oxide 

iron-air redox battery (SOIARB) and a thermal storage unit (TSU).  
 

 

Figure 1 - The system scheme according to [9] (a) and the scheme of the model of this project (b). 

 

The SOIARB system consists of the redox circuit unit (RCU) and the RSOC, and, in this project, 

they are treated as a single compact unit; the RCU is directly integrated in the solid oxide cell as 

it is explained in [4]. Moreover, in this project, a latent heat storage has been used, unlike the 

scheme in Figure 1a that is a rock-bed sensible heat storage. Furthermore, the thermal storage 

unit and the heat exchanger in the Figure 1a are physically separated from the redox battery 

and they are connected with pipes; instead, in this thesis, there is a single unit that includes all 

these components (Figure 1b), and this, as it is possible to notice in Figure 1, allows to reduce 

the balance of plant and to decrease the heat losses.  

 

The main focus of this work is to study the direct integration of the thermal storage to the stack. 

In particular, it has been tried to build a single model that includes the heat exchanger, the 

SOIARB and the thermal storage, and then it has been studied the heat management of this 

model.  
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2. THEORETICAL BACKGROUND 

 

2.1 Iron air redox battery 

 

The solid oxide Iron-air redox battery (SOIARB) is a new battery concept which consists of a high 

temperature reversible solid oxide cell (RSOC) and iron as a redox metal. In this system, two 

reactions occur simultaneously in different locations, one at the RSOC and the other one at the 

metal. 

 

Figure 2 - Discharge (a) and Charge (b) operation in a SOIARB [1][2] 

 

In Figure 2 the redox metal is symbolized as Me as a general metal, since the type of battery can 

also work with other metals besides Fe. The redox metal is usually made of fine metal particles 

in order to ensure a large surface area [1]. In this project the RCU is included in the flow 

channels inside the stack. 

 

Figure 3 - A scheme of the coupling between the reactions in the redox metal and in the RSOC 
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As explained in Figure 3, in discharge operation, the RSOC works as fuel cell, the hydrogen is 

supplied to the SOFC, where steam is produced and transported to the redox metal that 

oxidizes; thus hydrogen is produced from the redox reaction and it diffuses to the SOFC where is 

consumed in an electrochemical reaction, and as a result electrical energy is produced [1]–[3] 

[6]–[10]. 

The air-electrode or positive-electrode is the cathode where oxygen reduction occurs and ions 

of oxygen are produced: 

 

 ½𝑂2 + 2𝑒− → 𝑂2− (1) 

 

The ions pass through the electrolyte to the fuel-electrode or negative-electrode, which in this 

mode is the anode where oxidation occurs, and the ions react with hydrogen to produce steam: 

 

 𝐻2 + 𝑂2− → 𝐻2𝑂 + 2𝑒− (2) 

 

The steam generated at the fuel-electrode diffuses to the redox metal and oxidizes it: 

 

 𝑀𝑒 + 𝑛𝐻2𝑂 → 𝑀𝑒𝑂2 + 𝑛𝐻2 (3) 

 

This reaction produces hydrogen which is transported to the RSOC fuel-electrode by gas 

diffusion and it is used as fuel for electricity production. 

 

The overall discharge reaction is therefore: 

 

 𝑀𝑒 +
𝑛

2
𝑂2 → 𝑀𝑒𝑂𝑛 (4) 

 

When the metal is totally oxidized the system needs to be recharged, so the reactions go in the 

opposite direction, which means in charge mode. 

 

In charge operation the steam is supplied to the RSOC and hydrogen is produced consuming 

electrical energy, by gas diffusion it is transported to the RCU where the thermochemical redox 

reaction takes place; as a consequence the metal oxide is reduced to metal and the hydrogen is 

oxidized. The aim is to store energy, then the cell works in electrolysis mode. In this situation, 

the fuel-electrode is the cathode and the electrochemical reaction is expressed as follows: 

 

 𝐻2𝑂 + 2𝑒− → 𝐻2 + 𝑂2− (5) 
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The ions of oxygen migrate through the electrolyte towards the air-electrode or negative-

electrode, which in this mode is the anode: 

 

 𝑂2− → 2𝑒− +½𝑂2 (6) 

 

The hydrogen generated at the fuel electrode diffuses towards the redox metal in order to 

reduce the metal oxide. Therefore, the steam behaves as an oxygen carrier, and it accelerates 

the reduction or the oxidation kinetics. 

 

 𝑀𝑒𝑂𝑛 + 𝑛𝐻2 → 𝑀𝑒 + 𝑛𝐻2𝑂 (7) 

 

The total overall charge reaction is therefore: 

 

 𝑀𝑒𝑂𝑛 → 𝑀𝑒 +
𝑛

2
𝑂2 (8) 

 

When the metal oxide is totally reduced, the charge is complete. 

In this project the Iron has been chosen as redox metal, therefore the thermochemical reaction 

in which the metal is oxidized becomes: 

 

 𝐹𝑒 + 𝐻2𝑂 

𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
→       

   𝑐ℎ𝑎𝑟𝑔𝑒    
←       

𝐹𝑒𝑂 + 𝐻2 (9) 

 
 

Figure 4 – Enthalpy and Gibbs free energy comparison between the reactions of oxidation of Iron and of hydrogen 

 

In Figure 4, it is possible to see the enthalpy and the Gibbs free energy for the two reactions: 

Fe+½O2 FeO and H2+½O2H2O. The thermodynamic properties of the oxidation of the 
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hydrogen are always higher than those of the Iron, and they follow a similar trend such that the 

thermodynamic efficiencies of the two reactions are very similar. 

 

2.2 Solid oxide cell 

 

 

Reversible solid oxide cells (RSOCs) are electrochemical devices, used to directly convert 

chemical energy into electrical energy and vice versa, which ensure low irreversibility and high 

efficiency.  

When the transformation of chemical energy into electrical energy occurs, the device is a power 

generator and it works in a galvanic regime. When it converts electrical energy into chemical 

energy, it becomes a producer of chemical species and it works in electrolysis mode. 

An electrochemical cell is composed of two electrodes and an electrolyte layer. The anode is the 

electrode where the reaction of oxidation occurs: 

 

      𝑅1 ⟷ 𝑂𝑥 + 𝑒− (10) 

 

The cathode is where the reduction reaction occurs: 

 

 𝑅2 + 𝑂𝑥 + 𝑒− ⟷ 𝑃 (11) 

 

The electrolyte layer physically separates anode and cathode and it is characterized by low 

molecular diffusivity, low capability to conduct electrons, and high capability to conduct ions. 

The reaction can occur even if there is no contact between the two reactants; this is possible 

thanks to the ions that travel across the electrolyte, and the electrons that travel in an external 

circuit. 

The charge separation gives rise to a generation of an electrical field on both electrodes; 

therefore a voltage differential is created. By closing the external circuit, the equilibrium at the 

electrodes is broken and a current is generated by the flow of electrons. 

The presence of a current flowing across a voltage gradient generates electrical power: 

 

 𝑃 = ∆𝑉 ∙ 𝐼      (12) 

 

- 𝑃           is the electric power  

- ∆𝑉         is the cell potential 

- 𝐼            is the current generated  
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The current that is generated in the cell is the Faraday’s current and it can be expressed as 

follows: 
 

 𝐼 = �̇�𝐹𝑢𝑒𝑙 ∙ 𝑧 ∙ 𝐹     (13) 

 

- 𝐹                                Faraday’s constant  

- 𝑧  number of electrons exchanged in the reaction 

- �̇�𝑖  molar flow rate of the species 𝑖 

 
 

2.3 Thermodynamics of electrochemical cells 

 

The first and second principles of thermodynamics have been applied to the control volume of 

the stack, which is represented as a black box, under steady state and equilibrium conditions 

[24]. 

 

Figure 5 - Control Volume of the stack 

 

Applying the first principle of the thermodynamics for open systems to the control volume leads 

to: 

 

 𝜙𝑡ℎ −𝑊𝑒𝑙 =  ∆𝐻𝑟𝑒𝑎𝑐𝑡 (14) 

 

- 𝜙𝑡ℎ          is the heat exchanged by the cell with the environment 

- 𝑊𝑒𝑙          is the electrical work exchanged by the cell with the environment 

- ∆𝐻𝑟𝑒𝑎𝑐𝑡     is the total enthalpy at temperature and pressure conditions of a state x, 

calculated as: 
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 ∆𝐻𝑟𝑒𝑎𝑐𝑡 = �̇�𝑝𝑟𝑜𝑑 ∙ ℎ̅𝑝𝑟𝑜𝑑(𝑇, 𝑝𝑖) − �̇�𝐹𝑢𝑒𝑙 ∙ ℎ̅𝐹𝑢𝑒𝑙(𝑇, 𝑝𝑖) − �̇�𝑜𝑥 ∙ ℎ̅𝑜𝑥(𝑇, 𝑝𝑖)      (15) 

 

- ℎ𝑖           is the molar enthalpy of the species 𝑖 
  

Afterwards, the second principle of thermodynamics for open systems has been applied to the 

control volume above, which defines the irreversibility of a process: 

 

 𝜙𝑡ℎ

𝑇
=  ∆𝑆 

(16) 

 ∆𝑆 = 𝑆𝑜𝑢𝑡 − 𝑆𝑖𝑛 − 𝑆𝑖𝑟𝑟 = ∆𝑆𝑟𝑒𝑎𝑐𝑡 − 𝑆𝑖𝑟𝑟  (17) 

 𝜙𝑡ℎ + 𝑇 ∙ S𝑖𝑟𝑟 = 𝑇 ∙  ∆𝑆𝑟𝑒𝑎𝑐𝑡 (18) 

 

- S𝑖𝑟𝑟            is the entropy generated by the irreversibilities 

- ∆𝑆𝑟𝑒𝑎𝑐𝑡      is the total entropy at temperature and pressure conditions of a state x, 

calculated as: 

 

 ∆𝑆𝑟𝑒𝑎𝑐𝑡 = �̇�𝑝𝑟𝑜𝑑 ∙ �̅�𝑝𝑟𝑜𝑑(𝑇, 𝑝𝑖) − �̇�𝐹𝑢𝑒𝑙 ∙ �̅�𝐹𝑢𝑒𝑙(𝑇, 𝑝𝑖) − �̇�𝑜𝑥 ∙ �̅�𝑜𝑥(𝑇, 𝑝𝑖) (19) 

 

- 𝑠𝑖             is the molar entropy of the species 𝑖 

Combining these two equations (14) and (18), it is possible to obtain: 

 

 𝑊𝑒𝑙 = − ∆𝐻𝑟𝑒𝑎𝑐𝑡 − 𝑇 ∙ Σ𝑖𝑟𝑟 + 𝑇 ∙  ∆𝑆𝑟𝑒𝑎𝑐𝑡 (20) 

 

From this equation, it is clear that the maximum work can be obtained when considering a 

reversible process (Σ𝑖𝑟𝑟 = 0 ). 

 

 𝑊𝑒𝑙
𝑟 = − ∆𝐻𝑟𝑒𝑎𝑐𝑡 + 𝑇 ∙  ∆𝑆𝑟𝑒𝑎𝑐𝑡 = −∆𝐺𝑟𝑒𝑎𝑐𝑡 (21) 

 

Normalizing by the molar flow rate: 

 

 𝑙𝑒𝑙
𝑟 = − ∆ℎ̅𝑟𝑒𝑎𝑐𝑡 + 𝑇 ∙  ∆�̅�𝑟𝑒𝑎𝑐𝑡 = −∆�̅�𝑟𝑒𝑎𝑐𝑡  (22) 

 

Exploiting the Faraday law: 

 

 𝑙𝑒𝑙
𝑟 = 

𝑊𝑒𝑙
𝑟

�̇�𝐹𝑢𝑒𝑙
=
𝐼 ∙ 𝑉𝑟

𝐼
𝐹 ∙ 𝑧

=  𝑉𝑟 ∙ 𝐹 ∙ 𝑧  (23) 

 

The only situation in which the cell works in reversible condition is when the circuit is open, 

therefore there is no generation of entropy. 
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The voltage measured across the cell in this condition is called open circuit voltage, and looking 

at the equations above it is possible to obtain the Nernst equation: 

 

 𝑂𝐶𝑉 = −
∆�̅�𝑟𝑒𝑎𝑐𝑡
𝐹 ∙ 𝑧

 (24) 

 

- ∆�̅�𝑟𝑒𝑎𝑐𝑡    is the total molar Gibbs free energy of the reaction at constant temperature 

and pressure conditions 
 

The Gibbs free energy is the thermodynamic potential that defines the spontaneity of a reaction 

at temperature and pressure conditions of a state x, and it is minimized when the system 

reaches the chemical equilibrium. If ∆𝐺 < 0   the reaction is spontaneous, this occurs when the 

reaction is exothermic (∆𝐻 < 0 ) and the order of the reaction decreases (∆𝑆 > 0); if it is 

exothermic but the order increases, it is only spontaneous at low temperature; if it is 

endothermic and the order decreases, only high temperature will make the reaction 

spontaneous; if none of these conditions is verified the reaction is not spontaneous (∆𝐺 < 0), 

and so it will not take place. 

The larger the Gibbs free energy of the reaction, the larger is the voltage drop that can be 

generated. As the Gibbs free energy is function of the thermodynamic state, so does the open 

circuit voltage. 

The increase of the temperature makes the Gibbs free energy drop, but even if this would 

suggest that at lower temperature the system works better, there are always less voltage losses 

at higher temperature when the hypothesis of reversibility is not considered. 

The temperature of the gases under consideration is high enough, so they can be treated as 

ideal gases. 

The Gibbs free energy is defined as follows: 

 

 �̅�𝑖(𝑇, 𝑝𝑖) = ℎ̅𝑖(𝑇, 𝑝𝑖) + �̅�𝑖(𝑇, 𝑝𝑖) 

 

(25) 

- 𝑝𝑖    partial pressure of the species  

The pressure variation, at constant temperature, does not affect the enthalpy: 

 

 (
𝜕ℎ 

𝜕𝑝
)
𝑇

= 0 (26) 

 

As a consequence of the equation (26), the enthalpy can be written as follows: 

 

 ℎ̅𝑖(𝑇, 𝑝0) = ℎ̅𝑖(𝑇, 𝑝𝑖) (27) 
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- 𝑝𝑖    partial pressure of the species  

- 𝑝0        reference pressure 

 

Regarding the entropy: 

 

 (
𝜕𝑠 

𝜕𝑝
)
𝑇

 = −
�̅�

𝑝
∙ 𝑑𝑝 (28) 

 

From the equation (28), it is possible to obtain: 

 

 �̅�𝑖(𝑇, 𝑝𝑖) = �̅�𝑖(𝑇, 𝑝0) − �̅� ∙ ln (
𝑝𝑖
𝑝0
) 

 

(29) 

- �̅�    universal gas constant  

Combining the equations (25)-(27)-(29), it is possible to obtain the expression that describes the 

Gibbs free energy: 

 

 �̅�𝑖(𝑇, 𝑝𝑖) = �̅�𝑖(𝑇, 𝑝0) + �̅� ∙ 𝑇 ∙ ln (
𝑝𝑖
𝑝0
) 

 

(30) 

As a consequence: 

 

 𝑂𝐶𝑉(𝑇, 𝑝) = −
∆�̅�𝑟𝑒𝑎𝑐𝑡(𝑇, 𝑝0)

𝑧 ∙ 𝐹
+
�̅� ∙ 𝑇

𝐹 ∙ 𝑧
ln [

∏ (
𝑝𝑖
𝑝0
)𝜈𝑖𝑛

𝑖

∏ (
𝑝𝑖
𝑝0
)𝜈𝑖𝑚

𝑖

] (31) 

 

- 𝜈𝑖    generic stoichiometric coefficient 

- 𝑚    number of products 

- 𝑛    number of reactants 
 

When the circuit is closed, the current is no more equal to zero and it starts to flow in the 

external circuit breaking the chemical equilibrium at the electrodes. The system is no more in 

ideal conditions, and the cell voltage will always be lower than the OCV for a galvanic cell and 

higher for an electrolytic one.  

The differences between real and ideal functioning arise due to the occurrence of the mass and 

charge transport phenomena: charge transfer related to kinetic behavior of electrochemical 

reactions at the electrodes; charge conduction related to ions conduction through the 

electrolyte and to electrons conduction in the external circuit; mass transport related to 
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molecular diffusion in electrodes pores. Due to these effects, losses are generated, and 

therefore the value of the voltage has to overcome all the resistances. 

The relationship between the operation voltage and the intensity of the current flowing through 

the cell is called polarization curve and such correlation depends on OCV and on all the 

overpotential that might take place in the cell. 

 

 𝑉𝑐𝑒𝑙𝑙(𝑇, 𝑝) = 𝑂𝐶𝑉(𝑇, 𝑝) + 𝜂𝑜ℎ𝑚𝑖𝑐 + 𝜂𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 + 𝜂𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 (32) 

                                                                                                                                                     

It is possible to include all these overpotential effects in a single term known as area-specific 

resistance (ASR), which is defined as follows [6]: 

 

 𝐴𝑆𝑅 =
𝜂𝑜ℎ𝑚𝑖𝑐 + 𝜂𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 + 𝜂𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛

𝑖
              (33) 

 

-  𝑖      is the current density  

Therefore the overall voltage of the cell can be calculated as: 

 

 𝑉𝑐𝑒𝑙𝑙 = 𝑂𝐶𝑉 − 𝑖 ∙ 𝐴𝑆𝑅 (34) 

 

The current density is assumed positive for the fuel cell mode, which means that less power is 

produced due to the resistances, while it is assumed negative for the electrolysis mode, and so 

more power is absorbed by the source to produce a certain amount of fuel. 

The ASR strongly depends on the temperature of operation, in fact, the ohmic voltage drop is a 

function of the resistivity of the material taken into consideration, which decreases as the 

temperature increases. 

           

Figure 6 - ASR as a function of the temperature according to [13] 
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2.4 Heat integration 

 

During cell operation, many thermal fluxes are exchanged within the system. Such heat fluxes 

are generated by the reaction itself and by the overvoltages. All the overvoltage effects will 

generate heat; the effects of the thermodynamic reactions will generate an exothermic or an 

endothermic heat flux, depending on the cell operating mode. 

 

In case of operating under galvanic cell mode, the entropy of the reaction is negative, so there 

will be a generation of a heat flux equal to 𝑇 ∙ ∆𝑠𝑟𝑒𝑎𝑐𝑡. In case of electrolysis mode of operation 

the entropy of the reaction is positive, thus there will be absorption of a heat flux equal to       

𝑇 ∙ ∆𝑠𝑟𝑒𝑎𝑐𝑡. 

As a result, in fuel cell mode there are only heat generating phenomena, therefore it will always 

be characterized by an exothermic behavior. On the contrary, in electrolysis mode, the cell can 

work with an endothermic or exothermic behavior depending on the entity of the thermal 

fluxes; if the system is endothermic there will be a good efficiency of the electrical part, but 

there will be necessity of heat supply; instead, if the system works in exothermic regime it will 

operate at lower electrical efficiency.  

 

Therefore, the integration of thermal energy storage (TES) improves economics and the 

efficiency of a RSOC system. 

Thermal energy storage occurs when there is either an absorption or a release of heat from the 

storage medium. The TES offers the possibility of recovering big amounts of energy that is 

otherwise wasted. Recovering heat allows every technology to enhance the efficiency of 

operation. 

The heat is transferred to the storage medium during the discharging period and released at a 

later time during the charge process. 

 

There are three main mechanisms for storing energy: sensible heat storage, latent heat storage 

and chemical storage [14]. 

 

In the sensible heat storage, the energy is accumulated by varying the temperature of a liquid or 

solid medium without any change of phase in the temperature range of the process. The storage 

during charge operation is obtained by raising the temperature of the material. Therefore it is 

important for the medium to have a high specific heat capacity, low cost and long-term stability 
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under thermal cycling [15].  The drawback is that this storage is strongly dependent on the 

volume of the media taken into consideration, as a consequence to store a large amount of heat 

requires a large volume available. 

 

The chemical energy storage is usually performed through a chemical reaction capable of 

storing thermal energy thanks to its endothermicity and reversibility. The endothermic reaction 

would store energy and as a consequence the opposite exothermic reaction would release the 

heat stored, this mechanism can be improved by the integration of a catalyst [14].  

 

The latent heat thermal energy storage is based on the absorption or release of heat when the 

medium of storage undergoes a phase change, without a significant temperature variation, 

almost isothermally. The phase change can be either solid to liquid or liquid to gas and vice 

versa [16]. The materials used for this type of storage are called phase change materials (PCM). 

However, in real applications it is difficult to work isothermally; therefore the system operates 

at a temperature range that includes the melting one. Such storage has a higher energy density 

with respect to the sensible one. 

Usually, liquid-gas PCMs have higher specific latent heat than liquid-solid, on the other hand, 

this transformation involves a large volume variation, and therefore they are not suitable for 

practical applications. As a consequence, the most common latent heat storage systems are 

based on the solid-liquid phase change. 

The storage capacity of a PCM is the sum of the sensible heat of the solid, from the initial 

temperature until the melting one, the latent heat and the sensible heat of the liquid, from the 

melting temperature until the final one: 

 

 𝑄 = 𝑚(𝐶𝑠(𝑇𝑓 − 𝑇1) + 𝑄𝑙𝑎𝑡𝑒𝑛𝑡 + 𝐶𝑙(𝑇2 − 𝑇1)) (35) 

 

- 𝑚           is the mass of the phase change material  

- 𝐶𝑠           is the specific heat of the solid  

- 𝐶𝑙           is the specific heat of the liquid phase  

- 𝑇1, 𝑇2           initial and final temperature  

- 𝑇𝑓           temperature of the phase transition  

- 𝑄𝑙𝑎𝑡𝑒𝑛𝑡         is the latent heat of the phase change  
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To study the behavior of the PCM the heat transfer equation is used, and only the conduction is 

considered [17]: 

 

 𝜌𝐶𝑒𝑞
𝜕𝑇

𝜕𝑡
+ ∇ ∙ (−𝑘𝑒𝑞∇𝑇) = 𝑄 (36) 

 

- 𝜌 is the density of the PCM and it is calculated as: 

 

 𝜌 = 𝜃𝜌𝑝ℎ1 + (1 − 𝜃)𝜌𝑝ℎ2 (37) 

 

- 𝜃 is the fraction of the phase before the transition, it is equal to 1 before the phase 

change and equal to 0 after the phase change 

- 𝐶𝑒𝑞  is the equivalent heat capacity at constant pressure of the PCM and it is calculated 

as: 

 

 𝐶𝑒𝑞 =
(𝜃𝜌𝑝ℎ1𝐶𝑝,𝑝ℎ1 + (1 − 𝜃)𝜌𝑝ℎ2𝐶𝑝,𝑝ℎ2)

𝜌
 (38) 

 

- 𝑘𝑒𝑞 is the effective thermal conductivity and it is calculated as follows: 

 

 𝑘𝑒𝑞 = 𝜃𝑘𝑝ℎ1 + (1 − 𝜃)𝑘𝑝ℎ2 (39) 

 

- 𝑄 is the heat source 

 

 

2.5 Heat storage materials 

 

The parameters to be taken into account when choosing a PCM are an appropriate melting 

point (which should be close at the operation temperature), high heat of fusion, high specific 

heat capacity (to exploit the sensible heat), high thermal conductivity to be able to transfer heat 

with small temperature differences, ability to melt congruently, absence of the supercooling or 

superheating phenomenon, chemical stability, low cost, low flammability, it must be reversible 

over several phase change cycles, and without significant degradation [18]. 

 

The two main categories of phase change materials are the organic and inorganic materials.  
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The organic PCMs include paraffin and fatty acids, they have large volume change and low 

melting point well below the target operation temperature of ~700 °C. In fact at this 

temperature they could undergo to cracking reactions, so they are not suitable for this project. 

The inorganic PCMs include salts, salt hydrates, salt eutectics and metals. Inorganic materials 

have greater phase change enthalpy, high density, high storage capacity and higher thermal 

conductivity with respect to the organic ones. 

 

The two materials that have been taken into account for this project are Aluminum, a metal, 

and Magnesium Chloride, a salt. The salts in general are cheaper, with higher heat of fusion and 

with usually longer life cycle; on the other hand, they are corrosive and they have lower thermal 

conductivity. However, they are usually preferred, in fact, the thermal conductivity can be easily 

enhanced combining the PCM with a higher-thermal-conductivity material. 

The first parameter to take into account is the melting point. Magnesium Chloride melts at 

714℃, very close to the operation temperature. The other parameters that must be taken into 

consideration are the density and the specific latent heat, in order to calculate the amount of 

energy that is possible to store in the volume available. 

 

Heat storage is an important element of this project, and besides the heat storage, it is relevant 

to study how this heat is transported between the cell and the PCM. Two ways are possible: use 

a heat carrier or apply the PCM in direct contact with the cells, in order to exploit heat 

transmission by thermal conduction [18]. In this project, the combination of these two methods 

has been applied. In fact the PCM is located above the cell stack and the heat carrier used is the 

air, which is used as working fluid for heat exchange, but it also comes in contact with the 

electrodes where the reaction takes place. 
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3. STUDY CASES AND RESULTS 

3.1 CASE 1: Heat exchanger 

 

3.1.1 Model description 

 

Two concentric pipes in counter-current with air inside have been sized, since in this project it is 

needed a preheated air that enters in the stack, and the remaining unused air must come out. 

Moreover, a greater heat recovery is achieved with a countercurrent design with respect to the 

co-current one. The inner pipe has cold air entering at ambient temperature (20℃) and coming 

out nearly at the operation temperature of the stack (700℃), the outer one has hot air that 

enters at 750℃. 

 

Figure 7 - Counter-Current heat exchanger [19] 

 

In order to calculate how much the hot stream gets cold, the heat exchanged through 

conduction has been neglected and it has been assumed a perfect insulated system. 

The goal of these calculations was to find the minimum length varying the inner and outer mass 

flow rate and the diameters of the two pipes. 

The outlet temperature of the outer pipe has been found equating this two equations: 

 

 𝑄 = �̇�𝑖𝑛 ∙ 𝑐𝑝𝑖𝑛(𝑇𝑐,𝑖𝑛 − 𝑇𝑐,𝑜𝑢𝑡)           (40) 
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 𝑄 = �̇�𝑜𝑢𝑡 ∙ 𝑐𝑝𝑜𝑢𝑡(𝑇ℎ,𝑖𝑛 − 𝑇ℎ,𝑜𝑢𝑡)           (41) 

 𝑇ℎ,𝑜𝑢𝑡 = −
�̇�𝑖𝑛 ∙ 𝑐𝑝𝑖𝑛(𝑇𝑐,𝑖𝑛 − 𝑇𝑐,𝑜𝑢𝑡)

�̇�𝑜𝑢𝑡 ∙ 𝑐𝑝𝑜𝑢𝑡
+ 𝑇ℎ,𝑖𝑛              (42) 

 

- �̇�         is the mass flow rate  

- 𝑐𝑝         is the heat capacity at a constant pressure  

 

To calculate the length this equation has been used: 

 

 𝑄 = 𝑈 ∙ ∆𝑇𝑚𝑙 ∙ 𝜋 ∙ 𝑑𝑖𝑛 ∙ 𝐿            (43) 

 

- 𝐿         is the length of the pipe  

- 𝑑𝑖𝑛      is the diameter of the inner pipe   

- ∆𝑇𝑚𝑙   is the logarithmic mean temperature difference calculated as follow: 

 

 ∆𝑇𝑚𝑙 =
(∆𝑇1 − ∆𝑇2)

ln (
∆𝑇1
∆𝑇2

)
               (44) 

 

 

Figure 8 - Temperature variation in a counter-current heat exchanger [19] 

 

 ∆𝑇1 = (𝑇ℎ,𝑜𝑢𝑡 − 𝑇𝑐,𝑖𝑛) (45) 

 ∆𝑇2 = (𝑇ℎ,𝑖𝑛 − 𝑇𝑐,𝑜𝑢𝑡) (46) 
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- 𝑈 is the thermal transmittance or global heat transfer coefficient: 

 

 
𝑈 =

1

1
ℎ𝑖𝑛

+
𝑡ℎ
𝑘𝑝𝑖𝑝𝑒

+
1

ℎ𝑜𝑢𝑡

            
(47) 

 

- ℎ is the convective heat transfer coefficient for the inlet and the outer pipes  

- 𝑘 is the thermal conductivity of the pipe  

- 𝑡ℎ is the thickness of the pipe  

This convective heat transfer coefficient has been obtained from the Nusselt number that 

has been calculated as an empirical combination of the Reynolds and the Prandtl numbers. 

 

 𝑅𝑒 =  
𝜌 ∙ 𝑢 ∙ 𝐷ℎ

𝜇
 (48) 

 

- 𝜌       is the density  

- 𝐷ℎ is a characteristic length of the phenomenon considered, in this case it is the 

hydraulic diameter  

- 𝜇      is the dynamic viscosity of the fluid  

- 𝑢      is the velocity of the flow  

For the inner pipe: 

 

 𝐷ℎ = 𝑑𝑖𝑛 (49) 

 

For the outer pipe: 

 

 𝐷ℎ = 𝑑𝑜𝑢𝑡 − 𝑑𝑖𝑛 (50) 

 

The Reynolds number can be calculated as a function of the mass flow rate thanks to this 

correlation: 

 

 �̇� = 𝜌 ∙ 𝑣 ∙ 𝐴           (51) 

 

- 𝐴      is the surface area of the base of the cylinder 
 

 𝐴 =
𝑑2

4
𝜋         (52) 

 
𝑅𝑒 =  

�̇� ∙ 4

𝐷ℎ ∙ 𝜇 ∙ 𝜋
      

(53) 
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The number of Reynolds allows to evaluate if the fluid flow is in a laminar regime or in turbulent 

regime. The value that separates the laminar and the turbulent regime depends on the shape of 

the body in which the fluid passes. For this case, which is the flow inside a cylindrical tube, it is 

laminar regime for Re<2300 and turbulent regime for Re>4000, the intermediate values 

correspond to the transition regime. 

The number of Reynolds values for the present case represent a laminar regime, so the 

appropriate correlation for this condition to find the Nusselt number is expressed as follows: 

 

 𝑁𝑢 = 3.66 +
(0.065 ∙ 𝑅𝑒 ∙ 𝑃𝑟 ∙

𝐷ℎ
𝐿
)

1 + 0.04 ∙ (𝑅𝑒 ∙ 𝑃𝑟 ∙
𝐷ℎ
𝐿 )

2
3

 (54) 

 

- 𝑃𝑟    is the Prandtl number: 

 

 𝑃𝑟 =
𝜇 ∙ 𝑐𝑝
𝑘

 (55) 

 

The Nusselt number expresses the relationship between the flow of heat exchanged by 

convection and the one exchanged by conduction: 

 

 𝑁𝑢 =
ℎ ∙ 𝐷ℎ
𝑘

 (56) 

 

The length has been varied through an iterative method, until the latter has reached the 

convergence. 

 

3.1.2 Results 

 

The software that has been used for this project is COMSOL Multiphysics®, a tool for modeling 

and simulating engineering tasks. 

Multiphysics simulations are needed, and therefore a software able to solve coupled 

phenomena and the corresponding partial differential equation [20]. 

Each physics used in the software contains predefined equations, however it is possible to 

modify directly the coefficients of the PDE, and it is possible to define boundary conditions on 

internal and external boundaries, both Neumann and Dirichlet.  
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The Navier Stokes equations, which are partial derivative equations that describe the motion 

of viscous fluid substances with the hypothesis of the fluid continuity, have been solved with the 

techniques of the finite element method.  

The finite element method is a numerical technique used to find approximate solutions to 

problems described by partial different equations. 

For the study of the heat transfer, the heat conservation equation has been used: 

 

 𝜌𝑐𝑝
𝜕𝑇

𝜕𝑡
+ 𝜌𝑐𝑝𝑢∇𝑇 + ∇ ∙ (−𝑘∇𝑇) = 𝑄 (57) 

 

- 𝑢 is the velocity  

- 𝑡 is the time 

The first term is the one that represents the variation over time, and it is neglected for the initial 

models. 

 

The finite element method (FEM), firstly, divides the entire domain into smaller parts, called 

elements; on each element it describes the relationships among the variables and then it unifies 

all the elements in order to obtain the relationships among the variables on the whole domain. 

Therefore the main characteristic of this method is the discretization of the domain, the mesh, 

through the use of simple geometrical shapes. 

 

An axisymmetric geometry has been chosen for the two concentric pipes, because every point is 

symmetric to the central axis. By choosing this geometry it is possible to solve the problem in 2-

dimensions. 

In the 2D the geometry the elements of the mesh are subdivided in triangles or quadrilaterals 

[21]. 

 

Stainless steel is the material which has been used for the thickness of the pipes. The air inside 

the pipe has been defined as an ideal gas; the density, the constant pressure specific heat, and 

the thermal conductivity have been calculated as a function of temperature. 

 

The physics that have been used are the ‘laminar flow’ and the ‘heat transfer in solids’. 

As flow boundary conditions, the inflow has been imposed in terms of mass flow rate for both 

outer and inner pipes; the outflow has been set in order to achieve a pressure gradient, 

between inside the pipe and the external environment, equal to zero; no-slip condition has been 

imposed at the walls, which implies a null fluid velocity. 

https://en.wikipedia.org/wiki/Viscous_fluid
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The initial conditions for the fluid flow have been set as: 

𝑈𝑧 = 1,𝑈𝑟 = 0 for the inner pipe 

𝑈𝑧 = −1,𝑈𝑟 = 0 for the outer pipe 

 

Dirichlet thermal boundary conditions have been imposed for the inlet temperatures of the two 

pipes, the inner one at 20 ℃ and the outer one at 700℃, as specified in table 1; instead, 

Neumann boundary conditions have been set for the outflow, imposing thermal flux equal to 

zero.  

 

The initial condition for the heat transfer has been set at 20℃ for the whole domain shown is 

Figure 9. 

 

Table 1 - Operating conditions of the counter-current pipe 

 

Geometry parameters 

Parameter Value Units 

𝐿   20 𝑐𝑚 

𝑅𝑖𝑛   2 𝑐𝑚 

𝑅𝑜𝑢𝑡  3.8 𝑐𝑚 

𝑡ℎ𝑆𝑆.𝑖𝑛   0.3 𝑐𝑚 

𝑡ℎ𝑆𝑆.𝑜𝑢𝑡    0.4 𝑐𝑚 

Operating conditions 

𝑇𝑐,𝑖𝑛  20 ℃ 

𝑇ℎ,𝑖𝑛  700 ℃ 

�̇�𝑖𝑛   1.00e-5 𝑘𝑔/𝑠 

�̇�𝑜𝑢𝑡    1.00e-5 𝑘𝑔/𝑠 

𝑇𝑜𝑢𝑡𝑠𝑖𝑑𝑒   20 ℃ 

ℎ𝑐𝑜𝑛𝑣   20 𝑊/𝑚/𝐾 
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Figure 9 -Boundary Condition of the heat exchanger 

 

The mesh has been built physics- controlled with normal element size and the study is steady 

state, with a direct Fully Coupled solver. 

 

Figure 10 -Temperature distribution of the heat exchanger perfectly insulated 

 

This picture (Figure 10) represents the ideal case, perfectly insulated with no losses to the 

external environment. 

Adding the convection on the external walls of the pipe, the result changes considerably as it is 

possible to see from Figure 11. The convective heat transfer coefficient has been chosen equal 

to 20, this value corresponds to a convection with velocity of air of ≈ 2 m/s. 
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Figure 11 - Temperature distribution of the heat exchanger with convection in the outer wall 

 

The numerical model for the counter-current heat exchanger has been done first in 0-dimension 

with the calculations seen in section 3.1.1 Model description, later on the same model has been 

implemented in Comsol Multiphysics as already mentioned, and the two models’ results 

coincided. In fact, in the 0-D model the temperatures were the inputs and the output was the 

geometry, instead, in the Comsol model the geometry was the input, and the output was the 

outlet temperature of the cold fluid, which was very close to the value of the first model. 

Thanks to the first hand calculations of the Reynolds number, it has been possible to use the 

hypothesis of laminar flow. 

In the Figure 10 the air is completely preheated, but that is the ideal case, with the external 

walls completely insulated. In Figure 11, a more realistic case is shown, with a weak heat flux on 

the external walls, and from this image it is possible to see that the temperature gradient is 

completely different from the ideal case, and the air that flows out is at 680 °C, thus ≈ 20 °C less 

than previously.  
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3.2 CASE 2: Integrating a Heat exchanger with a RSOC stack 

 

3.2.1 Model description 

 

 

Afterwards, the stack has been added to the model with the same parameters calculated for the 

optimal counter-current heat exchanger.  

In this work, the RSOC stack with Fe/FeO is taken into account but it is not physically 

implemented, and so it is not designed in detail. It is represented as an effective porous medium 

that produces heat; thus the Comsol physics has been changed into “Heat Transfer in Porous 

Media”, and “Free and Porous Media Flow”, which, unlike the laminar flow physics, takes into 

account also the Darcy´s law. 

Inside the stack has been placed an indicative heat source that brings the stack to the 

temperature of operation. 

The porous matrix properties are the porosity and the permeability:  

 

𝜖𝑝 = 0.4  ,   𝜅 = 10−10  𝑚2 

 

An insulation material has been put around the stack, in this case the expanded polystyrene 

board has been used, which has a thermal conductivity of 0.05  𝑊/𝑚/𝐾. The geometry of the 

stack and the insulation are provisional and will be modified in subsequent sections of the 

thesis. 

This first picture (Figure 12) represents the temperature of the stack with a convective heat flux 

outside of it.  
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Figure 12 - Temperature distribution of the model 

 

In this case there is no longer the inlet of the mass flow rate of the hot stream as in the model 

with the simple counter-current pipe, in fact, the hot stream is the flow of hot air coming out of 

the stack, and it should preheat the cold flow before it enters in the porous media. 

The remaining boundaries are defined by a convective heat flux as before. 

A box of still air around the system has been added to the same model:  

 

 
 

Figure 13  -Temperature distribution with still air around the model 

 

As it is possible to notice, with the same heat source inside the stack, the range of temperature 

changes considerably, because the velocity of the still air has been set equal to 0, instead, the 
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convective heat transfer coefficient in Figure 12 has been calculated considering the air velocity 

equal to 2 m/s. 

Afterwards, the model has been implemented with more realistic geometries for the stack 

(height=4 cm and side= 10 cm). As in the previous model, a heat source has been placed in the 

stack, thus the model is working in fuel cell mode. 

A channel of air has been built all around the stack connected with the outer pipe of the heat 

exchanger, in this way the air can enter the stack from above and exit from below.  

In the figure below (Figure 14) half of the entire 3D geometry is reported. Symmetry condition 

has been imposed, and consequently only half of the entire geometry has been analyzed, this 

allows to shorten significantly the computational time. 

 

 

Figure 14 – Geometry and boundary conditions of the 3D model 

 

The cold air enters the system in the outer tube, it goes down and it gets in the stack from 

above, the stack is a porous medium so that the air can go through it. The stack is releasing heat 

(𝑃𝑠𝑡𝑎𝑐𝑘), so the air warms up and then, following the channel, the hot air coming out of the stack 

goes up and exchange heat with the cold inlet air.  

In this configuration, the fluid flow has fewer issues and it converges more easily than the 

previous model in Figure 12-13, in which there is not the channel for the air flow. 
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On the external walls there is a convective heat flux, as in Figure 12. 

The initial conditions for the flow have been set as: 

- 𝑈𝑧 = −1,𝑈𝑟 = 0 for the inner pipe and the stack in the axisymmetric component 

- 𝑈𝑧 = 1,𝑈𝑟 = 0 for the outer pipe and the outer channel of air in the axisymmetric 

component 

- 𝑈𝑧 = −1,𝑈𝑥 = 0,  𝑈𝑦 = 0 for the inner pipe and the stack in the 3D component 

- 𝑈𝑧 = 1,𝑈𝑥 = 0,  𝑈𝑦 = 0 for the outer pipe and the outer channel of air in the 3D 

component 

The initial value of the temperature in the whole domain is set at 20℃. 

The mesh is physics- controlled with a coarse size. 

The study is stationary and the solver has a Fully Coupled scheme and a direct (MUMPS) 

method. 

 

Table 2 - Operating conditions of both the 3D and the axisymmetric models 
 

Operating conditions 

𝑇𝑖𝑛  20 ℃ 

𝑇𝑎  20 ℃ 

�̇�𝑖𝑛   0.0001 𝑘𝑔/𝑠 

ℎ𝑐𝑜𝑛𝑣   15 
𝑊

𝐾 ∙ 𝑚2
 

𝑃𝑠𝑡𝑎𝑐𝑘  70 𝑊 

𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒: 𝑎𝑖𝑟  28.84 
𝑘𝑔

𝑘𝑚𝑜𝑙
 

 

𝑃𝑠𝑡𝑎𝑐𝑘 Is the heat power supplied to maintain the temperature of operation (~700 ℃); it 

represents the heat released by the exothermic reactions in the stack. 
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Figure 15 - The path of the fluid in a 3D geometry (a) and in an axisymmetric geometry (b) 

 

The air that comes out from the stack at first is at ~700℃ and it should preheat the air that 

enters in the stack. 

The air can flow only from the upper to the bottom part of the stack. A proper stainless steel 

layer covers the remaining faces of the parallelepiped, in order to not let the air pass. 

 

The model has been built with both an axisymmetric geometry (Figure 16), for the faster 

computation, and a 3D one (Figure 17). 

In the 3D geometry, the elements, in which subdomains are subdivided, can be tetrahedral, 

hexahedrons or prisms, and the outlines are divided into triangles or quadrilaterals [21]. 
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Figure 16 – Temperature distribution in the axisymmetric model 

 

 

Figure 17 - Temperature distribution in the 3D model 

 

In order to heat the stack to the operating temperature, these two models require a different 

amount of power, and even if the 3D model has a bigger volume of the stack, it is required less 

power than the other (70 W for 3D model, 110 W for the axisymmetric). Moreover, as it is 

possible to notice from the pictures, in the 3D model there is a better heat exchange, in fact the 

air that comes out is colder. 
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Although in neither of the two models the air that enters in the stack is heated up, this means 

that a longer pipe or a better heat exchanger is needed. 

 

3.2.2 Possible Heat exchanger solutions 

 

As is possible to see from the previous pictures, the air that enters in the stack is not well 

preheated, it is necessary to design a better heat exchanger. Thus, the simple counter-current 

pipes have been replaced with something more similar to a heat exchanger and different 

geometries have been considered. 

 

 GEOMETRY n° 1: 

 

 

Figure 18 - Helix geometry and boundary conditions 
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Table 3 - Operating conditions of the 3D helix model 

 

Geometry parameters 

Outer radius of the pipe 2.8 𝑐𝑚 

Inner radius 0.8 𝑐𝑚 

Major radius of the helix 5 𝑐𝑚 

Minor radius of the helix =Inner radius 0.8 𝑐𝑚 

Axial pitch of the helix 3 𝑐𝑚 

Width and depth of the air box 13 𝑐𝑚 

Height of the air box 20 𝑐𝑚 

Width and depth of the insulation 19 𝑐𝑚 

Height of the insulation 25 𝑐𝑚 

Thickness of the pipes 0.1 𝑐𝑚 

Height of the stack 4 𝑐𝑚 

Side of the stack 10 𝑐𝑚 

Thickness of the SS layer 0.2 𝑐𝑚 

Operating conditions 

𝑇𝑖𝑛  20 ℃ 

𝑇𝑎  20 ℃ 

�̇�𝑖𝑛   0.0001 𝑘𝑔/𝑠 

ℎ𝑐𝑜𝑛𝑣   15 
𝑊

𝐾 ∙ 𝑚2
 

𝑃𝑠𝑡𝑎𝑐𝑘  60 𝑊 

𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒: 𝑎𝑖𝑟  28.84 
𝑘𝑔

𝑘𝑚𝑜𝑙
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Figure 19 – 3-D (a) and cross-section (b) represent the temperature distribution of the helix geometry 

 

This model has been designed in 3D using the helix geometry. In the first picture (Figure 19a) is 

shown the 3D view and in the second one (Figure 19b) the cross-section, both of them represent 

the gradient of temperature. As before, there is a heat power defined as a heat source in the 

stack domain. The air enters in the inner region and flows out in the outer region.  

The thermal Dirichlet boundary condition is in the inner region. 

In this model the heat exchanger has more surface area to exchange the heat. In fact, compared 

to the previous model. it is clear that the air when arrives at the stack is well preheated, and the 

air that flows out of the system is well cooled. Moreover, the power supplied to maintain the 

temperature at the operating conditions is less than before, having kept the size of the stack 

and the insulation properties constant with respect to the previous model in Figure 17. 

The stack is releasing heat as the system operates in fuel cell mode; to provide sufficient 

cooling, the amount of air that flows through the system is much higher than the stoichiometric 

amount needed for 60 W of heat power inside the stack. 

  

3-D view 
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 GEOMETRY n°2:  

 

 
 

Figure 20 - Temperature distribution of the second geometry 

 

Table 4 - Operating conditions of the counter-current pipe 

 

Geometry parameters 

Outer radius of the pipe 2.2 𝑐𝑚 

Inner radius 1 𝑐𝑚 

Height of the air box 14 𝑐𝑚 

Width and depth of the air box 15 𝑐𝑚 

Width and depth of the insulation 20 𝑐𝑚 

Height of the insulation 18 𝑐𝑚 

Thickness of the pipes 0.1 𝑐𝑚 

Height of the stack 4 𝑐𝑚 

Side of the stack 10 𝑐𝑚 

Thickness of the SS layer 0.2 𝑐𝑚 
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Operating conditions 

𝑇𝑖𝑛  20 ℃ 

𝑇𝑎  20 ℃ 

�̇�𝑖𝑛   0.0001 𝑘𝑔/𝑠 

ℎ𝑐𝑜𝑛𝑣   15 
𝑊

𝐾 ∙ 𝑚2
 

𝑃𝑠𝑡𝑎𝑐𝑘  65 𝑊 

𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒: 𝑎𝑖𝑟  28.84 
𝑘𝑔

𝑘𝑚𝑜𝑙
 

 
 

Figure 20 represents another model of a heat exchanger, it is in 3D and this is a quarter of the 

entire geometry because it has been simplified due to symmetry reasons. 

From these two models it is possible to notice that in the helix one the power needed in order 

to maintain the temperature of operation is a bit lower than in the second one, even if the 

insulation of this geometry is thicker. Moreover, the temperature of the air that comes out in 

the second one is higher and the inlet air is less heated up, this means that in the helix model 

there is a better heat exchange.  

Looking at these pictures, it is clear that the helix configuration performs better as a heat 

exchanger. Therefore, it has been decided to adopt the helix configuration and to try to make 

the design more compact. This choice can be justified looking at the Figure 19; in fact, as it is 

possible to notice, in the highest part of the air box the temperature gradient is smaller, and 

therefore the heat exchange is minimal. 

The geometry has been studied have a free tetrahedral mesh, physics controlled with a coarse 

size. 
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3.3 CASE 3: RSOC under operation 

 

 

Three different models have been studied, in order to investigate three possible steady state 

operating scenarios. 

The first one has been implemented in fuel cell mode, therefore, with an exothermic behavior of 

the stack; the second one in electrolysis mode, in which the stack is absorbing heat; and the 

third one in idle mode, where no reaction occurs and the stack must be kept at the operation 

temperature. Therefore, the three models must have the same geometry, but different 

operating conditions, which have been obtained through some theoretical calculations. 

 

 

3.3.1 Theoretical calculations 

 

 

Fuel cell mode 

 

Afterwards, using the thermodynamic data for the reaction  𝐹𝑒 +½𝑂2−→ 𝐹𝑒𝑂 in the range of 

temperature of 600 ÷ 800 ℃ , the mass flow rate of oxygen required by the reaction and the size 

of the stack has been calculated assuming these data: 

 

Table 5 - Data assumed for the electrochemical calculations for the fuel cell mode 
 

 

Parameters Value Units 

𝐴𝑆𝑅  0.5 Ω𝑐𝑚2 

𝑃  1 𝑘𝑊 

𝑖   0.5 𝐴/𝑐𝑚2 

𝑆  100 𝑐𝑚2 

𝐴𝑈   0.5 − 

ℎ𝑐𝑒𝑙𝑙  0.2 𝑐𝑚 

𝑛𝑓𝑂2   4 − 

𝑛𝑓𝐹𝑒   2 − 

 

- 𝑆       is the base area of the stack 

- 𝐴𝑈    is the air utilization 
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- 𝑃       is the power produced 

- ℎ𝑐𝑒𝑙𝑙  is the height of each cell 

 

Firstly, having the current density greater than zero, the system has been calculated in galvanic 

mode. Through the Nernst equation the open circuit voltage has been calculated using the 

Gibbs free energy at 700℃ , and then the voltage of the cell: 

 

 𝑂𝐶𝑉 = −
∆𝑔𝑟𝑒𝑎𝑐𝑡
𝐹 ∙ 𝑛𝑓𝐹𝑒

= 1.046  𝑉 (58) 

 𝑉 = 𝑂𝐶𝑉 − 𝑖 ∙ 𝐴𝑆𝑅 = 0.796  𝑉 (59) 

 

In this way it is possible to size the stack calculating the height and the number of cells of the 

stack: 

 

 𝑛𝑐𝑒𝑙𝑙 =
𝑃

𝑉 ∙ 𝑖 ∙ 𝑆
= 25 (60) 

 ℎ𝑠𝑡𝑎𝑐𝑘 = 𝑛𝑐𝑒𝑙𝑙 ∙ ℎ𝑐𝑒𝑙𝑙 = 5  𝑐𝑚 (61) 

 

- ℎ𝑠𝑡𝑎𝑐𝑘 is the height of the stack 

Afterwards, the stoichiometric and the real air mass flow rate have been calculated using 

Faraday´s law, which gives a relationship between the molar flow rate of species reacting at 

electrodes and the current flowing: 

 

 �̇�𝑜2 𝑠𝑡𝑜𝑖𝑐ℎ
=
𝐼 ∙ 𝑛𝑐𝑒𝑙𝑙
𝐹 ∙ 𝑛𝐹𝑂2

=
50 ∙ 25

96485 ∙ 4
= 0.0032  

𝑚𝑜𝑙

𝑠
 (62) 

 
�̇�𝑂2 𝑟𝑒𝑎𝑙

=
�̇�𝑂2 𝑠𝑡𝑜𝑖𝑐ℎ

𝐴𝑈
= 0.0065 

𝑚𝑜𝑙

𝑠
∙ 32 

𝑔

𝑚𝑜𝑙
= 0.2073  

𝑔

𝑠
  

(63) 

 
�̇�𝑎𝑖𝑟 𝑠𝑡𝑜𝑖𝑐ℎ

=
�̇�𝑜2 𝑠𝑡𝑜𝑖𝑐ℎ

0.21
= 0.0154 

𝑚𝑜𝑙

𝑠
∙ 28.84

𝑔

𝑚𝑜𝑙
= 0.4448  

𝑔

𝑠
 

(64) 

 
�̇�𝑎𝑖𝑟 𝑟𝑒𝑎𝑙

=
�̇�𝑎𝑖𝑟 𝑠𝑡𝑜𝑖𝑐ℎ

𝐴𝑈
= 0.8896  

𝑔

𝑠
 

(65) 

 

Moreover, the heat is generated inside the cell by the reaction and the overvoltage effects.  

 

 

 |𝑄𝑡ℎ| = |𝑄𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛| + |𝑄𝑖𝑟𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑖𝑒𝑠| (66) 
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In case of galvanic cell the entropy of the reaction is negative, therefore there will be generation 

of a heat flux  𝑇 ∙ ∆𝑠𝑟𝑒𝑎𝑐𝑡. 

As a consequence, in fuel cell mode there is only heat generating phenomena, so it has an 

exothermic behavior. 

 

 |𝑄𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛| = − 
𝑇 ∙ ∆𝑠𝑟𝑒𝑎𝑐𝑡
𝐹 ∙ 𝑛𝑓𝐹𝑒

∙ 𝐼 ∙ 𝑛𝑐𝑒𝑙𝑙 = 396.27  𝑊 (67) 

 |𝑄𝑖𝑟𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑖𝑒𝑠| = 𝐼 ∙ 𝑛𝑐𝑒𝑙𝑙 ∙∑𝜂𝑗
𝑗

= 312.5  𝑊 (68) 

 −𝑇 ∙ ∆𝑠𝑟𝑒𝑎𝑐𝑡 = ∆𝑔𝑟𝑒𝑎𝑐𝑡 − ∆ℎ𝑟𝑒𝑎𝑐𝑡 (69) 

 
𝑄𝑡ℎ = (−𝑉 −

∆ℎ𝑟𝑒𝑎𝑐𝑡
𝐹 ∙ 𝑛𝐹

) ∙ 𝐼 ∙ 𝑛𝑐𝑒𝑙𝑙 = 708.8  𝑊 
(70) 

 

A polynomial expression has been used for a temperature dependent enthalpy and Gibbs free 

energy, the data are referred to the reaction 𝐹𝑒 +½𝑂2−→ 𝐹𝑒𝑂. 

  

 ∆ℎ𝑟𝑒𝑎𝑐𝑡 = −0.0365 ∙ 𝑇2 + 60.12 ∙ 𝑇 − 2.87𝑒5 (71) 

 ∆𝑔𝑟𝑒𝑎𝑐𝑡 = 60 ∙ 𝑇 − 2.63𝑒5 (72) 

 

For the Gibbs free energy, a first order polynomial is accurate, for the enthalpy is necessary a 

second order polynomial. The temperature used in the polynomial are in [K]. 

 

  



40 

 

Electrolysis mode 

 

 

The same calculations have been done for the stack working in electrolysis mode, but in this 

case the geometry is no longer an unknown quantity. The range of temperature and the 

thermodynamic data are the same.  

The reaction that has been taken into consideration is again  𝐹𝑒𝑂 → 𝐹𝑒 +½𝑂2 , the data that 

have been used are as follows: 

 

Table 6 - Data assumed for the electrochemical calculations for electrolysis mode 

 

Parameters Value Units 

𝐴𝑆𝑅  0.5 Ω𝑐𝑚2 

𝑖  − 0.5 𝐴/𝑐𝑚2 

𝑆  100 𝑐𝑚2 

𝑛𝑐𝑒𝑙𝑙  25 − 

ℎ𝑐𝑒𝑙𝑙  0.2 𝑐𝑚 

𝑛𝑓𝑂2   4 − 

𝑛𝑓𝐹𝑒   2 − 

 

The open circuit voltage has been calculated as before with the Nernst equation, the operation 

voltage of each cell has been calculated taking into account the overvoltage effects. 

 

 𝑂𝐶𝑉 =
∆𝑔𝑟𝑒𝑎𝑐𝑡
𝐹 ∙ 𝑛𝑓𝐹𝑒

= 1.046 𝑉 (73) 

 𝑉 = 𝑂𝐶𝑉 − 𝑖 ∙ 𝐴𝑆𝑅 = 1.296 𝑉 (74) 

 

The thermoneutral voltage is a dimension that in electrolysis mode is taken into account, it 

represents the voltage at which the heat released for the irreversibility equals the heat needed 

to support the reaction, the closer the voltage of operation is to the thermoneutral one, the 

more the system is working at high efficiency. 

 

 𝑉𝑡𝑛 =
∆ℎ𝑟𝑒𝑎𝑐𝑡
𝐹 ∙ 𝑛𝑓𝐹𝑒

= 1.363 𝑉 (75) 
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As already said, working in electrolysis mode the entropy of the reaction is positive, 

consequently there will be the absorption of a heat flux  𝑇 ∙ ∆𝑠𝑟𝑒𝑎𝑐𝑡. 

As a result, there is generation of heat by the overvoltage effects and heat absorption needed 

from the reaction in order to occur. For this reason, it is possible for the cell to have either an 

exothermic or an endothermic behavior. 

 

 |𝑄𝑡ℎ| = |𝑄𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛| − |𝑄𝑖𝑟𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑖𝑒𝑠| (76) 

 
|𝑄𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛| =  

𝑇 ∙ ∆𝑠𝑟𝑒𝑎𝑐𝑡
𝐹 ∙ 𝑛𝑓𝐹𝑒

∙ 𝐼 ∙ 𝑛𝑐𝑒𝑙𝑙 = 396.27 𝑊 
(77) 

 |𝑄𝑖𝑟𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑖𝑒𝑠| = 𝐼 ∙ 𝑛𝑐𝑒𝑙𝑙 ∙∑𝜂𝑗
𝑗

= 312.5 𝑊 (78) 

 𝑇 ∙ ∆𝑠𝑟𝑒𝑎𝑐𝑡 = −∆𝑔𝑟𝑒𝑎𝑐𝑡 + ∆ℎ𝑟𝑒𝑎𝑐𝑡 (79) 

 |𝑄𝑡ℎ| = (𝑉𝑡𝑛 − 𝑉) ∙ 𝐼 ∙ 𝑛𝑐𝑒𝑙𝑙 = 83.78 𝑊 (80) 

 

For the electrolysis mode, if the heat produced for the irreversibility is higher than the one 

needed to supply the reaction, the system works in exothermic behavior, if it is lower the 

system works in endothermic behavior. In this case: 

 

 |𝑄𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛| > |𝑄𝑖𝑟𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑖𝑒𝑠| (81) 

 

As a consequence, it is possible to say that the stack has an endothermic behavior, this means 

that is necessary to supply heat to the stack in order to maintain operating temperature. 

 
 

Figure 21 – i-V curve 
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This picture (Figure 21) represents the polarization curve of the cell that is taken into account, as 

said before, with positive current density the system works in fuel cell mode and with negative 

current density it works in electrolysis mode. Where the V- line meets that of the thermoneutral 

voltage, for the electrolysis mode is the condition of maximum efficiency. This point, which is 

highlighted by the black circle, splits the SOEC part of graph in two areas, one concerning the 

exothermic behavior, for  𝑖 < 𝑖𝑡𝑛, and the other one concerning the endothermic behavior, 

for    𝑖 > 𝑖𝑡𝑛.  The green and the purple dots represent the conditions examined for electrolysis 

and fuel cell mode respectively. 

 
  

 

Figure 22 - Heat variation according to the current 
 

 

 

 

 

 

 

 

 

 

 

 

When  
When the system is in thermoneutral condition the total heat is equal to zero. 

Lastly has been calculated the mass flow rate, in electrolysis mode is not considered the air 

utilization because is not needed an excess of air. 

 

 �̇�𝑜2
=
𝐼 ∙ 𝑛𝑐𝑒𝑙𝑙
𝐹 ∙ 𝑛𝐹𝑂2

=
50 ∙ 25

96485 ∙ 4
= 0.0032

𝑚𝑜𝑙

𝑠
∙ 32 

𝑔

𝑚𝑜𝑙
= 0.1036 

𝑔

𝑠
 (82) 

 
�̇�𝑎𝑖𝑟 

=
�̇�𝑜2 

0.21
= 0.0154 

𝑚𝑜𝑙

𝑠
∙ 28.84

𝑔

𝑚𝑜𝑙
= 0.4448 

𝑔

𝑠
 

(83) 

 

The input electrical power required is calculated as follows: 

 

 𝑃 = 𝑉 ∙ 𝑖 ∙ 𝑆 ∙ 𝑛𝑐𝑒𝑙𝑙 = −1.620  𝑘𝑊 

 

(84) 
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3.3.2 Geometry description 

 

The helix of the geometry has been compacted more, as most of the heat is exchanged in the 

region closer to the stack.  

 

Moreover, looking at the previous electrochemical calculations, it is clear that in electrolysis 

mode there is only absorption of heat but there is no way to supply it, thus a heater has been 

added to the model (until now, only exothermic fuel-cell mode was modeled where no heater 

was needed). Therefore there will be a heat source inside the heater in electrolysis mode in 

order to sustain the reaction and to keep the temperature of operation. This heater has been 

built as an effective porous media made of stainless steel and it has been located on the stack, 

so the pipe of the heat exchanger goes through it.  

 

The heater has been added above the stack (Figure 23), in order to exploit the conductive heat 

transfer, and to well pre-heat the air that enters in the stack from the helix. In this case, the 

Stainless Steel layer is located around the heater and the side walls of the stack, because it also 

the heater has been defined as a porous media. 

 
 

Figure 23 - 3D geometry of the model 
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Maintaining the same model with the previous data, the temperature of the stack in fuel cell 

mode was too high, therefore the parametric sweep has been done for some data, both for the 

fuel cell and for the electrolysis mode, in order to get the best configuration.  

 

 

3.3.3 Parametric studies 

 

The main difficulty encountered in the construction of these models, has been to find a way to 

cool the stack in fuel cell mode, otherwise too hot. For this reason, parametric studies have 

been performed in order to study which parameters can be used to control the heat and the 

temperature of the system. 

 

Here below are the graphs that show the parametric sweep for both electrolysis and fuel cell 

mode with the same ranges of the parameters except for the overblow.  

The parameters that have been fixed are: 

- Insulation thickness equal to 0.02 𝑚 for both fuel cell and electrolysis mode 

- Insulation thermal conductivity equal to 0.1 𝑊/𝑚/𝐾  for fuel cell mode and equal to 

0.04 𝑊/𝑚/𝐾 for electrolysis mode 

- Overblow equal to 10 for fuel cell mode and 2 for electrolysis mode 

- Convective heat transfer coefficient outside the system equal to 40 𝑊/𝑚2/𝐾   for fuel 

cell mode and equal to 20 𝑊/𝑚2/𝐾 for electrolysis mode 

 

The fixed value of the convective heat transfer coefficient is different for fuel cell and 

electrolysis, this is due to the fact that cooling is required in the fuel cell mode. This means that 

in real life during fuel cell mode a forced convection is necessary, in fact, increasing the velocity 

of the air supplied to the outside walls of the system, the value of the heat transfer coefficient 

increases as well. Instead, in electrolysis mode there is no need of forced convection, this means 

lower velocity of the outside air and lower value of convective heat transfer coefficient. 

 

The y-axis T represents the average temperature in the stack volume, the aim is to cool the stack 

in fuel cell mode and to heat it up in electrolysis mode, so the final configuration will be a 

tradeoff between the two modes of operation. 
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Figure 24 - Parametric sweep for the overblow (a), the convective heat transfer coefficient (b), the thermal conductivity (c), 

and the thickness of the insulation (d) 

 

From these images (Figure 24), it is possible to notice that the overblow is the strongest 

parameter able to cool down the stack in fuel cell mode. 

 

Starting from these graphs, the configurations for electrolysis and fuel cell mode have been 

chosen, maintaining the geometry constant in the two models. 

The next section presents the three different models with the parameters based on the graphs 

above. 

 

a) 
b) 

c) d) 
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In table 7 are shown the geometric parameters of the models, and all the values are in cm.  

 

Table 7 - Geometric parameters of the model constant for the three mode of operation 

 

Parameter Value 

Inner radius 0. 8 

Outer radius 2.2 

Height of the stack 5 

Side of the stack 10 

Thickness of the SS layer 0.3 

Thickness of the pipes 0.1 

Thickness of the insulation layer 1 

Height of the heater 1.5 

Side of the heater 10 

Major radius of the helix 3.5 

Minor radius of the helix =Inner radius 0.08 

Axial pitch of the helix 2 

Width and depth of the air box  12 

Height of the air box  14.5 
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3.3.4 Model description 

 

Fuel cell mode 

 

The model has been adapted to the parametric sweep, the geometry of the stack required, the 

mass flow rate, and the heat released or absorbed.  

Therefore since the heat management and the flow rate requested differ for fuel cell mode and 

electrolysis mode, different models have been built. 

 

In the fuel cell mode the direction of the flows has been reversed, in fact, the air enters in the 

system in the outer region, where is fixed the Dirichlet boundary condition of 20℃; it goes 

down, it enters in the stack from below where is absent the layer of stainless steel, and goes up 

in the pipe. The heat generation has been imposed as a general heat source of 709 W inside the 

stack, a strong convective heat flux on the external walls has been set with air at room 

temperature, and the air utilization has been strongly increased in order to cool the system. 

 

Figure 25 - Operating condition in Fuel cell mode 

The initial condition for the flow are set as: 

- 𝑈𝑧 = −1,𝑈𝑥 = 0,  𝑈𝑦 = 0 for the outer pipe and the outer channel of air 

- 𝑈𝑧 = 1,𝑈𝑥 = 0,  𝑈𝑦 = 0 for the inner pipe (the helix) and the stack 
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The initial condition for the heat transfer is imposed at 20℃. 

 

Dirichlet boundary condition has been imposed at the fluid inlet in the outer pipe. In order to 

make these models converge, the study is in steady state and it has been split in two steps, one 

for the fluid flow physics with a direct (MUMPS) segregated step solver, and the other one for 

the heat transfer with a direct (PARDISO) Fully Coupled solver. The computational time for the 

solution of the first step was much higher than that of the second one. 

 

Table 8 - Operating and boundary conditions for the FC model 

 

Operating conditions 

Parameter Value Units 

𝑇𝑖𝑛  20 ℃ 

𝑇𝑎  20 ℃ 

�̇�𝑖𝑛   4.45e-3 𝑘𝑔/𝑠 

𝑂𝑣𝑒𝑟𝑏𝑙𝑜𝑤  10 − 

ℎ𝑐𝑜𝑛𝑣   100 
𝑊

𝐾 ∙ 𝑚2
 

𝑄𝑠𝑡𝑎𝑐𝑘  709 𝑊 

𝑄ℎ𝑒𝑎𝑡𝑒𝑟   0 𝑊 

𝐹𝑙𝑢𝑖𝑑 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙: 𝑂2    

𝑀𝑜𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡  32 
𝑘𝑔

𝑘𝑚𝑜𝑙
 

𝑘𝑖𝑛𝑠  0.04 
𝑊

𝐾 ∙ 𝑚
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Electrolysis mode 

 

In the electrolysis model, the air enters the inner pipe, then the air goes down through the helix, 

and through the stack that is a porous media; finally it comes out from the stack from below and 

goes up again in the outer region exchanging heat with the incoming air. The heat absorbed has 

been imposed on the stack as a general source of -84 W in the heat transfer physics, based on 

equation (80). 

In electrolysis mode the heater has a heat source inside of it that should supply heat to the 

stack, the power in the heater is more than the heat absorbed by the stack because it is needed 

to support the reaction, but also it should keep the stack at the temperature of operation, 

considering heat losses through the insulation and in the heat exchanger.  

 

 

 

Figure 26 - Operating condition in Electrolysis mode 

 

The initial condition for the flow are set as: 

- 𝑈𝑧 = 1,𝑈𝑥 = 0,  𝑈𝑦 = 0 for the outer pipe and the outer channel of air 

- 𝑈𝑧 = −1,𝑈𝑥 = 0,  𝑈𝑦 = 0 for the inner pipe (the helix) and the stack 

The initial condition for the heat transfer is imposed at 20℃. 
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Dirichlet boundary condition of 20℃ has been set at the fluid inlet in the inner pipe. In this case, 

the mass flow rate corresponds only to the oxygen and the overblow is taken equal to 1, thus 

the flow rate is only the stoichiometric amount of Oxygen. 

The study is steady state and it has been split in two steps as before, and the solvers were kept 

the same. 

The fluid flow physics has a segregated step scheme with a direct (MUMPS) solver, instead the 

heat transfer in porous media physics is solved with a direct solver (PARDISO) in fully coupled 

scheme.  
 

Table 9 - Operating and boundary conditions for the electrolysis mode model 

 

Operating conditions 

Parameter Value Units 

𝑇𝑖𝑛  20 ℃ 

𝑇𝑎  20 ℃ 

�̇�𝑖𝑛   1.0364e-4 𝑘𝑔/𝑠 

𝑂𝑣𝑒𝑟𝑏𝑙𝑜𝑤  1  − 

ℎ𝑐𝑜𝑛𝑣   20 
𝑊

𝐾 ∙ 𝑚2
 

𝑄𝑠𝑡𝑎𝑐𝑘  -84 𝑊 

𝑄ℎ𝑒𝑎𝑡𝑒𝑟   210 𝑊 

𝐹𝑙𝑢𝑖𝑑 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙: 𝑂2    

𝑀𝑜𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡  32 𝑘𝑔/𝑘𝑚𝑜𝑙 

𝑘𝑖𝑛𝑠  0.04 𝑊/(𝐾 ∙ 𝑚) 

 

Idle mode 

 

The idle case model has been built (Figure 27), in which no air is needed since no reaction 

occurs, therefore, the inlet and the outlet of the fluid in the free flow physics have been 

disabled; a heat source has been imposed in the heater to maintain the temperature of 

operation of the stack in order to avoid thermal cycles in idle periods. 
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Figure 27 - Operating condition in idle mode 

 

The initial condition is set at 20 ℃ on the whole domain. In this model there is only the heat 

transfer physics, no fixed temperature has been set, thus in all the boundaries around the 

system has been imposed a convective heat flux. Therefore the boundary condition of Dirichlet 

is not set, but instead that of Neumann. 

This model is solved in just one step, with a direct (MUMPS) Fully Coupled solver. 
 

Table 10 - Operating and boundary conditions for the idle mode model 

 

Operating conditions 

Parameter Value Units 

ℎ𝑐𝑜𝑛𝑣   15 
𝑊

𝐾 ∙ 𝑚2
 

𝑇𝑎  20 ℃ 

𝑄ℎ𝑒𝑎𝑡𝑒𝑟   110 𝑊 

𝑘𝑖𝑛𝑠  0.04 
𝑊

𝐾 ∙ 𝑚
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3.3.5 Results 

EXOTHERMIC FUEL CELL MODE 

 

Figure 28 – 3-D view (a) and cross section (b) of the model working in fuel cell mode 

 

The ASR is assumed as constant and not depending on the temperature. 

The Figure 28 represents the heat maps of the model in fuel cell mode, the first image (Figure 

28a) is the 3D view, second one (Figure 28b) is the cross-section of the model, both of them 

show the temperature distribution.  

Looking at them it is possible to notice that the air that enters in the stack is completely pre-

heated, but the air that comes out is at 500℃, so it is not well cooled by the time it reaches the 

outlet. The heater, in this case, does not have any heat source, it behaves like a sensible heat 

storage. 

The convective heat transfer coefficient for the convection on the external walls is very high, 

which means that the convection is forced, therefore, a further component is needed outside 

the system (e.g. a fan). Also the overblow of air is very strong, in order to cool as much as 

possible. 

Moreover, the insulation thickness is very thin, because if the system is too insulated the cell 

will overheat since the heat is unable to get out. 

3-D view 
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As it is possible to see from the cross-section of the model, there is an almost-still air in the 

center of the helix that is not exchanging heat optimally, thus the pipes of the helix should be 

more detached from each other to allow more air to pass and then exchange heat (shown in 

Appendix A.1-2). 

 

ENDOTHERMIC ELECTROLYSIS MODE 

 

Figure 29 – 3-D view (a) and cross section (b) of the model working in electrolysis mode 

 

In the Figure 29 are represented the cross-section and 3D view of the geometry; they show the 

temperature distribution in the whole domain for the base case of the model with the 

corresponding parameters for electrolysis mode.  

The heat that has been supplied in the heater (210 W) is quite high if compared to the heat 

needed for the reaction (84 W), this is because the system is not very well insulated; in fact, the 

thickness of the insulation is very thin and as a consequence there are a lot of losses towards 

outside. The choice of the thin insulation was a tradeoff between the cooling needs in 

exothermic fuel-cell mode and this endothermic electrolysis mode, as mentioned earlier when 

discussing the parameter variations. 

In this model, the air that enters in the stack is completely pre-heated, and the air at the outlet 

is at ~65℃, so it is almost completely cooled. 

3-D view 
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IDLE MODE 

 

 

Figure 30 – 3D view (a) and cross section (b) of the model in idle mode 

 

It is possible to notice from Figure 30, that the cooling in the upper part of the pipe is less 

impactful with respect to the other models. In this model it has been applied only Neumann 

boundary conditions on the external walls, thus just convective heat flux with a low convective 

heat transfer coefficient; for this reason the impact of the cooling is less than in the model with 

Dirichlet boundary conditions. The fixed boundary condition has been disabled because the air 

at 20 °C is not entering, in fact, in the idle case there is no reaction, therefore, there is no mass 

flow rate in inlet or in outlet and the initial values of the velocity is 0 in the whole domain. 

The heat supplied (110 W), is the heat required by the system to keep the stack at the operation 

temperature, in fact, the amount of heat is much less than in the electrolysis mode since there is 

no absorption of heat by the endothermic electrolysis reaction. 

 

 

 

3-D view 
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3.4 CASE 4: Integrating PCMs 

 

 

Afterwards, the heater has been replaced by a PCM in order to make the system self-sustained 

and to improve the thermal management of the SOIARB, making it more isothermal and 

avoiding thermal cycles during idle periods. 

The phase change taken into consideration is liquid-solid, since the gas-liquid transition is 

impractical due to the resulting high pressures or high volumes. In a phase change transition, 

structural and mechanical properties of the material in question change. 

The PCM absorbs the heat released from the stack in fuel cell mode, melting and turning the 

heat released into latent heat, which is absorbed by the stack in electrolysis mode as the PCM 

solidifies again. 

The two materials which are taken into consideration are Aluminum metal and Magnesium 

Chloride, chosen based on their appropriately high melting points and high latent heat of fusion. 

Adding the PCM to the model, the system has been switched from steady-state to transient. The 

PCM is a feature of the Heat Transfer module of the Comsol software [20]. 

 

3.4.1 Aluminum 

 

The Aluminum is an inorganic PCM and it is a metal, it has a very high thermal conductivity, 

which allows fast charge or discharge rates.  

Volume has more importance than the mass in design process of a system, and the volumetric 

latent heat of Aluminum is very high. On the other hand, Aluminum is more expensive with 

respect to the Magnesium Chloride. 

According to [22], 79-80% of the total energy stored by a TES of Aluminum, with a 100 ℃  range 

of temperature that includes the melting point, it is attributed to the latent heat. 

The melting temperature of the Aluminum is lower than the target RSOC operation temperature 

of ~700 °C, so the stack has to work at lower temperature, but this increases the ASR and as a 

consequence the stack cost.  

 

 

 



56 

 

Data of Aluminum according to [22] :  

 

Table 11 - Physical and thermal properties of Aluminum 

 

Physical and Thermal properties of Al 

Parameters  Value Units 

Density  Solid (at 25℃ ) 2700 
𝑘𝑔

𝑚3
 

  Liquid (at 660℃)  2375 
𝑘𝑔

𝑚3
 

Melting Temperature   660 ℃ 

Heat of Fusion   397 
𝑘𝐽

𝑘𝑔
 

Specific Heat Capacity Solid (at 500℃ )  1.85 
𝑘𝐽

𝑘𝑔𝐾
 

 Liquid (at 660℃)  1.177 
𝑘𝐽

𝑘𝑔𝐾
 

Thermal Conductivity   237 
𝑊

𝑚𝐾
 

 

It is possible to calculate the volumetric latent heat of the material: 

 

 𝐸𝐴𝑙 = �̅� ∙ 𝑄𝑙𝑎𝑡𝑒𝑛𝑡 =   1007.4         𝑀𝐽/𝑚3 (85) 
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EXOTHERMIC FUEL CELL MODE 

 

First the fuel cell mode has been studied with the PCM height H=0.015 m, the contact surface 

area of the PCM and the stack is maintained constant, equal to S=100 cm2. 

 

The first study has been done using the Aluminum as heat storage medium, therefore it has 

been defined in the heat transfer in porous media physics as phase change material. 

Moreover, it has been defined twice in the materials, once as a solid and once as a liquid; both 

of them have been assigned to the same domain overwriting it, and, as was mentioned 

previously, the phase transformation has been considered in the heat transfer physics. 

The geometry and the operating parameters have been retained those of the model with the 

heater, except for the overblow that for this first model has been set equal to only 1, and the 

mass flow rate corresponds to the stoichiometric oxygen needed to sustain the reaction. This 

low overblow of pure oxygen can be compared with the value of 10 required for air before (see 

Table 8) to provide sufficient cooling. 

In the fluid flow physics the phase change material’s domain is defined as porous media. The 

initial conditions have been set a: 

-  𝑈𝑧 = −1, 𝑈𝑥 = 0,  𝑈𝑦 = 0 for the outer pipe and the outer channel of air 

- 𝑈𝑧 = 1,𝑈𝑥 = 0,  𝑈𝑦 = 0 for the inner pipe (the helix) and the stack 

The initial value for the heat transfer physics is 20 ℃  for all domains except for the stack and 

the PCM, which has been set at 650 ℃; this value has been chosen because the transient in fuel 

cell mode starts with the PCM completely solidify, therefore it is needed a temperature under 

the melting point (660 ℃ ). 

The phase change material velocity field has been imposed zero in all directions  𝑈𝑧 = 0,𝑈𝑥 =

0,  𝑈𝑦 = 0; the transition interval between phase 1 and phase 2 is ∆𝑇1→2 = 10 𝐾; the phase one 

has been coupled with the properties of the solid Aluminum; the phase two has been coupled 

with the properties of the liquid Aluminum; the ratio of specific heats has been assumed 𝛾 =

1.1 for both phases. 

The study is transient and it has been split in two steps, one for each physics; both steps has 

been solved with a fully coupled scheme and a direct method (PARDISO). 
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The image below (Figure 31), is taken at the 925 s, thus during the phase change and it shows 

the distribution of the latent heat (first color-ramp column) only in the PCM domain, and of the 

temperature (second color-ramp column) in rest of the domain. 

 

 

Figure 31 - Temperature and latent heat distribution in the cross section of the model working in FC mode, 

Image taken at 925 s in the simulation. 

 

From Figure 31 it is possible to notice that the heat is well exchanged, in fact, the air that enters 

in the stack from below is completely pre-heated, and the air that flows out is completely 

cooled down. 

The upper part of the domain is melting, but the lower part is not, this is due to the fact that the 

lower region is closer to the stack, and consequently to the heat source, as a result, it melts first, 

and since the picture is taken at 925 s, which is after the peak of latent heat, the lower part of 

the PCM is already melted.  

Moreover, the PCM is defined as porous media in the Free Flow physics, as a consequence, the 

air from the stack can flow into the PCM and warm it up. After the first region has melted, the 

latent heat distribution moves to the upper region.  

In the PCM volume, the temperature is the melting one. In the second column of the image, the 

maximum temperature is greater than 660 ℃ because the stack is always producing heat and 

therefore its temperature is higher than that inside the PCM. 
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At the end of the transient (~1000 s), the whole PCM is melted, but the stack is still releasing 

heat, so the temperature of the stack increases again. To store a higher amount of energy the 

volume of the phase change material should be higher. 

In the figure below (Figure 32), the y-axis temperature represents the average temperature in 

the stack and in the PCM volume. 
 

 
 

Figure 32 - Temperature evolution over time in the Al-PCM volume and in the stack volume 
 

As it is possible to notice from the picture above (Figure 32), there is a big difference of 

temperature between the stack and the PCM (about 40℃). The x-axis of the image starts at 500 

seconds because in the first part of the transient there is a decrease of temperature until 450℃ 

for the PCM and until 550℃ for the stack; then the system starts to heat up until the melting 

point. The phase change lasts for 400 seconds (from 590 s to 990 s) and in this time frame the 

PCM curve has a flat behavior for the whole phase change, as expected, whereas the stack curve 

has a less steep slope but it is not isothermal. 
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Figure 33 - Latent heat evolution over time in the AL-PCM volume and in the stack volume, in electrolysis mode. 

Figure 33 shows the variation of the latent heat capacity over time. The y-axis latent heat is the 

average in the PCM volume. As it is possible to notice the transient in which is present the latent 

heat corresponds to the flat trend of the temperature in the previous graph. The total amount 

of stored energy is: 

 

 𝐸𝐴𝑙 = �̅� ∙ 𝑄𝑙𝑎𝑡𝑒𝑛𝑡 ∙ 𝑆 ∙ 𝐻 = 403  𝑘𝐽 (86) 

 

ENDOTHERMIC ELECTROLYSIS MODE 

 

The simulation has been made using Aluminum, which has been defined in the heat transfer in 

porous media physics as phase change material; the velocity field is imposed equal to zero in all 

directions in that domain. The initial temperature of the PCM and of the stack has been imposed 

at 685℃, while the remaining geometry has initial condition of 20℃. These initial conditions 

have been set because the PCM is supposed to supply energy, so it should be already melted 

when the electrolysis operation starts.  

In the fluid flow physics the initial conditions have been set: 

-  𝑈𝑧 = −1, 𝑈𝑥 = 0,  𝑈𝑦 = 0 for the outer pipe and the outer channel of air 

- 𝑈𝑧 = 1,𝑈𝑥 = 0,  𝑈𝑦 = 0 for the inner pipe (the helix) and the stack 

As in the previous model, two materials have been defined as Aluminum, one for each phase 

with the different properties, both with the same domain selected. 
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The study is time dependent and it has been divided into two steps, each step studies only one 

physics, the scheme solver for both steps is fully coupled, the solver for the fluid flow physics is 

direct (MUMPS) and for the heat transfer is direct (PARDISO). 

 

Figure 34 shows the cross-section of the system working in electrolysis mode, it represents the 

transient simulation at 600 s, the first color-ramp column is the gradient of the latent heat 

in [
𝐽

𝑘𝑔∗𝐾
], and the second one is the range of temperature in [℃ ] .  

From this picture it is possible to notice that the heat is well exchanged, as in the previous case, 

in fact, the inlet air is completely pre-heated, and at the outlet the air flows out at ~ 50℃, thus 

almost completely cooled. 

 
 

 
 

Figure 34 - Temperature and latent heat distribution in the cross section of the model that works in electrolysis mode, the 

image is taken at 600 s in the simulation. 
 

In the figure below (Figure 35), the y-axis temperature represents the average temperature in 

the stack and in the PCM volume.  

The transient lasts 800 s, much longer than in the fuel cell mode case. This can be explained by 

the fact that the thermal power released by the battery in exothermic mode is much higher in 

absolute value than the amount of heat absorbed by the stack in electrolysis mode of operation. 

For the same reason the difference between the two temperatures is much less than before, it 

is around 12℃, and the stack curve is flatter than in the fuel cell model.  
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Figure 35 - Temperature evolution over time in the AL-PCM volume and in the stack volume. The system works in 

electrolysis mode 

 

The temperature of the stack is always lower than that of the PCM, except for the first seconds 

in which the stack temperature is higher due to a higher thermal inertia of the Stainless Steel 

with respect to the Aluminum.  

Afterwards, the PCM temperature is higher because it is the thermal sink and the stack is only 

absorbing heat. The temperature starts to decrease around 760 s, when the PCM is completely 

solidified. 

 

Figure 36 - Latent heat evolution over time in the AL-PCM volume and in the stack volume, in electrolysis mode 
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3.4.2 Magnesium Chloride  

 

The Magnesium Chloride is an inorganic compound with formula MgCl2, this material has been 

taken into account because it has a very high heat of fusion and it has the melting temperature 

very close to the target operating temperature of RSOC. 

On the other hand, the MgCl2 has a very low thermal conductivity, so it has to be combined with 

a higher-thermal-conductivity material, and it will need more heat transfer surface area.  

 

Data of MgCl2 according to [23]: 

 

Table 12 - Physical and thermal properties of Magnesium Chloride [23]  

 

Physical and Thermal properties of MgCl2 

Parameters  Value Units 

Density  Solid (at 25℃ ) 2325 
𝑘𝑔

𝑚3
 

  Liquid (at 714℃)  1680 
𝑘𝑔

𝑚3
 

Melting Temperature   714 ℃ 

Heat of Fusion   454 
𝑘𝐽

𝑘𝑔
 

Specific Heat Capacity   0.7602+1.65671*10^(-4)*T 
𝑘𝐽

𝑘𝑔𝐾
 

Thermal Conductivity at 714℃ 0.46 
𝑊

𝑚𝐾
 

 

Energy density of the material: 

 

 
𝐸𝑀𝑔𝐶𝑙2 = �̅� ∙ 𝑄𝑙𝑎𝑡𝑒𝑛𝑡 = 909.135        

𝑀𝐽

𝑚3
 

(87) 

 

The specific latent heat of the Magnesium Chloride is higher than the Aluminum one, but the 

latter has a higher density and, consequently, the total energy stored by Aluminum in a fixed 

volume is greater than that of the MgCl2. 
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EXOTHERMIC FUEL CELL MODE 

 

 

The simulation has been made using Magnesium Chloride, which has been defined in the “heat 

transfer in porous media” physics as phase change material. 

 As before, it has been defined twice in the materials, once as solid and once as liquid, with the 

respective properties, selecting the same domain for both materials.  

The velocity field of the PCM is imposed equal to zero in all directions. The transition interval 

between the two phases has been set ∆𝑇1→2 = 10 𝐾, ratio of specific heats has been fixed 𝛾 =

1.1 for both phases.  

The initial value of the temperature has been set at 20℃ in the whole domain except for the 

PCM and the stack, which have been set at 690℃, this value has been chosen because it is 

under the melting point of the PCM, and the PCM must be solid at the beginning of the fuel cell 

mode simulation. 

The initial values for the fluid flow are the following:  

-  𝑈𝑧 = −1, 𝑈𝑥 = 0,  𝑈𝑦 = 0 for the outer pipe and the outer channel of air 

- 𝑈𝑧 = 1,𝑈𝑥 = 0,  𝑈𝑦 = 0 for the inner pipe (the helix) and the stack 

The study is time dependent and it has been split in two steps, one for each physics; both steps 

has been solved with a fully coupled scheme and a direct method (PARDISO). In the time 

depending solver of the second physics it has been fixed the maximum step equal to 5 seconds. 

 

Total amount of stored energy from the PCM: 

 

 𝐸𝑀𝑔𝐶𝑙2 = �̅� ∙ 𝑄𝑙𝑎𝑡𝑒𝑛𝑡 ∙ 𝑆 ∙ 𝐻 = 136.37  𝑘𝐽 (88) 
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Figure 37 - Latent heat and temperature distribution in the cross section of the model that works in fuel cell mode, the 

image is taken at the second 1500 

 

In the Figure 37 it is possible to notice, that the maximum temperature of the system is much 

higher than the melting one (maximum temperature = 940℃, melting temperature = 714℃), 

this means that the stack is overheated; the oxygen flows out at 160℃. 

 
Figure 38 - Temperature evolution over time in the MgCl2-PCM volume and in the stack volume. The system works in fuel 

cell mode 
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The Figure 38 represents the temperature over the time in the stack and PCM volumes. As it is 

possible to see, there is no flat trend, the curves increase almost linearly with the increasing of 

the time. 

 

 
Figure 39 - Latent heat evolution over time in the MgCl2-PCM volume and in the stack volume, in fuel cell mode 

 
As it is possible to notice in Figure 39, the variation of latent heat of the Magnesium Chloride 

over the time is completely different from the Aluminum one, it is less uniformly. Moreover, the 

maximum value of the latent heat is lower than the Aluminum one, but the transient is longer. 

This is due to the lower thermal conductivity of the MgCl2, in fact, the heat exchanged is less 

and, as a consequence, the material does not melt uniformly, requiring more time to melt all its 

volume. Therefore, the amount of latent heat is distributed during the transient, and so the 

peak is lower than the one of Aluminum. 
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ENDOTHERMIC ELECTROLYSIS MODE 

 

An electrolysis mode simulation has also been done with the MgCl2, in this case the initial value 

of temperature for the PCM and the stack is imposed at 750℃. 

 

 

Figure 40 - Temperature and the latent heat distribution in the cross section of the model that has Magnesium Chloride as 

PCM, the system works in electrolysis mode 

 

In this case, the cross-section has been taken at 900 s. MgCl2 solidification lasts for ~1500 

seconds, much more than the case with Aluminum as PCM. This phenomenon could be 

explained by the fact that MgCl2 has a very low thermal conductivity (0.46  𝑊/(𝑚 ∙ 𝐾)) with 

respect to the Aluminum one (238  𝑊/(𝑚 ∙ 𝐾)) so the heat is not well transferred, as a 

consequence the low thermal conductivity increases the total heat transfer time required to 

melt or solidify the entire PCM. 
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Figure 41 - Latent heat evolution over time in the MgCl2-PCM volume and in the stack volume in electrolysis mode 

 

As expected, the maximum value of latent heat is lower than the Aluminum one.  

 

 

Figure 42 - Temperature evolution over time in the MgCl2-PCM volume and in the stack volume in electrolysis mode 

 

The trend of the temperature is not constant as in the other model with the Aluminum (Figure 

32), but it decreases as the latent heat diminishes, and thus with the continuous solidification of 

the PCM.  
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The stack curve is decreasing almost linearly, this means that the PCM cannot sustain the 

electrolysis operation, in fact the temperature gradient of the stack during the transient is 

≈100°C. 

The slope of the PCM curve is less steep near the melting point, but it is not isothermal. 

From Figure 42 it is possible to notice a different behavior from the model with Aluminum as 

PCM, in fact, the Magnesium Chloride is not a thermal sink at constant temperature; it is 

decreasing its temperature over the time. 

 

Therefore, to investigate the challenge of using Magnesium Chloride, a simpler model has been 

built, a cylinder of Magnesium Chloride with a strong heat flux on the external walls, and the 

behavior has been studied by varying different parameters.  

As expected, increasing the thermal conductivity of the material, the curve of the temperature 

change considerably: 

 

 
 

Figure 43 – Parametric sweep varying the thermal conductivity of the Magnesium Chloride in a simpler model 

 

Thus, if Magnesium Chloride is used, it is necessary to increase the thermal conductivity of the 

material. There are several methods to do this, it is possible to use finned tubes, or to disperse 

the salt with particles with high thermal conductivity. 
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4. RESULTS 

 

Both modes of operation have been analyzed (electrolysis and fuel cell modes) for both the 

PCMs that have been taken into consideration. As shown in the graphs of the temperature in 

the previous section, the Aluminum guarantees a better thermal stability.  

 

It is possible to use Magnesium Chloride via mixing it with a higher thermal conductive material. 

This in turn, increases the heat transfer, and consequently a more uniform temperature 

distribution would be achieved. An alternative solution is to add more air pipes through the 

PCM. These solutions would decrease the volumetric latent heat capacity of the PCM, therefore 

a larger volume of PCM would be needed. 

 

As a result, it has been decided to continue to analyze only the case with Aluminum. Figure 44 

shows the temperature of the PCM and of the stack for an entire cycle charge-discharge of the 

battery.  

This image has been done by putting together the plots of two independent simulations, one for 

each operating mode, so the simulation has not been performed reversibly. 

  

 

Figure 44 – Temperature variation over time during discharge and charge 

 

The graph is divided by a black vertical line, which separates the two modes of operation. The 

left part of the graph represents the fuel cell mode of operation, which means discharge for the 
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battery but charge of the PCM that melts. The right part of the plot represents the temperature 

of the battery working in electrolysis mode, where the phase change material solidifies. The 

stack is no longer releasing but it is absorbing heat, this is the explanation for the immediate 

temperature change in proximity of the black line. Moreover, as mentioned before, the 

transient in electrolysis (EL) is longer than that of fuel cell (FC), since the amount released heat 

in FC is higher than the absorbed amount in EL. For the same reason the slope of temperature is 

steeper in FC mode than that of the EL mode. 

The PCM temperature, as expected, has a flat behavior and it remains close to the melting point 

with small variations. 

The amount of heat that is stored in the PCM is calculated as follows: 

 

 𝜙𝑠𝑡𝑜𝑟𝑒𝑑 = 𝑄𝑙𝑎𝑡𝑒𝑛𝑡 ∙ �̅� ∙ 𝐻 ∙ 𝑆 = 151.1 𝑘𝐽 (89) 

 

- 𝐻  is the height of the PCM 

 

 
𝑄𝑠𝑡𝑜𝑟𝑒𝑑 =

𝜙𝑠𝑡𝑜𝑟𝑒𝑑

∆𝑡
= 539.7 𝑊 

(90) 

 

- ∆𝑡  is the duration of the phase change , in this case ∆𝑡=280 s 

In the following equation the heat fraction is calculated as the ratio between the heat that is 

effectively absorbed by the PCM and the total heat released by the stack; the complementary of 

this fraction represents the heat lost by the system.  

 

 
ℎ𝑒𝑎𝑡𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =

𝑄𝑠𝑡𝑜𝑟𝑒𝑑
𝑄𝑠𝑡𝑎𝑐𝑘−𝐹𝐶

= 0.761 = 76.1 % 
(91) 

 

- 𝑄𝑠𝑡𝑎𝑐𝑘−𝐹𝐶  is the power heat released by the stack ≈ 709 W 

 

4.1 Efficiency Analysis 

 

In order to study the results of the model, the main parameter that has been taken into account 

is the round-trip energy storage efficiency of the system. 

The round-trip efficiency of the system without the PCM and with only the heater: 

 

 
𝜂 =

𝑃𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑
𝑃𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 + 𝑄ℎ𝑒𝑎𝑡𝑒𝑟

=
1000

1620 + 210
= 0.546 = 54.6 %  

(92) 

 

- 𝑃𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑  is the power produced by the stack in discharge mode 
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- 𝑃𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑   is the power required by the stack in charge mode 

- 𝑄ℎ𝑒𝑎𝑡𝑒𝑟     is the amount of power to sustain the reaction and the temperature of 

operation during the charge. 

Integrating the PCM to the stack, the amount of heat supplied by the heater is covered by the 

heat released by the PCM during the EL mode. In fact, the system is self-sustainable, and the 

efficiency in this case is calculated as follows: 

 

 
𝜂 =

𝑃𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑
𝑃𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑

=
1000

1620
= 0.617 = 61.7 %  

(93) 

 

By integrating the phase change material the efficiency is enhanced, however, this efficiency is 

still lower than what was expected. Therefore, the variation of efficiency and power with 

different current densities has been studied. 

 

 

Figure 45 – Electric power produced and efficiency as a function of current density 

 

The efficiency with PCM in Figure 45 is calculated assuming that all the heat needed by the stack 

in electrolysis mode is supplied by the thermal storage.  

The dashed line represents the ideal efficiency when a heater is used instead of the PCM. The 

ideal efficiency is computed by assuming that the heat required by the heater to sustain the 

reactions is the same as the theoretical needed by the stack, i.e. without taking heat losses into 

account. Therefore both efficiencies are calculated in ideal cases.  
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Figure 46 – Electric power produced and efficiency as a function of current density with the two operating conditions 

 

In Figure 46, the efficiency with PCM is the same as in Figure 45. Instead, the efficiency without 

PCM is calculated assuming that the heat supplied by the heater is 2.5 times greater than the 

theoretical one required by the stack. This number is assumed constant for all the current 

densities, and it has been chosen by referring to the first model with the heater, where the heat 

source in the heater domain was 210 W, and the heat required by the stack was 84 W, thus, the 

ratio between these two values is 2.5. 

 

As it is possible to see from the picture (Figure 46), the efficiency decreases with the increase of 

the current density, instead the electrical power increases with the current density. The blue 

line is the efficiency and, of course, the dashes curve that represents the efficiency without the 

PCM is always lower than the other one. The efficiency difference between with and without 

PCM increases with lower current densities because this means higher endothermicity, which 

can be covered by the PCM. 

 

The red dot corresponds to the operating conditions taken into account, but the efficiency is not 

very high.  
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The orange dot instead, corresponds to a new operating conditions (i=0.2 𝐴/𝑐𝑚2) in which the 

efficiency is higher, but, on the other hand, to lower current density corresponds lower power 

produced. Therefore, in order to increase the efficiency while maintaining constant power 

production, a new configuration must be analyzed. 

 

4.2 New configuration with higher roundtrip efficiency 

 

The OCV and the thermoneutral voltage are constant because they depend on the Gibbs free 

energy and on the enthalpy of the reaction  𝐹𝑒 +½𝑂2−→ 𝐹𝑒𝑂 , and they vary only as a 

function of the temperature. Therefore, the reference temperature to calculate the OCV and the 

thermoneutral voltage is the melting point of the PCM, which is 660℃. 

4.2.1 Fuel cell mode 

 

Firstly the calculations for fuel cell mode has been done. 

 

Table 13 – Data assumed for the electrochemical calculations for the fuel cell mode  
 

Parameters Value Units 

𝐴𝑆𝑅  0.5 Ω𝑐𝑚2 

𝑃𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑  1 𝑘𝑊 

𝑖   0.2 𝐴/𝑐𝑚2 

𝑆  100 𝑐𝑚2 

𝐴𝑈   1 − 

ℎ𝑐𝑒𝑙𝑙  0.2 𝑐𝑚 

𝑛𝑓𝑂2   4 − 

𝑛𝑓𝐹𝑒   2 − 

𝛥𝑔𝑟𝑒𝑎𝑐𝑡  −204396,7 𝐽/𝑚𝑜𝑙 

𝛥ℎ𝑟𝑒𝑎𝑐𝑡  −262684,6 𝐽/𝑚𝑜𝑙 

 

The open circuit voltage has been calculated following the Nernst equation: 

 

 
𝑂𝐶𝑉 = −

∆𝑔𝑟𝑒𝑎𝑐𝑡
𝐹 ∙ 𝑛𝑓𝐹𝑒

= 1.059  𝑉 
(94) 

 𝑉 = 𝑂𝐶𝑉 − 𝑖 ∙ 𝐴𝑆𝑅 = 0.909  𝑉 
 

(95) 
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It is possible to size the stack deciding the number of cells needed in order to produce 1 kW of 

electric power. 

 

 𝑛𝑐𝑒𝑙𝑙 =
𝑃

𝑉 ∙ 𝑖 ∙ 𝑆
= 52 (96) 

 ℎ𝑠𝑡𝑎𝑐𝑘 = 𝑛𝑐𝑒𝑙𝑙 ∙ ℎ𝑐𝑒𝑙𝑙 = 10.4  𝑐𝑚 (97) 

 

The height of the stack is more than the double with respect to the previous configuration. 

Mass flow rate have been calculated using Faraday´s law: 

 

 
�̇�𝑜2 𝑠𝑡𝑜𝑖𝑐ℎ =

𝑖 ∙ 𝑆 ∙ 𝑛𝑐𝑒𝑙𝑙
𝐹 ∙ 𝑛𝐹𝑂2

=
0.2 ∙ 100 ∙ 52

96485 ∙ 4
= 0.002695 

𝑚𝑜𝑙

𝑠
 

(98) 

 
�̇�𝑜2 𝑠𝑡𝑜𝑖𝑐ℎ

= �̇�𝑜2 𝑠𝑡𝑜𝑖𝑐ℎ ∙ 𝑀𝑊𝑂2 = 0.002695 
𝑚𝑜𝑙

𝑠
∙ 32

𝑔

𝑚𝑜𝑙
= 0.086231 

𝑔

𝑠
 

 

(99) 

In case of fuel cell mode of operation, the stack will release the heat generated by the 

overvoltages and by the occurrence of the reaction. 

 

 |𝑄𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛| = − 
𝑇 ∙ ∆𝑠𝑟𝑒𝑎𝑐𝑡
𝐹 ∙ 𝑛𝑓𝐹𝑒

∙ 𝐼 ∙ 𝑛𝑐𝑒𝑙𝑙 = 314.14  𝑊 (100) 

 |𝑄𝑖𝑟𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑖𝑒𝑠| = 𝐼 ∙ 𝑛𝑐𝑒𝑙𝑙 ∙∑𝜂𝑗
𝑗

= 104  𝑊 (101) 

 
𝑄𝑡ℎ = (−𝑉 −

∆ℎ𝑟𝑒𝑎𝑐𝑡
𝐹 ∙ 𝑛𝐹

) ∙ 𝐼 ∙ 𝑛𝑐𝑒𝑙𝑙 = 418.14  𝑊 
(102) 
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4.2.2 Electrolysis mode 

 

The reaction taken into account in electrolysis mode is  𝐹𝑒𝑂 → 𝐹𝑒 +½𝑂2. 

 

Table 14 - Data assumed for the electrochemical calculations for electrolysis mode 
 

Parameters Value Units 

𝐴𝑆𝑅  0.5 Ω𝑐𝑚2 

𝑛𝑐𝑒𝑙𝑙  52 − 

𝑖  −0.2 𝐴/𝑐𝑚2 

𝑆  100 𝑐𝑚2 

𝐴𝑈   1 − 

ℎ𝑐𝑒𝑙𝑙  0.2 𝑐𝑚 

ℎ𝑠𝑡𝑎𝑐𝑘  10.4   𝑐𝑚 

𝑛𝑓𝑂2   4 − 

𝑛𝑓𝐹𝑒   2 − 

𝑂𝐶𝑉  1.059 𝑉 

𝛥𝑔𝑟𝑒𝑎𝑐𝑡  204396,7 𝐽/𝑚𝑜𝑙 

𝛥ℎ𝑟𝑒𝑎𝑐𝑡  262684,6 𝐽/𝑚𝑜𝑙 

 

The open circuit voltage remains constant in the two modes of operation. The voltage is 

calculated as before, but it has a higher value in electrolysis mode because the current density is 

negative. 

 

 𝑉 = 𝑂𝐶𝑉 − 𝑖 ∙ 𝐴𝑆𝑅 = 1.159 𝑉 (103) 

 
𝑉𝑡𝑛 =

∆ℎ𝑟𝑒𝑎𝑐𝑡
𝐹 ∙ 𝑛𝑓𝐹𝑒

= 1.361 𝑉 
(104) 

 

The stack has already been sized in the section before, in fact, now the unknown is the power 

required by the stack in order to sustain the reaction of electrolysis. 

 

 𝑃𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 =  𝑉 ∙ 𝑖 ∙ 𝑆 ∙ 𝑛𝑐𝑒𝑙𝑙 = 1205.6 𝑊 (105) 

 

Working in electrolysis mode, the reaction will absorb heat and the overvoltages will produce 

heat. The difference between these two amounts of heat is the heat required by the stack to 
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make the reaction occur. The stack will have an endothermic behavior because the reduction of 

the current density increases the endothermicity of the system. 

 |𝑄𝑡ℎ| = |𝑄𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛| − |𝑄𝑖𝑟𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑖𝑒𝑠| (106) 

 
|𝑄𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛| =  

𝑇 ∙ ∆𝑠𝑟𝑒𝑎𝑐𝑡
𝐹 ∙ 𝑛𝑓𝐹𝑒

∙ 𝐼 ∙ 𝑛𝑐𝑒𝑙𝑙 = 314.14   𝑊 
(107) 

 |𝑄𝑖𝑟𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑖𝑒𝑠| = 𝐼 ∙ 𝑛𝑐𝑒𝑙𝑙 ∙∑𝜂𝑗
𝑗

= 104 𝑊 (108) 

 |𝑄𝑡ℎ| = (𝑉𝑡𝑛 − 𝑉) ∙ 𝐼 ∙ 𝑛𝑐𝑒𝑙𝑙 = 210.14 𝑊 (109) 

 

As expected, in order to produce the same amount of electrical power, the heat required by this 

configuration is much higher than the previous case. 

However, since the stack has a higher volume than before, it will lose more heat through the 

external walls. 

Therefore, for this configuration the efficiency is recalculated: 

 

 
𝜂 =

𝑃𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑
𝑃𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑

=
1000

1205.6
= 0.83 = 83 %  

(110) 

 

In this operation conditions the round-trip efficiency of the system has been enhanced from 

61.7% to 83 %. 

The difference of efficiency between the system with and without the PCM, would be higher 

than before because electrolysis mode is now more endothermic.  

It is assumed that the heat required for the heater to sustain the reaction is ~2.5 times greater 

than the heat effectively needed by the stack, this number, as already explained in the section 

4.1 Efficiency Analysis, has been chosen by referring to the first Comsol model in Figure 29; 

therefore, the efficiency of the system without the PCM would be: 

 

 
𝜂 =

𝑃𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑
𝑃𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 +𝑄ℎ𝑒𝑎𝑡𝑒𝑟

=
1000

1205.6 + 2.5 ∙ 210
= 0.578 = 57.8 %  

(111) 
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4.2.3 Model description 

 

The new model geometry is represented in the following figure (Figure 47): 

 

 

Figure 47 – 3-D geometry of the new configuration 

 

The geometric parameters are the same of the previous model except for the height of the 

stack. 

A heat source 𝑄𝑠𝑡𝑎𝑐𝑘−𝐹𝐶 has been put in the stack to simulate the exothermic behavior in fuel 

cell mode, and the same has been done for electrolysis mode with 𝑄𝑠𝑡𝑎𝑐𝑘−𝐸𝐿, but in this case the 

heat source is negative. 

The material of the fluid is oxygen and the mass flow rate is just the stoichiometric amount 

needed for the reaction. 

 

In fuel cell mode the fluid flow initial conditions have been set: 

-  𝑈𝑧 = 1, 𝑈𝑥 = 0,  𝑈𝑦 = 0 for the outer pipe and the outer channel of air 

- 𝑈𝑧 = −1,𝑈𝑥 = 0,  𝑈𝑦 = 0 for the inner pipe (the helix) and the stack 
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The initial values of the temperature is 640 ℃ in the stack and PCM domain, the rest of the 

domains are set at 20℃. 

In electrolysis mode the fluid flow physics the initial conditions have been set: 

-  𝑈𝑧 = −1, 𝑈𝑥 = 0,  𝑈𝑦 = 0 for the outer pipe and the outer channel of air 

- 𝑈𝑧 = 1,𝑈𝑥 = 0,  𝑈𝑦 = 0 for the inner pipe (the helix) and the stack 

The initial temperature of the PCM and of the stack has been imposed at 685℃, while the 

remaining geometry has initial condition of 20℃.  

For both modes of operation the study is time dependent and it has been divided into two 

steps, each step studies only one physics, the scheme solver for both steps is fully coupled, the 

solver for the fluid flow physics is direct (MUMPS) and for the heat transfer is direct (PARDISO). 

In the time-dependent solver of the heat transfer in porous media the maximum size of the step 

has been fixed at 3 seconds. 

 

Table 15 - Operating conditions for both FC and EL 
 

Operating conditions 

Parameter Value Units 

𝑇𝑖𝑛  20 ℃ 

𝑇𝑎  20 ℃ 

�̇�𝑖𝑛   8.62e-4  𝑘𝑔/𝑠 

𝑂𝑣𝑒𝑟𝑏𝑙𝑜𝑤  1 − 

ℎ𝑐𝑜𝑛𝑣−𝐹𝐶    100 
𝑊

𝐾 ∙ 𝑚2
 

ℎ𝑐𝑜𝑛𝑣−𝐸𝐿   20 
𝑊

𝐾 ∙ 𝑚2
 

𝑄𝑠𝑡𝑎𝑐𝑘−𝐹𝐶  418 𝑊 

𝑄𝑠𝑡𝑎𝑐𝑘−𝐸𝐿  -210 𝑊 

𝐹𝑙𝑢𝑖𝑑 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙: 𝑂2    

𝑀𝑜𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡  32 𝑘𝑔/𝑘𝑚𝑜𝑙 
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Figure 48 – Cross-section of the 3D model that shows the latent heat and the temperature distribution in FC 
 

The figure above (Figure 48) shows the distribution of temperature and latent heat in the cross-

section of the model, which work in FC mode of operation. The picture has been taken at 2400 

s, because before the phase change there are 2000 s of transient in which the model first cools 

down and then it heats up again. 

The heat is well exchanged and the temperature of the fluid at the outlet is ~150℃. 

 

 

Figure 49 - – Cross-section of the 3D model that shows the latent heat and the temperature distribution in EL 
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In this image the model is working in electrolysis mode, in fact, as it is possible to see the 

maximum value of temperature corresponds to the melting point of fusion. In this model the air 

flows out at 20℃, so at ambient temperature, this means that all the heat has been exchanged. 

 

Figure 50 - Temperature variation over time during discharge and charge 

 

In this graph (Figure 50) the PCM and the stack temperature are shown in the left part of the 

graph in discharge mode of operation of the battery, and in the right part in charge mode of 

operation. In this case the time of melting lasts 950 seconds instead the solidification lasts 785 

seconds. As before (Figure 44), the simulation has not been performed reversibly, but two 

different simulations for each mode of operation have been ran and then put together in a 

single graph, in order to represent a discharge-charge cycle of reversible operation. 

 

Moreover, the temperature of the stack in FC mode has a slope less steep than before because 

the heat released is less, contrariwise in EL mode the slope is steeper because the heat 

absorbed is much higher than before.  
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Figure 51 – Latent heat variation over time during discharge and charge 

 

Figure 51 represents the variation of the latent heat in the PCM domain, the black line again 

splits the plot in two parts, the left curve is the melting phase and the right one is the 

solidification phase.  

The power that is stored in the PCM is: 

 

 𝜙𝑠𝑡𝑜𝑟𝑒𝑑 = 𝑄𝑙𝑎𝑡𝑒𝑛𝑡 ∙ �̅� ∙ 𝐻 ∙ 𝑆 = 151.1 𝑘𝐽 (112) 

 
𝑄𝑠𝑡𝑜𝑟𝑒𝑑 =

𝜙𝑠𝑡𝑜𝑟𝑒𝑑

∆𝑡
= 159 𝑊 

(113) 

 

- ∆𝑡  in this case it is equal to 950 seconds 

The fraction of the heat released by the stack that is effectively absorbed: 

 

 
ℎ𝑒𝑎𝑡𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =

𝑄𝑠𝑡𝑜𝑟𝑒𝑑
𝑄𝑠𝑡𝑎𝑐𝑘−𝐹𝐶

= 0.38 = 38 % 
(114) 

 

As expected, this value is lower than the previous case because a higher amount of heat is lost 

through the walls around the stack.  

For this reason, a further simulation has been done increasing the thickness of the insulation 

from 1 to 2 cm. Moreover, the material of the insulation, and therefore the thermal 

conductivity, has been changed, the silica aerogel has been used with a thermal conductivity of 

k=0.017 W/m/K, in order to reduce the heat losses towards the external walls  
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Figure 52 – Cross-section of the 3D model with the insulation thicker and with lower thermal conductivity that shows the 

latent heat and the temperature distribution in FC 

 

The Figure 52 represents the temperature and the latent heat distribution in the model working 

in fuel cell mode, it is possible to see from the second column that the maximum temperature 

reached is 711 °C, so the stack is not overheated; the air that flows out is at ≈ 160 °C. 

 

Figure 53 - Temperature variation over time during discharge and charge of the model with the insulation thicker and with 

lower thermal conductivity 
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In Figure 53 is represented the temperature in the PCM and the stack volume, the graphs is split 

in two parts by a black line: the left part corresponds to the fuel cell mode of operation, the 

right part to the electrolysis mode. As already explained, the plot in Figure 53 is the result of two 

different simulations that have been put together, in order to represent a discharge-charge 

cycle of reversible operation. 

 

The phase change in fuel cell mode lasts 730 s, less than the model with weaker insulation 

because less heat is lost and then more heat is stored. The phase change in electrolysis mode 

lasts 965 s, more than before, and, moreover, the temperature decrease is less significant as 

expected. 

The power stored in the PCM in this model: 

 

 
𝑄𝑠𝑡𝑜𝑟𝑒𝑑 =

𝜙𝑠𝑡𝑜𝑟𝑒𝑑

∆𝑡
= 207 𝑊 

(115) 

 

- ∆𝑡  in this case it is equal to 730 seconds 

The fraction of the heat released by the stack that is effectively absorbed by the PCM: 

 

 
ℎ𝑒𝑎𝑡𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =

𝑄𝑠𝑡𝑜𝑟𝑒𝑑
𝑄𝑠𝑡𝑎𝑐𝑘−𝐹𝐶

= 0.495 = 49.5 % 
(116) 

 

The heat fraction stored in this model, as expected, is increased with respect to the last model. 

 

4.3 Sizing of the components 

 

Finally, the amount of Aluminum phase change material and of Iron that is needed per hour of 

storage capacity, has been analyzed. 

The power is the parameter linked to the RSOC that is maintained constant, the energy was 

varied by increasing the volume of iron and so the total enthalpy of the iron oxide reduction 

reaction. The ratio of the power of the stack and the energy stored by the Iron is the energy 

over power ratio and it determines the hours of storage capacity. 
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Figure 54 – PCM and Iron mass variation as a function of the energy over power ratio 

 

As it is possible to notice from the plot above (Figure 54) the lines red and yellow, which 

corresponds to the Iron mass and to the mass of the stack, have the same slope. This is because 

the mass of the RSOC stack not including the Iron, is constant. 

 

 

Figure 55 - PCM and Iron height as a function of the energy over power ratio 
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Figure 55 shows the PCM and Iron height, with the fixed footprint area of 100 𝑐𝑚2. The left y-

axis is the total height for a stack, and the right y-axis is the height for each cell. These graphs 

have been done for the operation conditions of the last configuration (i=0.2 𝐴/𝑐𝑚2, ncell=52). 

Clearly, the amount of Aluminum required is higher than that of the Iron. Moreover, the 

increase of the amount of Aluminum with the increment of the energy over power ratio is much 

more significant, in fact, in the graph the slope of the curve is steeper than the Iron one. 

 

Afterwards, the cost of Iron and Aluminum per kWh of storage capacity has been calculated. 

The average cost of Aluminum plates it has taken equal to 4.05 $/kg [25]. For the electric 

storage medium, it has been looked for the cost of an iron oxide,  𝐹𝑒2𝑂3, and the average cost 

has been taken equal to 1.3 $ / kg [26]. 

 

 
 

Figure 56 – Cost of the Aluminum and the Iron per kWh stored 
 
 

Cost of Aluminum is higher than that of the Iron, and, as shown in Figure 54, a larger amount of 

PCM is needed with respect to the Iron. For these reasons, in Figure 56, the Aluminum cost is 

much more impactful than that of the Iron, which is not significantly changing with the variation 

of the energy stored. 

The cost per kWh of storage capacity is a constant value, for the Aluminum is equal to 11.56 $ / 

kWh, and for the Iron oxide is equal to 0.994 $ / kWh. 
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5. CONCLUSIONS 

 

The theme of this thesis was the integration of a latent thermal storage to a high temperature 

rechargeable oxide battery comprised of a RSOC stack and a bed of Iron/Iron oxide as 

thermochemical storage medium. The goal was to build a 3D Multiphysics model and use it to 

design a battery system that could store electrical energy with high round-trip efficiency. 

  

The model built is a compact system in an insulated box constituted by the stack, the thermal 

storage and a heat exchanger. Therefore, the balance of plant has been minimized using a 

simple heat exchanger and integrating the heat storage (the PCM) in direct contact with the 

stack, which is the heat sink or source depending on the mode of operation. 

 

Firstly, a system without PCM was designed to be able to work in both modes of operation (fuel 

cell and electrolysis), and, after that, to study the tradeoffs in operation and system design. In 

fact, the model should keep the heat inside the system during the endothermic and isothermal 

periods, for this reason, an electric heater has been built-in, which supplies heat if the stack is 

operating in endothermic or idle mode. In this operating conditions the use of insulation is 

recommended in order to keep the system hot. On the other hand, the system should shed the 

heat during exothermic operating mode, in order to not overheat the stack, this is made by 

using a thin insulation and by letting the heat out by overblowing. Parametric studies have been 

performed in order to design the best configuration in terms of geometry and operating 

conditions; after that, it is possible to say that the strongest parameter able to cool the system 

in fuel cell mode is the overblow. 

 

Integrating the PCM instead of the heater, the overblow could be eliminated in fuel-cell 

(discharge) mode. Otherwise the oxygen overblow needed to be 40 times higher to provide 

sufficient cooling. This reduction in overblow was possible because the PCM absorbs and stores 

the heat generated; this means lower cost for feeding the pump because there is no need to 

overblow. 

 

Moreover, with the phase change material, the round-trip efficiency increased from 58% to 

83%, considering that all the heat needed by the electrolysis is supplied by the PCM, and this 

seems to be a big improvement for the system. On the other hand, in the last configuration the 

heat captured in the PCM during fuel cell mode was only the 50 % of the heat released by the 
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stack, because the rest goes out through insulation and gas outlet, for this reason a better 

insulation should be added in the last model. Instead, in the model with a more compact stack 

operating at higher current density, the fraction of heat stored was 85 %. 

 

Finally, the amount of Iron and Aluminum needed per hour of storage capacity was analyzed, 

and it has been noticed that the increase of the quantity of Aluminum is much more significant 

than that of the Iron, e.g. in order to have 3 hours of storage capacity, 3.3 kg of Iron and 12.5 kg 

of Aluminum are needed. 

Moreover, Iron is also cheaper than Aluminum, and since the amount of Aluminum needed is 

higher, the Iron cost is almost negligible; in fact, the cost per kWh storage capacity for the 

Aluminum is equal to 11.56 $ / kWh, and for the Iron oxide is equal to 0.994 $ / kWh; this means 

that 92% of the cost comes from the Aluminum. For this reason, using a cheaper material as 

PCM, could be an interesting improvement of the system.  

 

5.1 Future Work 

 

In this project there is more than one aspect that should be improved. 

 

First of all, in the last model, with higher efficiency and higher insulation, the storage capacity is 

very short (≈ 10 min), so upscaling the PCM would be necessary to increase the storage capacity, 

and so to have a longer duration storage. 

 

Moreover, in the last section, a comparison of the cost between Aluminum and Iron has been 

done, but it would be interesting to understand how heavy is the impact of the cost of these 

two materials over the whole cost, therefore do an economic analysis and understand the 

feasibility and the percentage of success of the system in the market.  

 

Furthermore, if the Aluminum has a strong impact on the whole cost of the system, it would be 

interesting to perform an analysis with a cheaper PCM, like MgCl2, increasing its thermal 

conductivity combining it with a higher thermal conductivity material. 

 

Eventually, a further research topic could be to study a new configuration of the system in order 

to decrease the variation of the temperature between fuel cell and electrolysis mode, making 

the stack more isothermal. 
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APPENDIX 

 

Figure A.1- Model with the pipes of the helix more detached from each other57 

 

Figure A.1- The helix with the pipes more detached from each other58
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