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Abstract 
 

SOFC (Solid Oxide Fuel Cell) is considered as a promising technology to resolve the 

current limitation of energy sources and environmental pollution problems. However, 

it still faces the challenges for practical applications and commercialization. In this 

area, the thermal management is one of the critical problems that need more efforts 

for debottlenecking and enhancement. To overcome the mentioned challenges, a 

deeper understanding of the thermal behavior of the SOFC is essential. This can be 

achieved through rigorous mathematical modelling and numerical simulations. Due 

to the wide spectrum of time and length scales of predominant phenomena involved 

in SOFC process, this thesis employs the multi-scale modelling and optimization 

approach to study the thermal behavior of the SOFC stack and propose effective 

thermal management strategies for the SOFC. 

 

A cell level model for a multi-layer SOFC surrounded by a constant temperature 

furnace is presented based on TSR (tank-in-series reactor) methodology, which offers 

salient features such as simplicity and flexibility, in addition to reliability. A set of V-

I characteristics data is used for parameter adjustment followed by model verification 

against two independent sets of data. The Model results show a good agreement with 

practical data, offering a significant improvement compared to reduced models. This 

model is found to be flexible enough to simulate the distributed thermal behaviors in 

the multi-layer structure that is basic for the further thermal management analysis. 

Besides, the distributed thermal behavior analysis within the multi-later structure is 

carried out, which gives better insights for the thermal management purpose.  

 

The validated numerical model described above is integrated and extended to the 

stack level to allow further studies at commercial scale. The current study explores 

the effects of operating variables on the temperature gradient in a multi-layer SOFC 
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stack and presents a trade-off optimization. Three promising approaches were 

numerically tested via a model-based sensitivity analysis. Initially, usage of the 

excess air is critically assessed, while large efficiency reducing will be induced. 

Subsequently, the adjustment of inlet gas temperatures is introduced as a 

complementary methodology to reduce the efficiency loss due to application of 

excess air. The last approach, regulation of the oxygen fraction in the cathode coolant 

stream, as a strategy to reduce the negative effect of excess air with enhancing the 

stack efficiency, is examined from both technical and economic viewpoints. The 

advantages and disadvantages of each approach are presented through the above 

analysis, while the potential feature achieved by combining them is also showed. 

Finally, a multi-objective optimization calculation is conducted to find an operating 

condition in which the efficiency and temperature gradient of the stack are maximum 

and minimum, respectively. 

 

Since SOFC is a device that would be applied in an integrated plant, the thermal 

analysis was extended to the SOFC system to further seek the challenges and 

opportunities for thermal management goals. The exergy evaluation was emphasised 

to evaluate the influence of various strategies on system performance. Temperature 

profiles as well as thermal, electrical and total efficiencies were estimated for each 

analysis. In order to conduct this analysis at plant scale initially, the analysis was 

carried out via a simple flowsheet approach presented in literature. Since different 

criteria, associated with different levels of SOFC system, must be met 

simultaneously for the thermal management purposes, a more detailed system model 

was also used to overcome the limitation of the simple system model. This model 

offers distributed profiles inside stack along with plant-wide mass and energy 

balances. Four tactics, including excess air flowrate, oxygen concentration in cathode 

inlet, anode off-gas recycling, and cathode off-gas recycling, were tested. The effects 

of each tactic on the exergy losses are also assessed. None of these strategies offers 
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perfect results for thermal management in all levels. Each one has positive and 

negative sides that are discussed in details. 

 

In conclusion, this study proposed a validated multi-layer model which is adequate 

for the thermal management study inside the cell/ stack, based on which, the deeper 

insights are provided for the thermal management purpose. The parametrical 

sensitive analysis and the multi-objective optimization conducted on stack level 

provide the potential solutions for the improved thermal management of SOFC. 

Finally, the study concerning SOFC thermal behaviors in different levels is 

conducted. Based on the study, system operating conditions for the improved thermal 

management of SOFC system in multi-scale can be proposed.   
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1.1 Background and motivation 

1.1.1 Significance of fuel cell  

Energy and environmental issues are becoming two vital global challenges 

nowadays. The situation is becoming more severe with the increasing energy 

demand due to the growth in population and the acceleration of the global industrial 

revolution. According to the World Energy Outlook presented in Figure 1.1, an 

increase of 50.8% in energy consumption of the world would be expected from 2011 

to 2040, with an annual increasing rate of approximately 1.7% on average [1].  
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Figure 1. 1: World energy consumption by regions from 2011-2040 (above); world 

energy consumption annual change in average (below). (based on the data in Ref.1) 

 

Figure 1. 2: World energy consumption (based on data in Ref.1) 
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So far, fossil fuels (oil, natural gas, and coal) still play a major role as the world’s 

energy sources. As the Figure 1.2 shows, up to 83% of the world’s energy sources 

are made up of non-renewable resources, which will eventually face the problem of 

exhaustion. Besides, these fuels need to be transferred into thermal energy for the 

first step in the practical application, and then transferred into mechanical energy or 

electrical power. In view of this, the system will be limited by the Carnot Cycle 

leading to relatively lower efficiency that is normally lower than 33% [2]. Moreover, 

the emissions during combustion of these fuels, such as nitrogen oxide (NOx) and 

sulfur oxide (SOx), form the main atmospheric pollutants. These justify the urgent 

requirement for technologies that provide highly efficient and clean energy sources. 

Fuel cells technology is one of the answers as it can precisely meet the current 

requirement for the energy sources [3] and [4]. Unlike the traditional way of 

electricity generation that comply with the certain thermal cycles, the fuel cell 

utilizes the electrochemical process and converts the chemical energy into electrical 

energy directly. Thus, it gets rid of the limitation of Carnot cycle, resulting in a 

higher efficiency. Additionally, the reaction product is just water, resulting in much 

lower pollution compared with other traditional power generation methods [5]. 

 

1.1.2 SOFC (Solid Oxide Fuel Cell) technology and applications 

The main types of fuel cells that are currently used include: AFC (Alkaline Fuel 

Cell), DMFC (Direct Methanol Fuel Cell), PCFC (Protonic Ceramic Fuel Cell), 

PAFC (Phosphoric Acid Fuel Cell), PEMFC (Proton Exchange Fuel Cell), MCFC 

(Molten Carbonate Fuel Cell), SAFC (Sulfuric Acid Fuel Cell), and SOFC (Solid 

Oxide Fuel Cell). Based on different working temperatures and the fuels that are 

used, the classification of fuel cells are illustrated in Table 1. 1 [6], in which, AFC, 

DMFC, PAFC, SAFC, PEMFC are the low temperature fuel cells; while MCFC, 
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SOFC, PCFC work at mid-to high temperatures. 

Table 1. 1: Types of fuel cell [6] 

 
Fuel cell 

type 

Electrolyte Operating 

temperature 

Fuel 

PEM Polymer, proton-

exchange 

membrane  

50~80 °C Methanol or impure pure hydrogen 

from hydrocarbons  

SAFC  Sulfuric acid  80~90 °C Alcohol or less pure hydrogen 

AFC  Potassium 

hydroxide  

50~200 °C Pure hydrogen or hydrazine 

DMFC Polymer  60~200 °C Methanol 

PAFC Phosphoric acid  160~210 °C Hydrogen  

MCFC Molten salt  630~650 °C Hydrogen carbon monoxide, 

natural gas, propane, marine diesel 

PCFC Thin membrane 

of barium cerium 

oxide 

600~700 °C Hydrocarbons, hydrogen 

 SOFC Ceramic as 

stabilized zirconia 

and doped 

perovskite 

600~1000 °C Natural gas or propane 

 

Among different of fuel cells, SOFC is considered as the most attractive one [7]. 

Compared with low working temperature fuel cells, such as PEMFC, it can avoid 

precious metal as the catalyst and eliminate the CO poisoning of the electrodes. 

Besides, the high operating temperature allows internal reforming and gives large 

flexibility in fuel selection, such as the biomass, natural gases, coal gases, or other 

hydrocarbons. More importantly, it offers possibilities for the utilization of the 

exhaust gases and heat recycling through a hybrid system with steam turbine or gas 
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turbine, etc., such as shown in Figure 1.3. These combination systems can increase 

the whole efficiency of the electricity power system, and reduce the pollution to the 

environment [9].  

 

Figure 1. 3: A system of SOFC fed by integrated biomass gasifier. (adapted from 

Ref. [8]) 

 

Compared with other fuel cells with high operating temperature, such as MCFC, it 

even avoids the corrosion of electrodes in fuel cells, since the electrolyte of the 

SOFC is solid. Besides, the SOFC system has higher power density and lager range 

of electricity generation capacity as well, compared with other fuel cells. The 

SOFC’s can be applied to the large-scale power station, or in small-scale 

applications. Especially for the CHP (Combined heat and power) application for 

remote communities, SOFC is considered as the best candidate among all types of 

fuel cells [10], [11], and [12]. 
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There are two main typical designs for SOFC configurations currently, which are 

tubular and planar SOFCs. The tubular configuration is shown in Figure 1.4. Two 

tubes are mainly included, which are called the cell tube and guidance/ injection 

tube, respectively. The outer surface and inner surface of the cell tube forms the 

anode and cathode respectively, between which, solid oxide electrolyte is lied. Air is 

injected from the guidance tube into the cell tube and passes through the cathode, 

while fuel flows through the anode on the other side of the cell tube. The advantage 

of tubular SOFC is the diversity in fuel selection. However, much higher Ohmic 

losses are incurred compared with the planar type. For the planar SOFC, the 

compartments are assembled as shown in Figure 1.5. It is mainly constructed of a 

positive-electrolyte-negative electrode (PEN), top/bottom interconnects, and gas 

channels. Air and fuel can pass through channels of interconnects. Additionally, three 

different flow configuration designs can be used for the planar SOFC, co-flow, 

counter-flow, and cross-flow, as illustrated in Figure 1.6. Multiple cells can be 

stacked in series to construct a SOFC stack, and higher power can be generated. The 

high power density is the most prominent advantage of the planar configuration. 

Besides, the simplicity in manufacturing and the associated low manufacturing costs 

are also the benefits compared to the tubular SOFC. However, the biggest challenge 

for the planar structure is the stresses generated in the structure due to the large cell 

area and nonhomogeneous temperature distribution [13]. 
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Figure 1. 4: Tubular SOFC structure 

 

 

 

 

Figure 1. 5: Planar SOFC structure 
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Figure 1. 6: Flow configurations for planar SOFC 

 

Until now, the commercialization of the SOFC faces lots of obstacles, such as the 

high operation costs, long system trial cycle, under desired operation performances, 

etc. [14] and [15]. It is claimed in Ref. [16] that the main technical barriers in SOFC 

technology include the low thermal resistance, complexity caused by fuel reforming, 

insufficiency in SOFC efficiency and fuel utilization. 

As SOFC benefits from the advances brought by the high temperature, it also suffers 

from the vital problems caused by the same high operating temperature [17], [18], 

and [19]. The most vital challenge is the thermal stresses generated in SOFC. During 
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the SOFC operation, the process of heat transfer, mass transfer and the 

electrochemical dynamics are highly coupled. Accordingly, the internal flow field, 

temperature field and the electric field are highly mal-distributed [18]. Thus, the 

uniformity of temperature distribution inside the SOFC, the mismatch of the thermal 

expansion coefficients on different materials for different compartments and other 

adverse phenomena are alleviated leading to the decline in the performance or other 

degradations. Two main approaches could be utilized for solving these problems; 

passive design based solution and active thermal management [16]. For the former, 

efforts are needed for new material or novel structure to increase the tolerance of 

large temperature gradients in the SOFC. While for the latter, more studies are 

required for the deeper understanding of the thermal behaviours, or optimization of 

thermal management in all respects of SOFC operation with the aim of controlling 

the temperature gradient in the SOFC. Energy conversion efficiency, up to 90% is 

predicted for a SOFC with heat recovery that can be achieved theoretically [4], and 

[20]. However, it is obvious that further developments are required for achieving this 

goal. The SOFC system efficiency is basically related to the cell or stack 

performance which are affected by cell/stack unit properties, such as the geometry, 

material, cell-to-cell connection in series, and also the operating conditions [16]. 

Thus, it is evident that the improvement of thermal management for a SOFC in all 

levels is urgently required.  

 

1.1.3 Literature review and research gaps 

Since the last two decades, large progress is achieved in the SOFC technologies 

through sustained research efforts. There are still many challenges that need solution. 

The computational models can play a crucial role in exploring the solutions for those 

challenges. It is relatively cheap in terms of time and money and can enable insights 
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that experiments cannot achieve [13], [18] and [19].  

Until now, numbers of simulation models of SOFC have been reported (from 0D ~ 

3D) in literature. The research objectives will decide the models that are chosen and 

developed for study [21]. For the purposes of system control, or other online 

diagnostic applications, lower dimensional (0D, 1D) models are more suitable due to 

the less computational time and their higher flexibility [21] and [22]. However, for 

the detailed analysis associated with cell or stack design, multi-dimensional models 

such as 2D and 3D models are necessary, since more detailed information will be 

needed. For the case of thermal study on a SOFC cell/ stack, a more detailed model 

which is capable of predicting the distributed temperature, mass, and other local 

distributions is required as an essential instrument.  

The modelling study of Ferguson et al. [23] is considered as an outstanding work in 

the SOFC simulation in the early stages, and it is widely utilized. The 3D 

computational models they developed include the planar, tubular and cylindrical 

SOFC cell unit structures, by which, the distribution of voltage, temperature, 

reactants’ concentration inside the SOFC are predictable. Besides, they compared the 

performance of a planar SOFC influenced by different flow configurations, the 

geometry of channel ribs, and electrolyte thickness. The results showed that the 

counter-flow configuration is most efficient for a planar SOFC. Yakabe et. al. [24] 

and [25] utilized the CFD (Computational Fluid Dynamic) tool, Star-CD, and created 

the 3D models which are capable of predicting the mass, temperature, voltage, 

current density fields inside the SOFC cell unit. Based on the distributed temperature 

results, principle thermal stress in SOFC structure were obtained by the FEA (Finite 

Element Analysis). Recknagle et. al. [26] developed a model using commercial 

software, Star-CD, combined with their own programing code to predict the fluid 

dynamic, current density, temperature distribution, and fuel utilization. They 

compared the impact of different flow configurations on the SOFC’s performances. 



  Page 12 
 

Their research results showed that the most uniform temperature distribution is 

achieved by co-flow configuration. There are also noticeable dynamic simulation 

studies. Aguiar et. al. [27] and [28] created a dynamic model for an internal 

reforming anode-support SOFC. In their research in Ref.27, they implemented the 

mass, energy and electronic balance equations in their model, by which, the results 

for the dynamic response for voltage, power with the step change in current density 

under different operating conditions are achieved. And in their latter research [28], 

the control strategies study is conducted based on the dynamic model.  

The computation time is a challenge for these higher dimensional models that 

usually employ the finite-volume method [29]. The prediction accuracy, tolerance, 

and computational budget are always required to be balanced for a simulation 

research. Besides, due to the limited sources of experimental data, measurement 

techniques, and the complexity of the multi-dimensional models, the models should 

be chosen very carefully according to the analysis purposes [21], [29] and [30].  It is 

also believed that the influence of simplifications of the models on the prediction 

accuracy is still not clear and the difference between simulation results and 

experimental data needs further understanding [13]. These gaps demand a reliable, 

delicate computational model with relevant validation for the thermal management 

study of a SOFC. 

Regarding the thermal management of a SOFC, different researches have dealt with 

SOFC cell or system design. Some of them focus on the interconnects and the 

channels design. Huang et. al. [31] proposed different designs of interconnects and 

examined their influences on cell performance by experiments and simulation 

regarding the flow distribution and temperature distribution. The results showed that 

the improved design for interconnects can lead to more uniform flow distribution, 

and it will also lead to more homogeneous temperature distribution in the SOFC. 

Grondin et al. [32] investigated the influence of pin size and associated 
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cathode/interconnect contact area on the temperature gradient. Their results indicated 

that decreasing pin size and increasing the contact area are helpful in decreasing the 

temperature gradient as they will intensify the convective heat transfer at the cathode 

side. 

Some researchers proposed different integrated designs of the SOFC system trying to 

solve the thermal problems of the cell/ stack. Jiang et al. [33] proposed a novel 

design of SOFC stack with injecting the fuel in different positions of the SOFC stack 

for the thermal management purpose. This novel structure allows the fuel introduced 

in the stack with controlled composition, pressure, velocities, and flowrates at the 

inlet to achieve the better thermal management across a SOFC stack. An inventive 

stacking arrangement of tubular SOFC was proposed by Lange et. al. [34]. In this 

structure, the electrical connection is located outside of the active area that can cool 

this high temperature area, which allows common materials to be used in this SOFC. 

As a result, lower operating temperature, less thermal stresses and longer life time 

can be achieved. Dilig et. al. proposed a SOFC stack design with heat pipe in Ref. 

[35]. The Planar SOFC stack is manufactured with the interconnects with the flat 

type heat pipe in it. Due to the super power of the heat transfer ability for the heat 

pipe, less extra air will be needed for cooling and a temperature gradient reduction 

can be achieved within this structure. Another SOFC configuration, single chamber 

SOFC, is also mentioned with regards to the thermal management considerations. 

Since lower operating temperature is required for this structure, around 300~ 600 °C 

[36].  

There are also many studies that contribute to  the temperature profiles of a SOFC in 

cell level, taking account the different features of SOFC including flow 

configuration, geometries, flow distributors, operating conditions, etc. Several 

investigations can be found for the thermal management of a SOFC stack, focusing 

on the influences of cell numbers, cell to cell variation, etc. However, more studies 
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are required for gaining a comprehensive understating of the temperature behaviour 

of the SOFC stack and the barriers in achieving homogeneous temperature profiles, 

methodologies for improving the SOFC performance with respect of thermal 

management. Regarding the impact of operating conditions on SOFC performance, 

many researchers mentioned that reducing the operating temperature is one of the 

solutions for achieving more uniform temperature distribution. However, the 

operating temperature or other parameters that influence the thermal behaviour have 

a strong impact on the electrochemical performance as well, which directly decides 

the stack efficiency. These multiple influences on the SOFC performance and the 

associated strategies should also be further studied.   

Additionally, as a product to be applied in practice, the SOFC has to be used in a 

system, working together with all BOP (balance of plant). For the whole SOFC plant 

thermal management, besides the requirements of ensuring the cell/ stack is working 

within the required temperature range, the guarantee of a tolerant temperature 

gradient inside the stack, achieving the maximum system efficiency is also 

necessarily for the optimal thermal management in the system. There are numerous 

works studying different configurations of the SOFC system and the hybrid systems 

with the aim of maximising system efficiency. Some emphasized on the parametric 

studies. Palsson et al. [9] conducted the sensitive analysis of inlet temperature for 

fuel and turbine on the pressure and electrical efficiency in their SOFC-GT system. 

Lisbona et al. [37] investigated the electrical and thermal efficiency of a SOFC 

combined with heat and power system under different parameters. The parameters 

examined include the fuel utilization, gas temperature, anode off-gas recirculation 

rate, external pre-reforming and reaction extent. Their results pointed out that the 

pre-reforming degree is the only variable that would always increase the electrical 

efficiency. There are also many different configurations of SOFC hybrid systems 

studied in the literature. Granovskii et al. [38] proposed two possible SOFC-gas 
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turbine systems in their study. One is a SOFC hybrid system with gas turbine cycle 

that includes the steam generaion, while the other one involves the recycling of 

anode exhaust gases. The system performance is compared through energy and 

exergy analysis. Their results claimed that the former scheme is more favourable 

since it achieves higher power with high efficiency of fuel consumption. Four 

different hybrid SOFC-GT-biomass gasification system models are developed and 

studied by Toonssen et al. [39]. The energy analysis is conducted for the evaluation 

of the system scale performance. The study results indicate that highest electrical 

efficiency of 49.9% is achieved by the large scale system..    

Most of the current thermal studies for a SOFC system in the literature are based on 

the simple SOFC model, while the detailed stack character is not considered within 

the SOFC system analysis and optimization study. However, the combined system 

and stack level performance requires parallel computation [40]. More parameter 

studies are necessary at each level of the SOFC and more importantly, the interaction 

between these levels must be studied, so as to obtain solutions for improved thermal 

management for a SOFC system.  

The detailed literature review for different aspects are introduced in each of the 

following chapters (Chapter 2 ~ 4), with which, it can be observed that more efforts 

are required for the optimal thermal management of a SOFC in all levels, which also 

gives the motivation for this study.     

 

1.2 Purpose and the contributions of this study 

From the preceding discussions, it is clear that SOFC has great potential to be used 

in solving the energy problems that the world faces. However, the thermal 

management improvement of SOFC is one of the vital barriers to be overcome that 
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raise the requirements for both design and defining operating conditions of SOFC 

[40]. To overcome the challenges, a deeper understanding of the thermal behaviour 

of the SOFC is essential. The related parameter influences on the thermal behaviour 

of the SOFC would be helpful for design and operation. Therefore, this study aims to 

develop a complete reliable model for a planar SOFC according to the practical 

condition, with which further analyses can be performed. Achieving a more 

comprehensive understanding of the thermal behaviours inside the cell, stack as well 

as the system level is also a significant objective of this study. Based on the 

understanding of SOFC, the strategies for improved thermal management of SOFC 

will be provided. With these objectives, the main contributions of this thesis can be 

specified as:  

 A validated model for Planar SOFC is developed and the improvement of 

prediction of this model can be observed. 

 A deeper understanding of thermal management of a cell is achieved 

through the distributed analysis inside the cell. 

 Temperature behaviors in both flowing and stacking directions of a 

multiple-layer SOFC stack are investigated. 

 Three promising approaches are assessed on both temperature gradient 

and efficiency for a SOFC stack, with guidance provided for the 

improved thermal management. 

 Through the multi-objective optimization, effective solutions for 

optimum SOFC performance are provided, and the improvement is 

achieved by application of the strategies proposed in this study. 

 By utilization of the comprehensive system SOFC model, the thermal 

behaviors of both stack and system level and as well as the interactions 

between them are captured.  

 4 scenarios of system operation are provided. Deeper understanding of 
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exergy loss in the SOFC system is obtained through the sensitivity 

analysis with different scenarios. The results provide the direction for the 

system’s operational design with enhanced total efficiency.  

 Solutions for better thermal management for the SOFC system’s 

operation considering both stack level and the system level can be 

formulated based on the results. 

 

1.3 Thesis Outline: 

Chapter 2 presents a layered-model for a SOFC cell in details that is developed 

according to the practical case. Besides, the experimental tests are introduced for the 

validation of this model. The comparison between experimental and simulation 

results are illustrated with the model prediction improvement analysis as well. Based 

on this model, a further distributed thermal analysis is also presented for the purpose 

of deeper understanding of thermal behaviours of SOFC. Additionally, the model-

based test design for cell and heating furnace relations are presented.  

In Chapter 3, the thermal study of stack level is conducted. Firstly, a SOFC stack 

model is developed based on the validated cell model. The temperature distribution 

and gradients are studied in two dimensions. Three strategies for different operating 

conditions are proposed and analyzed focusing on the thermal behaviours of the 

stack. An optimization study is conducted based on the sensitivity analysis results for 

obtaining effective solutions for the improved SOFC performance.  

Subsequently, the system level thermal study is conducted in Chapter 4. With the aim 

of effectively using energy throughout the whole system, the exergy analysis is 

firstly conducted with a simple SOFC system model. Later a more comprehensive 

system model is introduced for the further analysis, with which, the thermal 

performance evaluation for both system and stack level is presented in detail. And 
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besides, four scenarios of system process operations with associated sensitivity 

analysis are presented regarding the thermal characteristics and exergy distribution 

of the whole system.    

Finally, Chapter 5 summarizes the conclusions of this thesis and the 

recommendations for the future research 

Figure 1.7 summarizes the main contents of each chapter, and the relations between 

each chapter.  

 

Figure 1. 7: Schematic of the thesis structure and organization. 
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2.1 Introduction 

 

As a clean and efficient energy conversion device, the solid oxide fuel cell (SOFC) is 

currently considered as one of the most promising technologies to replace 

combustion-based processes for power generation and thereby resolve the problems 

associated with environmental pollution and shortage of global energy resources. 

The widespread application of fuel cells, however, still faces several interconnected 

technical and economic challenges pertaining to efficiency, reliability, and durability. 

The non-homogeneity of internal profiles such as the temperature distribution  [1]  

can be counted as one of the causes for the mentioned challenges. Therefore, a wide 

spectrum of experimental and modelling investigations have been executed in the 

last three decades to overcome these barriers which exist in the commercialization 

route. Process modelling efforts, compared to experimental studies, are always more 

economical, safer, and flexible for any analysis of interest while being less time 

consuming. Furthermore, modelling has been proven as an effective tool in 

understanding and explaining the multi-physics mechanisms that might be 

encountered in the fuel cell [2], [3] and [4]. Accordingly, a high-fidelity model offers 

a reliable and efficient guideline for the design, analysis, optimization, and control of 

fuel cell processes at various levels. Moreover, design-of-experiments can be 

significantly enhanced via application of even a simple predictive-model.      

Many modelling works have been reported by researchers that study the various 

aspects of the SOFC. SOFCs have been modelled with different levels of complexity 

including 0D, 1D, 2D, 3D geometries by using commercial numerical software or 

programming codes depending on targeted research objectives [2], [3], [4], [5], [6], 

[7], [8], [9] and [10]. Basically, 2D and 3D models place emphasis on cell or stack 

design such as its geometry design [7] and [8], where the CFD concepts and tools are 

commonly utilized. These models allow the user to predict the details of transport 
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phenomena and reactions that take place inside the operating SOFC. For instance, 

Yakabe et al. [10] proposed a 3D model for planar SOFC by using CFD tool in 

which current density, voltage, temperature distribution, and mass transfer rate can 

be calculated. Further, they also computed the principal thermal stresses by using 

finite element analysis software ABAQUS. However, computational time is a 

challenge for the multi-dimensional models due to high complexity. Moreover, they 

would lose flexibility of application in system design [1] and [11]. Therefore, 0D and 

1D models are usually preferred for the dynamic simulations and control purposes 

[1], [5] and [6]. These reduced models are always based on several simplifications 

and assumptions; where the computational time is considerably reduced compared to 

the 2D, and 3D models. Basically, compromise between results’ preciseness, 

tolerance, and computational time needs to be wisely made in the application of 

these models [11].  

Among the wide spectrum of available modelling approaches, reactor approximation 

through the tank-in-series reactor (TSR) methodology, offers salient features such as 

simplicity and flexibility, in addition to reliability [12], [13], [14] and [15]. Krewer et 

al. [13] utilized reduced model of TSR to explore the influence of flow field on the 

Direct Methanol Fuel Cell behaviour in both steady state and dynamic conditions. 

Moreover, Danilov et al. [14] developed a TSR model for tubular SOFC having the 

capability to predict temperature, concentration, and current density distribution in 

two dimensions. Furthermore, this modelling methodology has been adapted for 

planar-type SOFC [15]. This work allows capturing the current, temperature, and 

species concentration distributions and offers flexibility in simulating three flow 

patterns (co-, counter-, and cross-current for fuel and air flows’ pattern). Moreover, 

their model calculates the dynamic response of cell to a step perturbation in 

operational voltage. Bozbiyik et al. [12] suggested an improved TSR model for the 

Proton Exchange Membrane Fuel Cell case study. 
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The objective of this study is to develop and validate an efficient numerical model 

for a realistic experimental rig’s configuration that could be utilized for further 

analysis of experimental results and also for the rapid approximations for the future 

experiments. The main focus is devoted to the thermal phenomena to approximate 

the cell thermal and electrochemical behaviour as a basic estimation for the detailed 

design. The latter, however, must be executed by utilising the more detailed models. 

The previous TSR model proposed by Hosseini et al. [15] only accounts for the 

reactive areas, including the air/fuel gas channels and PEN structure, while heat 

transfer phenomena is not limited to the reactive parts only. From thermal 

assessment viewpoint, heat transfer through non-reactive parts play a leading role in 

formation of temperature gradients and consequently the cells’ overall performance. 

The model presented in this article, in contrast, considers all geometrical layers in a 

so-called “Four-Layer TSR” Model” that form an electrochemical cell while still 

taking advantage of the model’s simplicity. Additionally, Hosseini et al. [15] 

assumed a well-insulated cell that is not the case for a cell embedded inside a 

furnace. In such a case, heat transfer to the environment and furnace’s walls will be a 

striking feature of a comprehensive model. To address this, an additional 

compartment is added in current work, i.e., the surrounding furnace equipment. The 

radiation heat transfer to the cell walls is also added to the model as an extra 

boundary condition in order to assess its performance under an external heating 

condition. This is especially important as the experimental cells are usually placed 

inside a heating chamber for initial warm-up and to keep the reactive cell at 

designated operating temperature or to minimise the deviation from its set point. We 

purposefully sought the consistency between the geometries of the improved model 

and our experimental set-up allowing us to use our experimental results for 

parameter tuning and model verification.  

The study in this chapter is outlined as follows. Firstly, the schematic of the 
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experimental set up is described and the operating conditions and procedure are 

briefly presented. Secondly, model structure, assumptions, governing and 

constitutive equations, and parameters are presented. Thirdly, a parameter tuning is 

conducted to estimate the uncertain parameters based on experimental data. 

Subsequently, the model validation against experimental data is carried out to 

examine both model and adjusted parameters. Finally, the model improvement is 

illustrated followed by several model-based cell performance analyses. 

 

2.2 Experimental set up and procedure 

A series of experiments were carried out to record V-I data of a single 

electrochemical cell performing under various cell temperatures, which in turn were 

controlled by furnace temperature controllers. A schematic of the test rig is shown in 

Figure 2.1. 

 

 

Figure 2. 1: Schematic of the experimental set up. 

 

The set up mainly consists of a furnace chamber, SOFC, humidifier (evaporator), 
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piping network, and instrumentation. Ceramic Fuel Cells Ltd. (CFCL) supplied the 

planar SOFC that is used in the experiments. The cell is anode supported, with the 

anode at the bottom side and cathode at the topside. The cell sizes such as section 

area, catalyst width, channel height, electrolyte thickness, etc., are listed in Table 2.1.  

Table 2. 1: Model parameters mostly compatible with the experimental settings 

 

Parameter Anode Cathode Source of data /Comment

Catalyst width, m 0.25×10–3 0.03×10–3 Experimental set up 

Channel height, m 0.45×10–3 Experimental set up 

Section area, m2 3.48×10–3 Experimental set up 

Electrolyte width, m 0.03×10–3 Experimental set up 

Furnace inner surface 

area,  m2  
0.64 

Experimental set up 

Pre-exponential kinetic 

factor, A/m–2 
6×108 9.5×108 

Tuned with experiment 

Activation energy, J/mol 1.2×104 1.2×104 [21] 

Porosity 0.4 Tuned with experiment 

PEN conduction 

coefficient, W/(m K) 
2  

[26], [27] and [28]  

Interconnect conduction 

coefficient, W/(m K) 
24  

[29]  

Furnace emissivity 0.9 [30]  

Cell emissivity 0.1 [30] and [31] 

 

The instrumentation involves elaborately calibrated measurement and control 

devices such as temperature and mass flow controllers. Moreover, a weight load was 

placed on the top of the cell to ensure the sealing of the assembly and for 

establishing contact of the cell with the current collecting layers. Platinum and silver 

meshes were used for cathode and anode, respectively, to collect the current. In each 

test run, three stages – heating up, reduction, V-I data recording – were followed. 
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Firstly in the heating up stage, the furnace and humidifier were set at the required 

temperature. In this stage, nitrogen and air were introduced for anode and cathode 

with flow rates around 20 ml/min. Reduction was carried out at 1033 K with a flow 

of 100 ml/min of hydrogen with humidity of 36%. OCV was monitored until it 

reached its final value and was compared with theoretical value to ensure that the 

cell assembly was leak-free. Then, V-I data was collected and recorded for a range of 

values of I. The electrical load was adjusted through a computer interface with the 

current sink and the current was set to the maximum value of 12 A. It was then 

ramped down to 0 A at the rate of 5 A/min to generate the V-I curve. The operating 

conditions for the experiment are listed in Table 2.2. The operational and physical 

parameters used for the experiment and model are identical as given in Tables 2.1 

and 2.2, respectively. 

Table 2. 2: Operating conditions 

Variable Value Comments 

Fuel (Hydrogen) flow rate,  ml/min    100  

Oxidant(Air) flow rate,  ml/min          500  

Hydrogen molar fraction in Fuel 0.64 Mixed with steam 

Oxygen molar fraction in Air 0.21 Mixed with nitrogen 

Furnace Temperature , K 1033, 1053, 1083 3 independent runs 

Pressure, Pa 1×105   

 

2.3 Layered-TSR modelling framework 

2.3.1 Model structure 

The Four-Layer model that is proposed and developed in this work consists of the 

main structural solid components of planar SOFC including PEN, top and bottom 

interconnects, and the test stand. The PEN is the media for the electrochemical 

reaction and possibly the fuel reformation reactions (in internal reforming cases). 
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The gas channels transport heat, reactants, products, and inert species into and from 

cell. Additionally, the internal mass and heat transfer between layers and inside 

structures must be considered in a distributed model. The generated current through 

the reaction is collected via the interconnect compartment. The test stand is a 

foundation for fixing and supporting the cell inside the furnace chamber.  

Figure 2.2 displays a schematic presentation of the model structure in which multiple 

layers and air and fuel flow paths inside the cell are shown. The cell structure is 

divided into four layers. In each layer the solid and gas parts are divided into several 

lumped elements. A network of these elements/modules, subsequently approximate 

the flow fields and distributed thermal and electric fields in two dimensions (x, y) for 

each layer. From reaction engineering viewpoint, the reactive module (element) 

performs as a 0D reactor in which spatial variations are ignored to reasonably 

simplify the complexities. The governing and constitutive equations for each lump 

element of the model mainly consist of mass, energy, and charge balances and those 

correlations used for species properties such as ideal gas equation of state. These 

equations describe the different phenomenon such as heat exchange, gas transport, 

etc., that occur in each module. The interaction between layers such as energy 

exchanges illustrated in Figure 2.2 or between modules within a layer can be applied 

through the integration of the adjacent modules. Table 2.3 presents the equations that 

should be solved simultaneously by using numerical methods. Each layer is 

simulated through 10×10 elements/tanks. The equations are defined in time. 

Nevertheless, the results for steady state are reported in this study by solving the 

equations for time of a 1000s, at which the steady state condition can be achieved.  

Modular networking subsequently enables us to capture the local values of 

distributed variables. Detailed description about modular networking including 

consideration of the flow patterns is presented in our previous studies [15], [16] and 

[17]. Besides, the estimation of the number of reactor-in-series is presented by some 
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of the co-authors in [16].  In the experimental set-up, the SOFC is placed in a heating 

furnace, where radiation heat exchange occurs between the outer surface of the cell 

and the inner wall of the furnace. This heat transfer interaction affects the external 

and internal temperature distribution of the cell and therefore its internal 

performance [18]. The inner surface of the electric furnace chamber is normally kept 

at a constant temperature through a temperature controller. By incorporating these 

phenomena the enhanced model becomes general enough to simulate a perfectly 

insulated cell and also a cell with radiation at outer surfaces. In this study, these two 

cases are referred to as “simple model” and “comprehensive model”, respectively. 

Meanwhile, a case in which heat conduction occurs from PEN to interconnect, in 

addition to convective heat transfer from PEN to fluids, can also be simulated while 

the cell is well insulated. We call this case as the “improved model” in this study. 
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Figure 2. 2: Schematic of the model’s layers 
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Table 2. 3: Governing and constitutive equations for layers [15], [20] and [21] 
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2.3.2 Model development 

The following assumptions are used in formulating and solving the model: 

 Each gas module is considered as a CSTR; 

 Electrochemical reactions take place at the interface of the anode/cathode 

and the electrolyte; 

 The operatingng pressure and voltage are assumed to be constant; 

 Ohmic drops in the current collectors and electrical connections are 

negligible; 

 All gases are treated as ideal gas; 

 Radiation heat transfer within the cell is not considered. 
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 Although the model is essentially capable for 2D cell simulation (x, y in 

Figure 2.2), a co-flow pattern for fuel and air is emphasized in this study in 

which distributions are just significant in the flow direction (x). 

Nevertheless, for temperature distribution analysis a multi-layer geometry is 

considered. Therefore, the third dimension (z) in this study refers to the 

layering direction as shown in Figure 2.2.  

The physicochemical phenomenon involved in this model comprises of 

electrochemical reaction, heat transfer (conduction, convection, and radiation), and 

diffusion in the pores, mass transfer, and charge transfer.  

 

2.3.3 Parameter adjustment and model validation 

The model was programmed and numerically solved in Matlab®R2010b by using 

its numerical facilities for simultaneously solving the differential and algebraic 

equations, and it took approximately150 seconds for the computation of each case. 

The computation time is largely reduced compared to the common 3D CFD models, 

which would take several hours to converge. The operational and physical 

parameters used in the solution are similar to those applied in the experiments as 

mentioned before and are presented in Tables 2.1 and 2.2, respectively. The 

constant value for the parameters are used and selected according to the literature, 

where similar operation is processed. Nevertheless, model verification and 

validation are conducted with the experimental data in different conditions in order 

to eliminate the inaccuracy caused by the variation of parameters under different 

conditions. 

Significant uncertainty in kinetics and physical parameters is reported in literature. 

For instance, a large variation for   ,  (2.9×108 ~2.35×1011 A/m–2, 7×108 
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~6.54×1011 A/m–2 for   , , respectively) can be seen in references. [8], [19], 

[20] and [21]. Different porosity values (0.2 ~0.5) are also used in various studies 

[22], [23], [24] and [25]. In this study, therefore, we conducted parameter 

adjustment calculations prior to the final step of model verification. Initially, the 

values of the uncertain parameters including pre-exponential factor (K0 in Equation 

2.1 and 2.2 from references [20] and [21]) and porosity coefficient (δ in Equation 

2.3 ) were estimated by minimising an error function that is defined by Equation 

2.4, wherein the minimization of the deviation between experimental data and 

simulation results is targeted. For each set of data, 10 points are selected 

accordingly for this parameter fitting calculation. The initial values of	 ,  and δ 

were selected as 2.9×108 A/m–2 , 7×108 A/m–2 [21] and 0.3 [22]. The optimum 

values found for these parameters are within the range reported in literature as are 

shown in Table 2.1.  
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where iexp and isim are current density, at a given voltage, measured by experiments 

and calculated by the model, respectively. Reaction orders/exponents (  ) in 

Equations 2.1 and 2.2 are 1, –0.5, 0.25 for hydrogen, water, and oxygen, 

respectively [21]. L stands for the diffusion layer thickness which is considered to 

be equal to the channel height. Minimization of the objective function by 

manipulating uncertain values, results in the best possible fitting between model 

predictions and experimental data at a given temperature (1053 K), as presented in 
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Figure 2.3.  

 

Figure 2. 3: The results of parameter adjustment at 1053 K 
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Figure 2. 4: Model validation at 1083 K 

 

The optimized parameters, therefore, were estimated based on a set of V-I data as 

presented in Table 2.1. Subsequently, optimized parameters estimated in the 

previous step and an independent set of practical V-I data–achieved at a different 

temperature (1083 K) were utilized to examine the model performance under a 

varied operational condition. The model validation is shown in Figure 2.4. As can 

be seen in this figure, the model's prediction properly matches the experimental 

data. Moreover, the errors (listed in Table 2.4) measure the deviation of the 

calculated data from their corresponding experimental data. For both cases, small 

error values are obtained, which indicates that the model’s prediction is in good 

agreement with the practical data at different conditions without the necessity of 

any further parameter adaptation /variation. 

Table 2. 4: Error function values for two models at different temperatures 

 

Furnace Temperature, K 1083 1033 

Adiabatic  1.71 1.96 

Non-adiabatic  0.33 0.50 

2.4 Results and discussion 

A characteristic V-I curve enables the interpretation of the overall performance of 

the electrochemical reactor. Further detailed-insights, however, must be attained by 

analysing the internal distributed variables’ profiles, such as the spatial distribution 

of temperature, current, voltage, species, and over-potentials to appropriately assess 

the cell’s efficiency, reliability, and durability under various operational conditions. 

In this part, comparison between adiabatic and non-adiabatic processes is 

conducted initially through V-I curve analysis (Figure 2.5) followed by the 
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evaluation of the distributed variables (Figure 2.6–2.9). The main objective of this 

model-based analysis is to quantify and explain the role of external heat losses on 

the cell’s behaviour.  

2.4.1 Demonstration of the model improvement 

The simulated V-I for two operating modes are compared to the experimental data 

obtained with two furnace temperatures (1033 K and 1083 K) as depicted in Figure 

2.5(a) and (b), respectively. In order to quantify the deviations of the model 

predictions from the test data, the error values are also estimated based on Equation 

2.4 and presented in Table 2.4. As can be observed in these characteristics graphs, 

over the low current range, adiabatic and non-adiabatic models perform almost 

close to the experimental data. However, discrepancy between adiabatic and non-

adiabatic models results becomes more significant with increasing current. The 

latter case reasonably represents the practical data. This observation can be 

attributed to the temperature increase with the drawn current. Higher current 

withdrawal drives the exothermic reaction and hence the heat generation. The 

predicted temperature under adiabatic condition, therefore, is more likely to be 

overestimated due to heat accumulation caused by ignoring the heat loss across the 

cell’s boundaries. As the electrochemical reaction inside the fuel cell has an 

autothermal nature, the reaction progress and hence the generated current might be 

overestimated too. These are reciprocal impacts indeed. For the non-adiabatic 

model, the formulated heat loss from boundaries leads to a more realistic 

temperature prediction as the V-I outcome is consistent with the experiments.  
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Figure 2. 5: Model improvement demonstration at: (a) 1033 K, (b) and 1083 K 

 

Moreover, the predicted operating voltage for the adiabatic condition is higher than 

the experimental value for a given amount of produced current due to the lower 

total voltage losses estimated under an unrealistic temperature. The detailed 

breakdown of the overpotentials evaluated at low (1.3 A) and high (7.8 A) currents 

is tabulated in Table 2.5.   

Table 2. 5: Voltage losses under different operating conditions 

 

Variable 
Current = 1.3 A Current = 7.8 A 

Non-adiabatic Adiabatic Non-adiabatic Adiabatic 

Temperature, K 1042 1055 1115 1227 

OCV, V 0.965 0.961 0.889 0.867 

Activation 

overpotential, V 
0.048 0.041 0.159 0.085 

Ohmic 

overpotential, V 
0.006 0.006 0.021 0.011 

Ucell, V 0.910 0.914 0.710 0.771 
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For two parallel surfaces at temperatures T1 and T2, the amount of heat transferred 

through radiation is proportional to T3ΔT where T is average of T1 and T2, i.e., 

(T1+T2)/2, and ΔT is the temperature difference i.e., (T1 – T2) between the surfaces. 

Since the furnace temperature is constant, external heat transfer through radiation 

becomes more significant at higher reactive-cell temperature. Therefore, the 

observed discords between adiabatic and non-adiabatic models’ results become 

more significant at elevated temperatures that correspond to higher current values.  

 

2.4.2 Thermal comparison of adiabatic and non-adiabatic 

operations  

Figure 2.6 displays the electrochemical reaction heat and also the contribution of 

different mechanisms in cooling of the PEN structure along the fluids’ path for both 

adiabatic and non-adiabatic operations. In Figure 2.7, the temperature profiles in 

various parts of the cell structure are presented.  
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Figure 2. 6: Heat transfer distributions: (a) adiabatic condition (“simple model”), 

(b) adiabatic condition (“improved model”), (c) non-adiabatic condition 

(“comprehensive model”). 

 

For a well-insulated system predicted by the “simple model”, the electrochemical 

reaction reaches a peak rate as indicated through the maximum point observed in 

the generated-heat profile shown in Figure 2.6(a). While the formation of such a 

peak can be explained based on mutual impact of elevated temperature and the 

authothermal reaction’s progress, the declining region seen after this peak is mainly 

because of the depletion in hydrogen/fuel concentration. Note that according to this 

level of modelling, the heat removal from PEN proceeds just through convection to 

air and fuel sides cause temperature growth in them as can be seen in Figure 2.7(a).  

This figure also shows that fluids temperature can be a reasonable approximation, 

but not perfect, indication for PEN temperature at cell’s outlet point.  
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Figure 2. 7: Temperature distributions: (a) adiabatic condition (“simple model”), 

(b) adiabatic condition (“improved model”), (c) non-adiabatic condition 

(“comprehensive model”) 

 

In the “improved model” heat conduction to other layers (interconnects in 

particular) are also taken into account, in addition to the heat convection to fluids, 

Figure 2.6(b), while still assuming no heat loss to the surrounding environment. 

The trends of the released enthalpies, associated with the electrochemical reaction, 

are generally similar to those achieved by the “simple model”. In spite of this, there 

are significant differences among the role of the heat transfer mechanisms, 

temperature profiles, and gradient. In the “improved model”, the average generated 

enthalpy, known as the reaction progress characteristic, is essentially lower and 

spatially smoother than that observed for the “simple model”. This is fundamentally 

rooted in the role of the conduction mechanism in increasing the total heat transport 

from PEN and hence creates a cooler media for running the reaction and in return 

resulting in less reaction enthalpy. Moreover, heat conduction improves the 

spatially distributed heat removal that results in a smoother PEN temperature 
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profile as shown in Figure 2.7(b). Nevertheless, the share of the convection 

mechanism in the cooling process is significantly higher than the conduction, which 

might be justified based on the values of heat exchange coefficients as well as the 

effective areas allocated to each mechanism. Moreover, their contributions in 

cooling (Qconv/Qgen and Qcond/Qgen in Figure 2.6(b)) do not change considerably 

along the cell’s length because the driving forces for heat transfer, i.e., fluids-PEN 

and interconnects-PEN temperature differences, decline in a similar way for both 

heat transport mechanisms. In this model, estimation of the temperature profiles for 

bottom and top interconnects are also feasible, as presented in Figure 2.7(b). These 

are supposed to be close to the values measured at the outer surface of a cell. 

Generally,  having no thermal exchange to the surrounding environment results in 

the warming up of the cell’s structure along the cell’s length due to the heat 

accumulation inside its boundaries. 

For the most comprehensive scenario in which cell insulation is absent, the 

radiation from the boundaries to the furnace is accounted for in a so-called 

“comprehensive model”. The model results for heat transfer rates and temperature 

profiles are presented in Figures 2.6(c) and 2.7(c), respectively. Note that heat 

radiation from PEN is neglected in this article, as has already been indicated in 

section 2.3.2. 

For a comprehensive case study, the trend of the reaction progress (Figure 2.7(c)) 

and its maximum is observed to be essentially similar to those seen in Figures 

2.6(a) and (b). However, the peak of the profile is suppressed and shifted to the 

cell’s inlet, where the reaction rate reduces with the with cell length after passing its 

maximum. The reaction suppression can be attributed to the depletion of both 

reactants and temperature reduction. The latter can be seen in Figure 2.7(c). 

From a thermal management viewpoint, the comprehensive case behaves 
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significantly different to the two simpler cases mentioned before emphasising the 

importance and added-value of modelling improvement proposed in this study. The 

reduced temperature gradient verifies the role of the auxiliary furnace in achieving 

a more homogeneous operation. Moreover, the reason behind the reaction 

behaviour mentioned for previous two cases can also be sought for the observed 

thermal homogeneity. In other words, the mutual interaction between reaction 

progress and temperature distribution describes the lower gradients observed in 

such a case. It should be noted that neither equal nor constant contributions were 

recorded for the heat transport mechanisms in PEN cooling process along the length 

of cell. As Figure 2.6(c) shows, convection phenomena has crucial role at cell’s 

inlet zone while considerably declining along the fluid route. The conduction rate 

experiences slight changes in its total amount but its contribution to the PEN 

cooling process rises by the cell’s length outweighing the convection’s role at the 

cell’s outlet. Discrete temperature profiles in various parts of the cell allow us to 

appropriately interpret these observations. As is shown in Figure 2.7(c), decreasing 

PEN–fluids temperatures’ difference across the fluids’ path is captured. This 

consequently suppresses the heat convection for given heat transfer coefficient and 

surface.  The most important outcome of this analysis is to figure out the error that 

may occur in the cell’s design, thermal management, and operation simulation by 

ignoring the heat transport through radiation/conduction when the system is not 

perfectly insulated. The temperature profile is a key factor for the cell performance. 

Moreover, the temperature gradient along the cell is the most important cause for 

the thermal stresses inside the cell, which would result in the cracking and/or the 

degradation. The distributed temperature estimation in all involved layers, 

therefore, plays a pivotal role in managing the cell’s reliability and life-durability. 

This article emphasises these insights. This study also demonstrates that thermal 

analysis outcome of a single cell under the external heating condition cannot be 

directly generalised for the insulated commercial stack.          
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Besides, in some studies the temperature gradient along the fluid’s path is 

neglected. Furthermore, the cell temperature is assumed to be identical to the gases’ 

temperature. These simplifications are declared to be more applicable for the low 

flow rates of gases [32]. Our analysis shows that there could be some notable 

concerns about these simplifying assumptions. As can be seen in Figures 2.7(a) and 

(b) there might be a considerable temperature gradient in all directions of an 

externally insulated cell. For a cell without insulation, conversely, the homogenous 

temperature profile along the cell length seems reasonable, whilst equality of fluid 

temperatures to the PEN and the interconnects temperatures along the flow course 

could be a restrictive assumption (Figure 2.7(c)) though it is relevant at the outlet 

point. Therefore, the justification of the mentioned assumptions for a reactive cell is 

strongly dependent on whether it is operating adiabatically or non-adiabatically and 

also the operatingng conditions such as gas flows.  

Note that in spite of the small changes observed in interconnects’ temperature in 

Figure 2.7(c), it is gentle enough to reasonably justify the middle point of 

interconnect as the suitable location to install a measuring thermocouple in an 

experiment with air/fuel co-current flow pattern. 

In order to further analyse the cell’s behaviour, the process performance in terms of 

the voltage values is assessed. A constant operational voltage is considered in this 

study (Ucell = 0.81 V). However, open circuit voltage (OCV) and voltage losses 

(overpotentials or polarizations are alternative terminologies) may vary according 

to local temperature and species compositions. The difference between OCV and 

operational voltage indicates the total voltage losses including electrochemical 

activation obstacles at anode and cathode and the ohmic resistance. Note that 

concentration overpotential is neglected in this study as it is only significant at very 

low reactants concentrations (very high fuel utilization) that cause insufficient 

diffusion of reactants and products in electrodes.  Figure 2.8 shows variation of 
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OCV and potential losses captured through different modelling approaches. The 

adiabatic and non-adiabatic processes are modelled by “improved” and 

“comprehensive” models, respectively. As can be seen in Figure 2.8, OCV values 

are higher in a non-adiabatic process compared to that of an adiabatic process, 

which is attributed to the differences in temperature and hydrogen partial pressure. 

In other words, summation of voltage losses is higher in a cell with thermal 

interaction with environment because of lower average temperature. This results in 

decreasing current generation. Accordingly, lower temperature gradients and 

reduced current are two sides of a coin that must be compromised in a controlled 

operation. Lower gradient in OCV profile associated with non-adiabatic system can 

be linked to its temperature and reaction characteristics profiles as shown in Figures 

2.7(c) and 2.6(c), respectively.     

 

Figure 2. 8: OCV and Voltage losses captured through different modelling 

approaches. Voltage losses are summation of ohmic and activation losses shown by 

A for “simple model”, B for “improved model”, and C for “comprehensive model” 

all under same operating conditions. 
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Figure 2. 9: Overpotentials’ ratio (activation-to-ohmic) for adiabatic and non-

adiabatic operations. 

 

The contributions of voltage losses in the reduction of operation voltage, from ideal 

to practical values, allow more precise understanding of the controlling polarization 

mechanism along the cell. Figure 2.9 shows the ratio of activation-to-ohmic 

polarization for adiabatic and non-adiabatic processes along the flow direction. The 

profile indicates that activation polarization outweighs the ohmic polarization in 

both operational modes and at all points of cell. Nevertheless, the ratio trends are 

considerably different for the different modelling approaches that emphasises the 

importance of appropriate thermal modelling.  

 

2.4.3 Model-based design of experiments  

Among the striking features of a reliable mathematical model is to provide us with 

a tool for shortlisting the experiments in order to avoid unnecessary runs and 

subsequently reduce the research and development costs, safety risks, and time. A 
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decision-making procedure is exemplified here to illustrate the proposed model 

capabilities assisting the design-of-experiments. The term ‘design-of-experiment’ 

here refers to parameter adjustment for experiment, but not from a system 

perspective. 

Even though, internal endothermic fuel reforming reactions may reduce the cell’s 

temperature in the case of hydrocarbon fed SOFC; this is not the case for external 

reforming and pure hydrogen fuelled cells. For an adiabatic cell fed with pure 

hydrogen, air acts as the main coolant dominating the cell temperature, even though 

fuel stream can be slightly effective too [16]. For a non-adiabatic system, however, 

ambient/furnace temperature and gas streams might have influence on the heat-

removal rates. Therefore, these variables are central to adjusting the operational 

temperature of a reactive cell. Due to the high non-linearity of the system, the 

interactions between these variables are very complicated and make the utilization 

of numerical model inevitable.  

The PEN temperature is the most appropriate indicator of thermal status of a 

reactive cell as it would be used for calculation of diffusion and reactions rates, heat 

and ion conductions, voltage losses, etc. Unfortunately, it is technically complicated 

and costly to measure the PEN temperature and its distribution, in particular, via 

thermocouple due to difficulties associated with sealing. Moreover, in order to 

safely and efficiently run a SOFC in practice, PEN temperature is always among 

the  operating variables that ideally are supposed to be constant or experience very 

minor spatio-temporal changes. Figure 2.10 depicts a model-based operational map 

to adjust furnace temperature under various fuel flows rates in order to achieve 

desired PEN temperature value as a model-based approximated value. It should be 

noted that the reasonable excess air range is considered from references [33] and 

[34]. The operational map is strongly dependent on the set-up properties and 

operating conditions. Therefore, generalization of the mentioned graph to other 
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setups and conditions is not the goal here. In contrast, the methodology presented in 

the current work may be applied to any case of interest subject to the appropriate 

parameter adjustments and model modifications  

 

Figure 2. 10: Furnace temperature required to active a particular average cell 

temperature (1170 K) under different fuel and air flow rates. 
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Figure 2. 11: Estimation of PEN temperature based of furnace temperature and fuel 

and air flows: (a) different air flow rates, (b) different fuel and air flow rates 

(constant flows’ ratio) 

 

From another viewpoint, model based approximation could also be appropriately 

employed to predict the PEN temperature based on other operational variables. For 

instance, an operation map might be proposed to enable estimation of the average 

internal PEN temperature based on air and/or fuel flow rates and furnace 

temperature that are much easier for measurement purposes. Figure 2.10 displays 

typical operational maps that can be used at a fixed, (Figure 2.11(a)), and varying, 

(Figure 2.11(b)), fuel flows.  
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2.5 Conclusions 

In this article an effective model for the laboratory scale SOFC rig was proposed 

and validated against experimental data. Parameter adjustment was also carried out 

by using an independent set of practical data. The V-I data used for model training 

and validation was attained in an experimental study that was carried out in parallel. 

For the distributed profiles, however, validation will be open for further work due 

to the lack of internally distributed measurements from the test rig. The model was 

found to be flexible enough to simulate a simple cell structure and the multi-layer 

cell consisting of various heat transfer zones. Distributed heat generation rates– as 

an indicator of reaction progress– along with the role of different heat removal 

mechanisms were subsequently assessed that gives better insight for thermal 

management. Moreover, spatially distributed temperatures within different layers of 

the cell structure also became predictable through the model. Process analysis was 

executed through a comprehensive comparison of cell’s behaviour under adiabatic 

and non-adiabatic conditions. Furthermore, parameter adjustment for the test rig as 

well as PEN temperature approximation for a reactive cell was exemplified via 

typical operational maps.     
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Nomenclature 

Cdl     Double layer capacitance (A s V–1 m–2) 

Cp      Specific heat (J mol–1K–1) 

d      Thermal conduction distance (m) 

D298      Mass diffusivity coefficient at 298K (m2 s-1) 

E     Least-squares error function 

Eact     Activation energy 

F      Molar flow rate (mol s–1) 

FN     Faraday’s constant (96,485 C mol-1) 

∆h     Enthalpy change (J mol–1)  

∆HR     Reaction enthalpy (J mol–1 ) 

I     Current (A) 

i      Current density (A m–2) 

i0     Exchange current density (A m–2) 

K     Coefficient of heat conduction (W m–1 k –1) 

Ke     Effective diffusivity (m s–1) 

K0     Pre-exponential factor (A m–2) 

k     Number of experimental data  

L     Diffusion layer thickness (m)    

N     Calculated numbers of tanks in model 

ne     Number of electrons 

OCV     Open circuit voltage (V) 

Q      Heat transfer rate (J s–1) 

Qgen     Reaction heat (J s–1) 

R     Ideal gas constant (J mol–1 k–1) 

r     Mass source term (mol s–1) 

Se      Effective area (m2) 
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Sc      Contact area (m2) 

T      Temperature (K) 

U     Cell voltage (V) 

V     Volume (m3) 

y     Species mole fraction  

  

Greek Letters 

 

α      Coefficient of convection heat transfer  

                                                            ( W m–2 K–1) 

ρ      Density (mol m–3) 

ε      Emissivity  

     Overpotential  (V) 

δ     Porosity 

ɤ     Reaction orders 

ʋ     Stoichiometric coefficient 

τ     Tortuosity (= 3) 

 

Sub-/Superscripts 

A     Anode 

a      Air 

C     Cathode 

cat     Catalyst layer 

cond     Thermal conduction  

conv     Thermal convection  

cell     SOFC cell 

exp     Experimental  

f      Fuel 
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fur      Furnace 

G     Gas (fuel/ air) 

Ib      Bottom interconnect  

It      Top interconnect 

in     Inlet 

out         Outlet  

PEN Positive electrode–Electrolyte–Negative                       

electrode 

radi     Thermal radiation 

S     Solid 

St      Stand 

sim     Simulation 

1, 2     Number for adjacent solids 

 

Acronyms:  

CSTR:     Continuous Stirred Tank Reactor 

PEN:   Positive electrode–Electrolyte–Negative                       

electrode  

OCV:     Open Circuit Voltage 

SOFC:     Solid Oxide Fuel Cell  

TSR:     Tank-In-Series Reactor  
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 3.1 Introduction 

SOFC requires high temperature operation that offers higher efficiency and broader 

fuel diversity [1], [2], [3] and [4]. Essentially, operation in such a condition needs 

elaborate thermal management throughout the plant, especially for the temperature 

gradients inside the fuel cell itself. This becomes more involved when a multi-

layered stack is of interest rather than a single (isolated) cell.     

 

Many studies on temperature monitoring and control of a SOFC cell unit can be 

found in the literature. The intention in these works was to figure out the proper 

methods to achieve the most uniform temperature distribution inside the cell. 

Different features of the SOFC, such as, the flow configuration, geometries, flow 

distributors, operating conditions, etc., were numerically and experimentally tested 

for this purpose [1], [5], [6], [7], [8], [9], [10], [11] and [12]. Although the analysis 

of the SOFC’s performance at cell scale provides the fundamental insights for 

design, operation, control, and optimization purposes, the thermal management of a 

marketable SOFC must be extended initially to the stack and ultimately to the 

system levels. This is mostly because of several reasons. First of all, unalike 

performances for a cell might be captured depending on being implanted inside a 

stack or being set individually. This cell-to-cell variation has root in the thermal 

interactions between cells and also in the probability of fuel and/or air 

maldistribution between different layers of the stack. This anisotropic structure is 

also another cause. This affects the local physicochemical properties of the material 

and hence the (electro-) chemical reactions and heat and mass transport rates. In 

practice, therefore, variation between the thermochemical performances of cell 

units (layers) might be observed. As a result, generalization of the single cell’s 

performance as the representative of whole stack’s functioning could cause some 

inaccuracies in numerical predictions. Another important remark is about the 
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model-based experiments. Nowadays, the experimental research and development 

efforts on fuel cell technology have been extended to the upper scales, 

encompassing the stack and system levels. This fact imposes the inevitability of the 

scale-up of high fidelity models for additional design-of-experiments and rigorous 

process plant interpretations.  

 

So far, several investigations have been conducted on the thermal management of a 

SOFC stack. Achenbach et al. [13] studied an adiabatic SOFC stack of 50 cells, and 

pointed out that the highest temperature was found near the middle of the stack and 

the heat loss was considerable. In study of  Ref. 14, the temperature profiles were 

obtained and compared for short (5 cells) and long (10 cells) stacks. Burt et al. [15] 

presented a 2-D SOFC model to study the cell-to-cell temperature variation under 

an adiabatic assumption for short to relatively long stacks (5, 10, and 20 cells). 

However, very limited works have been published on the stack level thermal study 

especially focusing on the methodologies to enhance the interior temperature 

homogeneity. In addition, to the authors’ best knowledge; there is no publication on 

combination of prospective strategies to achieve such a target.  

 

The sustainable operation of a stack is subject to several requirements that must be 

met simultaneously. These requisites comprise the cost, efficiency, reliability, and 

durability [16–17], which are always conflicting objectives. Thus, the system 

optimization must be accomplished via the multi-objective optimization (MOO) 

methods. Several studies have conducted the MOO with various focusses, such as 

system efficiency and cost [18], total cost and CO2 emissions [19], production cost 

and integrated performance [20], stack efficiency and membrane electrode 

assembly size [21].  In spite of this, the optimization of the stack performance still 

faces challenging issues in the literature as numerous combinations of optimization 

targets can be proposed. The concurrent optimization of stack’s efficiency and its 
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thermal management, for instance, is another issue that needs further investigations.  

 

Fulfilment of some of the above-mentioned gaps forms the core of this study. In 

brief, the main contributions are as follows. Firstly, the modelling methodology is 

significantly extended to capture the thermal concerns imposed by the layering of 

multiple cells. The thermal features that need to be taken into account are mainly 

associated with the cell-to-cell interactions. Essentially, the analysis at this scale is 

important as it is a step closer to the commercial scale. Secondly, individual and 

combined strategies are investigated to critically analyse their practical 

advantage/disadvantages in achieving the temperature homogeneity across the 

stack’s dimensions. This extensive analysis is vital to understand the effectiveness 

of the alternative strategies for thermal management. A simple economic estimation 

is also presented to support the technical analysis. And last but not the least, a 

multi-objective optimization study is conducted to find an effective operating 

condition in which the controversial operating goals can reasonably be 

compromised. More specifically, optimum thermal management while minimising 

the stack’s efficiency reduction is the target of this part of the current study.     

 

3.2 Modelling  

The Stack subcomponents and model framework 

The cell scale mathematical model demonstrated in Tang et al. [22] has been 

verified for a reasonable spectrum of temperatures and gas flowrates. For the stack 

level modelling we used that model, as the repeating-element, with appropriate 

modifications. The simulation flexibility was targeted as a key to scale up and 

strengthen the model’s applicability particularly to evaluate the cell-to-cell thermal 

interactions. 
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Figure 3.1 displays the schematic of the stack model with three cells developed for 

this study. The heat transport between different control volumes and the 

environment are outlined. The governing and constitutive equations of the cell 

model, which is employed as the building compartment of the stack model, as well 

as the physical parameters, are extensively demonstrated in Ref. 22. The model 

takes into account all the phenomena involved in the stack’s performance including 

energy, mass, and charge balances as well as the electrochemical reaction. The 

energy exchange between the neighbouring cells was also added to simulate the 

thermal effects caused by the stacking. Furthermore, when surrounding 

environment was taken into account, the thermal radiation exchange between the 

stack and the environment was formulated. The stack was simulated under steady 

state and potentiostatic condition, whilst a constant voltage Estack was applied for 

the whole stack. Hence, the produced current density throughout the stack, 

operating under the mentioned conditions, can be worked out by means of Equation 

3.1. Note that the activation and ohmic resistances, for each cell, were calculated 

locally.  
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Figure 3. 1:  Schematic diagram of SOFC stack model (adapted from Ref. 22).
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Considering the entire stack fabrication as the control volume, the temperature 

distribution is a scalar field within this space. The gradient of a scalar field, T(x, y, 

z), is the vector derivative of this function with respect to three dimensions. As a 

case study, a stack with a co-flow pattern for fuel and air streams was assumed. 

Accordingly, the temperature variation in y direction was ignored (Equation 3.2). 

The temperature and its variations were approximated according to the Equations 

3.2–3.7 as listed in Table 3.1.  

Table 3. 1: Equations for temperature evaluation 

 
Equation Comment Equation 

number 
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Moreover, the stack electrical efficiency can be calculated according to Equation 3.8 

[23] and [24]. 

22 , HinH

net
el LHVF

P
Eff        (3.8) 

where  
2HF ,

2HLHV  , netP stand for the hydrogen flow rate, hydrogen Lower 
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Heating Value, and the net electric output, respectively. Pnet should be estimated 

based on all power generation and consumption sources in the subsystems including 

power generated by the electrochemical and combustion reactions and that consumed 

for conditioning the temperature and pressure of the fluids. Due to the scope of this 

work, only the power consumed by the air blower was considered. Hence, the 

electric net output was calculated as Equations 3.9 and 3.10 [23] and [25]:  

 

blstackstacknet PIEP       (3.9) 
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    (3.10) 

 

Pout, P0, and T0  are the blower output pressure, ambient pressure and temperature 

respectively; Effisen is isentropic efficiency that is assumed to be 60% [25]. 

 

3.3 Results and discussions 

3.3.1 Temperature gradients in two dimensions  

Simulation of the stack’s thermal performance was carried out to estimate the 

thermal variations in the stacking and flow-path directions. Two operating modes 

were considered; (i) a well-insulated stack, (ii) and stack surrounded by a heating 

chamber. They represent adiabatic and non-adiabatic operations, respectively. The 

operating conditions used for the model solution are presented in Table 3.2. Both of 

these processing scenarios are of practical importance. While the earlier is always 

common for the commercial cases, the latter has been widely encountered in 

experimental test rigs where heat exchange between stack and surrounding furnace 

occurs. Note that the non-adiabatic scenario also sounds promising for design of the 

future novel processes in which the thermal coupling of the external fuel reformer 

and stack could be a tactic to improve the system’s thermal efficiency [26] and [27].  
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Table 3.2 : Operating conditions used for SOFC stack simulation 

Variable Value Comments 

Fuel (Hydrogen) flow rate,  

ml/min                           
0.90×103 

 

Oxidant (Air) flow rate,  

ml/min                                     
9.00×103 

 

Hydrogen molar fraction in 

Fuel 
0.90 

Mixed with steam 

Oxygen molar fraction in Air 0.21 Mixed with nitrogen 

Temperature , K 1.053×103 

Applied for the inlet gases 

and furnace in adiabatic and 

non-adiabatic cases, 

respectively. 

Pressure, kPa 1×105   

 

Temperature profiles of individual cells, inside a stack, are shown in Figure 3.2. 

Moreover, the maximum temperature differences (between the “hottest” and 

“coldest” cells) along the stacking direction are included in the same graph. Note that 

cell-to-cell temperature variations are caused by heat exchange between the cells and 

also from the stack walls to the environment (in non-adiabatic case). An uneven air 

and/or fuel distribution between the cell units also can worsen such a variation. The 

gases maldistributions effect is out of the scope of this work. However, this has been 

already investigated by authors in another work [28]. Cell-to-cell heat transfer and 

manifold considerations are associated with the multi-cell structure. Therefore, cell 

may behave differently when embedded in a stack, revealing the necessity of 

assessing the cell’s thermal performance not only individually, but also inside a 

multi-cell stack. 
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Figure 3. 2: Temperature profiles and maximum temperature differences between 

the “hottest” and “coldest” cells embedded inside a stack and operating under 

adiabatic and non-adiabatic conditions with basis operating conditions. 

 

For the adiabatic process, as can be seen in Figure 3.2, all of the triple cells show a 

significant temperature rise (about 100 K) along the fuel path direction. This has also 

been reported in previous studies [10] and [14]. This significant temperature growth 

can be divided into two intervals, an initial steep rise (up to 30% of cell length) 

followed by a gentle increase. The conspicuous initial heat up in the first interval is 

essentially because of it being rich in terms of the fresh reactant (hydrogen). The 

resulting significant reactive heat, in return, runs the autothermal reaction. The 

second interval of the cell’s length receives the depleted fuel from the first interval 

that downgrades the released heat from the exothermic reaction. Therefore, PEN’s 

temperature does not rise significantly. It is not an easy task to pin a sharp boundary 

between the mentioned intervals. The span of these regions is strongly dependent on 

the prominent operational variables such as, but not limited to, gas flowrates and 

average operating temperature.  

 

In the stacking direction, the cell-to-cell temperature variation can also be observed. 

As the same fuel and air were provided to each cell unit with isentropic assumption, 

this temperature difference could be explained based on the cell-to-cell heat transfer. 
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Basically, heat transport has substantial driving force to occur when anode side of a 

cell is located in the neighbourhood of cathode side of the adjacent cell inside the 

stack assembly. The temperature difference between anode and cathode channels has 

been reported in both numerical and practical studies [14], [15] and [29]. A 

temperature difference up to 6 K was attained for the stacking direction, as shown in 

Figure 3.2, which is much less than the value captured for the fuel course direction. 

It must be noted that the reactor dimension in z direction is also smaller, in contrast 

to x direction that makes temperature gradients comparable. Furthermore, this 

disparity, along the z course, can become more crucial when fuel and air uneven 

distributions, unequal inlet gas temperatures and the larger number of cells-in-

parallel are taken into account [14] and [28]. 

 

Regarding the non-adiabatic operation, in which there is a thermal interaction 

between stack and furnace, the temperature trends remarkably deviate from that 

observed in the adiabatic case. The notable dissimilarities belong to the rates of the 

temperature increase and also to the slight decrease observed at cell outlet. The 

earlier can be attributed to the removal of the system’s heat through radiation from 

stack boundaries that results in lower temperature and more homogenous distribution 

for that. The reason behind the latter, however, must be explored in the reaction 

progress as a function of reactant depletion, decreased temperature and the mutual 

interaction between them. 

 

We focused on the adiabatic case in the rest of this article, as it is more likely to have 

immediate practical application in the current devices available in the market.  

 

3.3.2 Sensitivity analysis 

Temperature gradient over a cell surface is a critical challenge that affects the 

reliability of the stack. Serious technical faults such as cell degradation and cracking 

are attributed to this concept. In the research of Chiang et al. [5], control of 

temperature growth throughout the cell surface below 50K is mentioned as a 

reasonable criterion to minimize undesirable consequences. Temperature variation of 
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10 K/cm ¸and 8 K/cm are mentioned as reasonable values by Aguiar et al. [1] and 

Zhang et al. [23], respectively. Temperature variation in stacking direction is also 

notable, that may increase the aforementioned problems [30]. 

Technically and economically applicable methods must be implemented to manage 

the thermal behaviour of the stack. In this work, three tactics for the stacks’ 

temperature and efficiency regulation were studied to obtain a quantitative and 

qualitative assessment.  

 

3.3.2.1 Strategy #1: excess air flow 

Utilization of surplus air, further than the stoichiometry, has been broadly 

acknowledged as the first strategy to restrain the temperature of electrochemical fuel 

cells [31]. Likewise, the approach is effective in enhancing the interior temperature 

uniformity within the whole stack. Figure 3.3 (a) displays the stack’s temperature 

and its gradient (in both x and z directions indicated in Figure 3.2) for a span of 

cathode to anode flow ratio (
S

C

F

F
 ). It should be noted that fuel flow rate is kept 

constant. Therefore, the φ would be a representative for the quantity of excess air. 

From the heat exchange viewpoint, the intensification of heat convection mechanism 

at higher coolant flows is the principal reason for cell’s temperature decline. The 

downswing effect is noteworthy along the flow direction (x), which is properly 

consistent with the literature [11] and [31]. Smaller influences are observed in the 

stacking direction (z). Although the applicability of this strategy is rationally 

supported by the availability of cheap air, it may instantaneously lead of efficiency 

loss due to the higher potentiostatic loss at the higher fluid flows (Figure 3.3 (b)). 

Therefore, it is difficult to achieve the efficiency and thermal management goals at 

the same time via this approach. This must be dealt with through a trade-off 

decision-making. Figure 3.3 (c) shows how the temperature gradient reduction in 

stack may sacrifice the total yield.   
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Figure 3. 3: (a) Effect of excess air flow on stack’s average temperature and 

temperature gradient elements; (b) Effect of excess air flow on temperature gradient 

and efficiency; (c) Stack’s efficiency versus stack’s temperature gradient regulated 

by applying excess air ( min/900
2

mlFH  ). 

 

From this analysis, it can be understood that the effect of the coolant flow on the 

temperature gradient is more significant in the gas flow direction. In general, the 

average temperature of the stack also decreases. However, there are some concerns 

associated with this approach. Firstly, its impact declines at high air flow rates. For 

instance, it can be seen in Figure 3.3(a) for φ > 14 that usage of further air becomes 

less effective compared to the lower ranges. Secondly, the amount of applied excess 

air/coolant must be reasonably constrained to justify the air compression costs. 

Furthermore, the electrochemical reaction would be decelerated at lower average 

temperatures resulting from the excess air. These concerns place a limitation on 

usage of excess air. As a result, alternative approaches should be undertaken 

individually or in combination with excess air strategy to meet the thermal 

management targets without imposing significant efficiency loss. The main objective 

of the next sections in this article is to technically and economically evaluate the 

potential options via a so-called “feasibility study”.  
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3.3.2.2 Strategy #2: adjustment of the gases’ temperature difference 

at cell’s inlet (∆Tin) 

Anode and cathode gases may be fed into the cell with either the same or different 

temperatures [32] and [33]. In this part we show how the )( C
in

A
ininin TTTT  may 

influence the temperature gradients inside the stack.  In this analysis the stack 

efficiency was kept constant while operating with different ∆Tin. Manipulation of 

∆Tin has been implemented by the increase in T   and decrease in T  in a way that 

average temperature of the cell does not change significantly. Therefore, the 

electrochemical reaction rate was reasonably constant, leading to almost constant 

current generation. Since the air flow rate was also constant, based on Equation 9 the 

efficiency does not change. 

 

For analysis of strategy 2, inT was varied from 0 to 260 K, as presented in Figure 

3.4(a). This is achieved by changing the temperature of the inlet fuel between 1023 

K and 1250 K. It must be noted that this change was accompanied by a simultaneous 

reduction in the air temperature resulting in the maintenance of the average cell 

temperature at around 1200 K throughout. This is a reasonable operating temperature 

range for a high temperature SOFC [34] and [35]. Therefore, this approach can be 

safely implemented without a serious risk to the materials used in cell. The 

simulation results are presented in Figure 3.4. As the profiles indicate, the operation 

under various ∆Tin may positively affect the temperature smoothness in the x 

direction, while it has an opposite influence in the z direction. The total temperature 

gradient, which attained by adding gradients in the x and z directions, is also 

presented in Figure 3.4(a). The reduction of temperature gradient in the x direction 

can be explained based on the reaction rate variations at the cell’s inlet and outlet 

regions. The higher fuel temperature at the inlet ( A
inT ) would improve the 

electrochemical reaction that results in higher heat release and more reactant 

consumption. At the cell’s outlet region, in contrast, the amount of released heat 

declines due to lower hydrogen concentration. These two subsequent effects lead to a 

lower temperature gradient along the flow path. On the other hand, the temperature 

gradient in the z direction increases because of the higher temperature differences 

between anode and cathode channels, as illustrated in Section 3.3.1.  
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Figure 3. 4: (a) Temperature gradient of stack with different ∆Tin ( 2/5245 mAi  ); 

(b) Total temperature gradient of stack with different ∆Tin; (c) Stack efficiency 

achieved under different temperature gradient in varied operating condition 

( min/900
2

mlFH  ). 

 

In this case study, the minimum point of total temperature gradient was found for 

∆Tin ≈ 110 K. Higher value for ∆Tin would not be advantageous, as evident from 

Figure 3.4(a) and (b). Therefore a most favorable range should be searched for 

appropriate implementation. In Figure 3.4(b), variation in overall temperature 

gradients with the increase of ∆Tin is shown for two different values of φ. At higher 

φ value the minimum point was slightly shifted towards the smaller ∆Tin. This is 

basically because of the lower temperature gradient obtained in the x direction with 

larger air flowrates while the change of temperature gradient in z direction is minor 

as discussed in Section 3.3.2.1. The minimum point was observed with both values 

of φ. Note that the main manipulating variable in this analysis was ∆Tin, while 

calculations have been repeated for two values of φ (i.e., 10 and 15).  

 

To expand the analysis, a case with ∆Tin of 100 K and variable φ is compared to the 

basis case in which ∆Tin is zero, as per Figure 3.4. The advantage of application ∆Tin 
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can be observed in that higher efficiency is achieved with ∆Tin. Air flow ratio (φ) 

changes both efficiency and temperature gradient. Higher φ leads to a lower 

temperature gradient and efficiency, and vice versa. We plotted these changes by 

varying φ from 10 to 17.5, but for two values of ∆Tin (i.e., 0 and 100K) as presented 

in Figure 3.4 (c). The target is to show how a higher ∆Tin
 can moderate the efficiency 

reduction when a specific value of temperature gradient is targeted. From another 

viewpoint, one may say how temperature gradient can be improved by ∆Tin while a 

specific value is targeted for the efficiency. The graph shows that efficiency versus 

temperature gradient profile is positively shifted towards better performance by 

increasing ∆Tin. Lower air flow rate will be needed to achieve a certain temperature 

gradient at a given efficiency or vice versa. Lower preheating duty may be mentioned 

as another benefit of this strategy. Since air flowrate is much larger than the fuel 

flowrate, providing air and fuel with lower and higher temperatures, respectively, 

could result in energy saving in the preheating processes.  

 

3.3.2.3 Strategy #3: utilization of the oxygen-enriched air  

The oxygen concentration in cathode gas is investigated as another opportunity that 

could be effective for the stack’s thermal management purposes. The idea is to reduce 

the negative effect of excess air flow used for cooling on the total efficiency by 

enhancing the reaction progress and also minimizing the voltage losses via supplying 

the operation with the enriched air. In order to comprehensively assess this strategy, 

its technical and economic aspects must be well thought-out through the quantitative 

measures. The cost concerns are mainly attributed to the extra expenses imposed by 

the air conditioning process. The model developed in this work was applied to figure 

out how the adjustment of the oxygen fraction in air may alter the temperature 

profiles and efficiency. Moreover, a basic economic analysis was carried out, as 

presented in the economic analysis in section 3.4, to evaluate the commercial 

applicability of the tactic in practice. Stack’s performances within a range of air flow 

rates and with various compositions were compared (Figure 3.5). As was expected 

the higher air flows in cathode side leads to smoother temperature profile and a 

simultaneous efficiency drop. However, utilization of oxygen-enriched air, with 25% 

oxygen, rather than 21% used for the basis case, enhances the efficiency and 
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undesirably increases the temperature gradients. Relative metrics indicate that the 

efficiency improvement is more considerable. For instance, for φ = 12, approximately 

9% (from 0.33 to 0.36) efficiency increase was achieved. While at this air flowrate 

ratio, temperature gradients increase was around 3% (from 1.50 to 1.55 K/mm). 

These observations are more prominent by comparing the results presented for the 

case with 40% oxygen.  

 

Figure 3. 5: Stack temperature gradient and efficiency achieved under different 

cathode flowrates with different oxygen concentration applied in cathode gas 

( min/900
2

mlFH  ) 

 
The stack’s current generation, is principally dominated by the open circuit voltage 

and also the voltage losses (Equation 3.1). The activation loss at the cathode side is a 

significant term in the estimation of total over-potentials. This term declines with the 

oxygen concentration [36]. The higher oxygen partial pressure (or mole fraction) 

results in a higher exchange current density value. This, subsequently, reduces the 

activation loss at the cathode. As a result, the current generation (or the exothermic 

electrochemical reaction) would be improved subsequently increasing the stack’s 

temperature. Moreover, at higher temperatures, the cell also operates with a reduced 

Ohmic resistance. Note that oxygen fraction and temperature influence the OCV in 
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different ways. Whilst the former improves the OCV, the latter negatively influences 

it. Our numerical results, however, shows that the latter is dominant in this case 

study. The variations of the aforementioned variables with oxygen concentration are 

tabulated in Table 3.3. As can be seen in this table, the stack’s current productivity is 

enhanced by using the oxygen-enriched air. Furthermore, the fuel utilization values 

also support this conclusion. 

Table 3. 3: Stack performance fed with different oxygen concentration cathode 

 

The temperature gradient was also increased with the improved oxygen concentration 

since the increase of current density will result in the higher reaction heat release. 

However, the increase of temperature gradient was slighter compared with the gain in 

efficiency. For example, as Figure 3.5 shows, for a target of total temperature 

gradient at 1.5 K/mm, cathode to anode ratio of 12 is required to be applied for the 

basis case (natural air). The stack efficiency is 33% at this operating point. When 

oxygen portion rises to 0.25 in the cathode stream, the stack must be supplied with an 

excess air ratio of 12.3 to achieve the same total temperature gradient (1.5 K/mm). 

However, at this operating point, the total stack’s efficiency is improved to 35%. The 

efficiency improvement is attributed to the enhanced current generation.  Similar 

analysis reveals an efficiency of up to 39% when the employed air is enriched up to 

40% of oxygen. It can be concluded that the system fed by oxygen-enriched air has 

the capability to be operated at higher coolant rates without sacrificing the overall 

efficiency. The application of this, however, would be subject to cost justification, as 

is demonstrated in the next section. 

 

 21.0
2
Oy 25.0

2
Oy 40.0

2
Oy  

OCV, V 0.899 0.889 0.874 

Activation overpotential, V 7.81×10–2 6.87×10–2 5.55×10–2 

Ohmic resistance, Ω 4.12×10–6 3.59×10–6 2.82×10–6 

Fuel utilization, % 58 62 71 

Average temperature, K 1230 1249 1282 

Average current density, A/m2 5245 5685 6308 
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3.4 Economic Analysis for the budget with different SOFC operation 

strategy  

 

A basic cost analysis was conducted to assess the economic aspects of strategies 

aforementioned in this chapter. The basis of cost estimation was 1kWh power 

generation and subject to a total temperature gradient of 1.15K/mm. Both of the 

preheating cost and price of gases were taken into account. The gases’ prices were 

quoted from the gas supplier BOC Australia.  For of the all cases, the same fuel flow 

rates were introduced. The air flow rates, however, were adjusted depending on the 

strategy that applied as different air flow rates will be needed to attain a targeted 

temperature gradient through different strategies.  

 

For a particular designed electrical energy to be produced, time required with 

different strategy is calculated as:  

 

istrategy
net

design
istrategy

P

E
t

,

,         (3.11)   

 

The amount of gases inserted in anode and cathode sides during this time can be 

calculated by Equations 3.12 and 3.13, respectively. 

 

istrategy
A

istrategy
A tFm ,,        (3.12)   

istrategy
A

istrategyistrategy
C tFm ,,,      (3.13)   

 

FA stands for fuel flow rate that is constant. Also φ is the cathode to anode ratio.  

The oxygen-enriched stream is assumed to be attained by mixing of pure oxygen and 

natural air. The cost of the final mixture can be estimated by using the second term of 

RHS of Equation S4 while the first term evaluates the hydrogen cost; 

 
222

Pr)1(PrPrPr OaaaCHfHA
gas

total yymUym    (3.14) 
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The preheating energy demand was assumed to be supplied via combustion of the 

depleted fuel. The remaining hydrogen in the anode exhaust will be combusted to 

supply a part of the heating duty. For the cases studied here, the demand fuel for 

combustion is larger than the exhaust fuel that can be provided, while the remaining 

will be supplied by combustion of methane. The amount of hydrogen remained for 

post combustion was calculated as per Equations 3.15; 

 

)1(
22 fHA

combus
H Uymm       (3.15) 

 

The amount of methane needed for the preheating duty is calculated as Equation 3.16: 
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     (3.16) 

Given the price of the hydrogen and methane, the total cost of the preheating process 

can be estimated through Equation 3.17; 

 

4422
PrPr CH

combus
CHH

combus
Hph mmCost      (3.17) 

 

   Table 3.4: Economic calculation results 

 

 

 Preheating cost,  $ Gas cost, $ Cost saving, $ 

Strategy #1    

Basis case 31.7 116.03 0 

 

Strategy #2  

 

 

∆Tin=100K 27.57 107.71 12.45 

 

Strategy #3    

yO2=0.25 29.16 113.87 4.72 

yO2=0.28 28.72 119.76 –0.75 

yO2=0.4 23.10 136.72 –12.01 
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As shown in Table 3.4, for the stack with ∆Tin=100K the costs associated with both 

gases consumption and preheating process were decreased in contrast to the basis 

case.  Less amount of air is needed to gain the same temperature gradient while the 

efficiency is improved. Besides, the efficiency enhancement also results in reactants 

saving to gain 1kWh electricity. In contrast to the basis case, the total preheating 

duty decreases by using Strategy #2. For heating up the anode stream, extra energy is 

needed. However, energy is also saved by using cooler stream at cathode inlet.  

Because of the larger amount of material that flows through the cathode channel’s 

inlet compared with anode side the net energy saving will be positive.   

  

Application of Strategy #3 initially shows reduction in the total cost, compared to the 

basis case, for oxygen fraction up to 25%. However, the cost effectiveness of the 

strategy becomes questionable once the oxygen concentration proceeds to 28%. The 

cost saving is mainly due to the improvement in efficiency (enhanced 

electrochemical reaction as discussed in Section 3.3.2.3), that is less amount of 

reactants material needs to be supplied accordingly. However, larger φ becomes 

necessary to keep the temperature gradient within the acceptable range. And more 

importantly, oxygen price dominates the economical aspect of this approach which 

especially becomes more obvious at higher oxygen concentration. Therefore, 

Strategy #3 could become costly when the grade of the utilized coolant is too high.   

 

3.5 Multi-objective optimization   

Due to the crucial importance of efficiency and thermal homogeneity in fuel cell 

operation, a multi-objective optimization was implemented to address both 

requirements simultaneously. It should be noted that in this kind of optimization 

problems, where the conflicting targets must be met, it is not possible to conclude 

with a unique optimum point. Instead, a set of the so-called “effective solutions” 

would be achieved that can be presented as Pareto points (front) [37].  

 

A weighted objective function was used, for the optimization as in Equation (3.18). 

In this function, F∆T and FEff stand for the total temperature gradient and inverse-of-
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efficiency, 1/Effel, respectively and s represents the manipulating variable(s). The 

weight factor values, ]1,0[ , were used to adjust the importance of each criterion 

in achieving the objective function. Accordingly, minimization of the objective 

function based on each value of the weight factor generates a point of the Pareto 

front and, ultimately, provides the optimum operation guideline for the whole 
spectrum.  

 )()1()( sFsFF EffTob        (3.18) 

The normalized values of F∆T and FEff were used for reasonable comparability[37] ; 

 

o

o
Nomalised

FF

FxF
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max

)(
     (3.19)    

  

Fo, Fmax
 represents the optimum function value and maximum function value, 

respectively, within the calculation range. 

 

Based on the sensitivity analysis outcomes (Section 3.3.2 of this chapter) the 

appropriate operating variables were identified. Table 3.5 shows the operating 

variables and their variation ranges. Based on the manipulating variables the various 

cases were classified, as presented in Table 3.6. In order to solve the optimization 

problem, the nonlinear optimization solver tool in MATLAB, fmincon, was 90tilized. 

This numerical tool can be used to find the minimum of a constrained nonlinear 

multi-variable function. The final results achieved as the optimum value may be 

influenced by the selection of the variable’s initial guess. This also has effect on the 

calculation times. Different initial values for design variables were compared. The 

initial values used for each design variables include the middle value (MV) of the 

range, an upper value (125% MV), and a lower value (75% MV). Even though final 

results were slightly different for each initial values set, we used the minimum value 

that is attained for the objective function.   
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Table 3. 5: Mmanipulating variables and their ranges 

Operating variables Range/Values 

1 φ 10 to 20 

2 ∆Tin(K) 70 to 120 

3  0.21 and 0.25 

 

Table 3. 6: Optimization designed with different schemes 

Optimization case (OC) Operating  variables 

OC 1 1, 2 

OC 2 1, 2, 3 

 

The results of two optimization schemes are presented in Figure 3.6 where they are 

also compared with the basis case. The basis case is the gradient-efficiency profile for 

different air flowrates as was described in Section 3.3.2.1.  

 

 

Figure 3. 6: Trade–off between efficiency and temperature gradient; Pareto points 

for basis case and optimization trials ( min/900
2

mlFH  ). 

 

Pareto fronts were improved in both optimization trials even though the improvement 

is more remarkable for Case 2. This indicates that the best performances might be 
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attained by combining all of the three tactics aforementioned.  

Depending on the weight of each target on the optimum operation, decision can be 

made for the selection of the optimum variables. For example, if the temperature 

gradient minimization receives high attention, the system would be operated 

according to the conditions labelled as Point (III) in Figure 3.6. Under such a 

condition temperature gradient is reasonably minimized even though the efficiency is 

not at its maximum, i.e., efficiency would be higher if higher temperature gradient is 

allowed. Moreover, at this particular operating point one may improve the efficiency 

by applying optimization cases 1 and 2. For an operation that achieves both 

efficiency and temperature gradient goals with equal importance, one may select 

Point (II) and with the appropriate optimization opportunities. Finally, Point (I) 

corresponds to an operation in which the operators put more emphasis on the 

efficiency rather than the temperature gradient.  The optimization results associated 

with these three operating points are tabulated in Table 3.7. 
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Table 3.7:   Optimization results for different points of the Pareto front, labelled in Figure 3.6, for basis case (Basis), optimized case 1 (OC 1) 

and optimized case 2 (OC 2) 

 

 Point (I) Point (III) Point (III) 

 Basis OC 1 OC 2 Basis OC 1 OC 2 Basis OC 1 OC 2 

dT,  K/mm  1.47 1.50 1.51 1.15 1.15 1.16 0.88 0.87 0.88 

Efficiency  0.33 0.35 0.37 0.28 0.30 0.32 0.25 0.26 0.28 

∆Tin,  K 0 102 101 0 101 100 0 101 100 

φ  12.4 11.3 12.1 15.7 13.7 15.2 17.8 16.2 17.2 

yO2 in cathode .21 0.21 0.25 0.21 0.21 0.25 0.21 0.21 0.25 



  Page 94 
 

3.6 Conclusions 

Thermal management of SOFC stack plays a leading role in determining its 

durability and reliability. This is intrinsically a complicated concept mainly because 

of the various interactive phenomena that dominate the temperature profile inside a 

reactive stack.  Due to this complexity, high fidelity numerical tools are inevitable to 

effectively simulate the stack’s thermal behavior. Any promising strategy for 

temperature gradient reduction must be critically evaluated for its practical 

application. This is of crucial importance as some of these methods might sacrifice 

the efficiency and/or economy of system. A stack level model was developed and 

employed in this article aiming to account for temperature gradients in both flow 

course and stacking dimensions. Subsequently, model-based technical and economic 

assessments for three promising strategies for reduction of the temperature gradient 

inside SOFC stack were carried out in this study. Utilization of excess air, as a 

preliminary strategy, was evaluated individually and also in comparison with other 

typical tactics, including adjustment of the inlet gas temperature differences and also 

air enrichment. The results reveal the advantages and disadvantages relevant to each 

approach and potential features achieved by combining them. Evaluations cover 

technical and economic aspects of each strategy.  A multi-objective optimization was 

also presented in this study in order to seek appropriate operating conditions that 

address the thermal and efficiency requirements and support a compromised 

decision-making process.  The results reveal that the negative consequences that each 

strategy intrinsically causes can be moderated by combination of diverse strategies. 

In order to limit the excess air utilization, for instance, adjustment of ∆Tin about 

110K and enrichment of air up to 25% oxygen were justified in this study. It was 

shown that higher ∆Tin can become ineffective or even harmful, and further air 

enrichment, beyond 25% of oxygen, might result in exceeding the justifiable 

operation cost margin due to the price of pure oxygen. 
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Nomenclature 

Cp      Specific heat (J mol-1K-1) 

Cost     Budget cost ($) 

E     Voltage (V)  

Edesign     Designed energy (kWh) 

Effel     Electrical net efficiency 

Effisen     Isentropic efficiency  

F      Molar flow rate (mol s–1) 

Fob     Objective function 

F∆T    Temperature gradient function 

FEff    Efficiency function 

LHV      Lower heating value (J mol-1) 

∆H     Heat (J) 

I     Current (A) 

i      Current density (A m–2) 

L     Distances (m) 

m     Total amount of substance (mole) 

n     Calculated numbers of  tanks in model 

P     Pressure (Pa) 

Pnet     Net power (W) 

Pbl     Blower power (W) 

Pr     Price ($) 

Rohmic     Ohmic resistance (Ω) 

t      Time (s) 

T      Temperature (K) 

T      Average temperature (K) 

∆T      Temperature differences (K) 

Uf     Fuel utilization 

y     Species mole fraction  

Greek Letters 

 

φ     Air to fuel flow ratio 

     Weighting coefficient 
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     Overpotential  (V) 

κ     Specific heating ratio (=1.4) [23] 

 

sub-/ superscripts 

A     Anode 

a      Air 

act      Activation 

C     Cathode 

combus    Combustion 

cell     SOFC cell 

in     Inlet 

max     maximum value 

Normalised    Normalised function value 

o     Optimum  

out     Outlet 

ph     Preheating 

stack     SOFC stack 

x     x direction    

z     z direction 

0     Ambient 

Acronym:  

MOO:     Multiple-Objective Optimization 

MV:     Middle Value 

OCV:     Open Circuit Voltage 

OC:     Optimization Case 

PEN:  Positive Electrode–Electrolyte–Negative 

Electrode 

SOFC:     Solid Oxide Fuel Cell  
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4.1 Introduction 

As a high temperature fuel cell, SOFC thermal management is a key issue in its 

design and application. For a cell or stack, avoiding the steep temperature gradient is 

the core of thermal management with necessity of satisfying its working temperature 

[1]. While in a system design, the first purpose of thermal management is to ensure 

the cell/stack is working within the required temperature range. Furthermore, by-

products and heat sources/sinks are required to be well organized to make maximum 

use of energy. For the heat energy inside the system, the cell/stack is one of the 

major sources as thermal energy is released from the electrochemical reactions 

accompanied with Joule heating. In afterburner unit heat could also be generated by 

the combustion of fuel exhausts, since fuel will not be consumed completely in the 

stack. Additionally, the heat exchange will also occur in the gas pre-heater. 

Therefore, it is also essential to use the heat appropriately by the optimal thermal 

management for the purpose of improving the overall efficiency of system [1]. 

Above all, the thermal management for the operating of a SOFC system would 

impose requirements on both the SOFC design and defining of the operating 

conditions. 

Energy or exergy analysis could be the means for analysing and improving the 

thermal management of a SOFC system. Energy analysis is estimated on First Law 

of Thermodynamics, which would involve the evaluation of the energy conversion, 

utilization. It can be helpful in analysing the energy distribution in the system and 

tracing the source of energy lost in system that can be potentially used. On the other 

hand, exergy is defined on Second Law of Thermodynamics which calculates the 

irreversibility. By the exergy analysis, the efficiency of the available work from the 

sources can be calculated, in which, the wasted work potential is estimated. It is 

useful to specify the responsible link in the system for the lost work. It is believed 

that exergy analysis is more realistic for the system operating design in practical than 

the results from conventional energy analysis [2].  

Several exergy studies have been conducted for the SOFC from different viewpoints. 

For instance, Chan. et al. [3] conducted energy/ exergy analysis for two SOFC 

systems, one fed with pure hydrogen and the other one fed with methane in their 
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research. Their study indicated that the afterburner occupies the largest share of 

energy lost in system. Granovskij. et al. [4] performed exergy analysis on a SOFC-

GT hybrid system and the results of their study indicated that the depletion number 

that reflects the efficiency of energy and fuel consumption of SOFC or GT system 

were much higher than the one of hybrid system. Some studies agreed that 

combustion chamber and SOFC stack were components with highest exergy 

destruction rate with their proposed systems and operating points [5] and [6].  Ali et 

al. [7] analyse the hydrogen fed system in their study based the criterion named 

exegetic performance coefficient (EPC).  They also claimed that the system working 

with certain operating conditions which achieve higher EPC will result in a better 

performance that considered both power and environmental issues. Suranat et al. [8] 

analysed the thermodynamic performance of a direct internal reforming planar SOFC 

with co- and counter- configuration through the energy/exergy efficiency evaluations 

to propose a suitable operating conditions.  

Table 4.1 compares some of the recent SOFC exergy studies with the current work. 

These works are compared based on the scales and features of SOFC that are 

considered. Most of the system investigations are based on a system model with a 

simple built-in fuel cell module, focusing on the system performance, while the 

detailed cell/stack level thermal information is ignored. Calise et al. [15] conducted 

the exergy analysis with considering the stack performance based on the tubular 

stack model. However, the studies for a planar SOFC so far are very limited but 

necessary, since the tubular stack thermal behaviours could vary greatly from the 

ones of planar. Additionally, the operating conditions benefit for the criteria in 

cell/stack level may influence the system performance, and on the other side, system 

processing condition will also affect the characters of cell/ stack level. Sometimes 

they may even have adverse effects. The influence of process operating conditions 

on the thermal behaviours of cell/ stack and system in parallel needs to be further 

studied.  

In this chapter, an exergy analysis is firstly presented based on a simple SOFC 

system model. Since multi criteria with different levels of SOFC system is required 

to be satisfied simultaneously, a more comprehensive SOFC system model [21] and 

[22] is then introduced in this study, with which the properties of all levels can be 
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obtained, and more importantly, the interactions between these properties can be 

captured. Based on this model, the assessment for a SOFC system thermal behavior 

in all levels is presented, accounting for the cell temperature gradient, utilization of 

heat resource within whole system, system efficiency, etc. Moreover, sensitive 

analysis with different operating scenarios is conducted, based on which, the 

direction of improved thermal management of a SOFC can be proposed.  
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Table 4.1: Comparison of recent studies for SOFC system concerning exergy analysis and detailed stack characters 

 
 Study 

characteristics 
Recent studies 
 

[3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] This work 

A. Exergy evaluation 
for SOFC system 
level 

* * * * * - * * * * * * * * * * * * * 

B. Exergy evaluation 
for variation 
flowsheets 

- - - - - - - * - - - * - - * * - -        * 

C. Sensitive analysis 
of SOFC system in 
exergy 

- - - - - - - * - * - - * * * - - - * 

D. SOFC exergy 
evaluation along 
with detailed 
planar SOFC 
thermal features 

- - - - - * - - - - - - - - - - - - * 

E. Operating direction 
proposal for better 
thermal 
management based 
on both SOFC 
system and stack 
levels 

- - - - - * - - - - - - - - - - - - * 

                     *: considered;     -: not considered;      



  Page 106 
 

4.2 Energy and exergy estimation  

The energy and exergy analysis for SOFC system is carried out based on the 

fundamental equations as follows.  

Energy for each stream is calculated based on the enthalpy estimation: 

)( 0,
,

TTmcE npn ni
ni

  
   (4.1) 

in which, n refers to the steam’s number in the system, i refers to the species in the 

stream, m  is the molar flowrates, T0 is the standard temperature 

 

The net electrical efficiency in energy respect is calculated as [23]: 

fuel
input
fuel

consumelen
el LHVm

PP






     (4.2) 

The power consumed for the air compressor, however, is not considerable compared 

to the input energy in the case of this study, that less than 1.5% power of the total 

input fuel energy required by the air blower. The electrical efficiency for the analysis 

in this study is simplified as:  

fuel
input
fuel

elen
el LHVm

P




     (4.3) 

 

The waste heat energy of the system is estimated as the enthalpy of the exhaust gas 

stream.   

exahusthotth EE _      (4.4) 

 

For the SOFC system in this study, the hot exhaust gas temperature is usually around 

400 K, and it could be utilized for low-temperature heating, such as the room and 

water heating [23]. Therefore, in order to better utilize the energy in plant and 

improve the total system efficiency, the heat exhaust energy can be utilized to make 

use of this waste of heat. The portion of the exhaust heat can be recovered can vary 

from 38% ~ 70% [10], [24] and [25], according to the way of heat exhaust 

utilization, such as converting into mechanical work, or heating the water. The 

thermal efficiency of the system in this case study is defined as the recoverable 
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thermal energy share of the system input energy. 

fuel
input
fuel

then
th LHVm

E




      (4.5) 

where, ԑ is the heat recovery ratio, and 60% is used for this study. 

 

The exergy analysis is based on the exergy estimation for each stream, and it is 

calculated for the sum of physical and chemical exergy [6] and [12]: 

ph
n

chem
nn ExExEx 

    (4.6) 

Chemical exergy [8]: 

i
i

ii
i

i
chem
n ymRTExmEx   ln0

0 
  (4.7) 

where, i refers to the species in the stream, 0Ex  is the reference chemical exergy of 

species, m  is the flow rates and y denotes the species molar fraction in stream. 

 

Physical exergy can be estimated through equation 4.8 [6] and [12]: 

])()[( 000 nn
ph
n ssThhEx     (4.8) 

in which, h is the specific enthalpy and s  is the entropy 

 

The electrical efficiency in respected to exergy value can be estimated as: 

input
elex

el Ex

P
       (4.9) 

Thermal efficiency with respect to exergy calculation is estimated as Equation 4.10. 

The thermal exergy is estimated by the physical exergy of the hot exhaust steam of 

the system. 

input
thex

th Ex

Ex
       (4.10) 

ph
exhausthotth ExEx _      (4.11) 

 

The total efficiency with respect to exergy calculation in this study is defined as in 

Equation 4.12: 
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      (4.12) 

 

Since with the exergy analysis, the destroyed exergy that is so called as 

irreversibility during the process is considered, and this part of exergy for each 

process of the system is calculated as:  

utilizedprovided ExExIrr 
    (4.13) 

The share of irreversibility of the exergy input is calculated as: 

input
Ex
Irr Ex

Irr
  

 

Taking the key component of the system, SOFC stack, as an example, the process is 

presented as below. 

 

Figure 4.1: Schematic illustration of process unit in plant 

 

With this process, input streams are 1 and 2 which will denote the anode and cathode 

input gases, and the output streams 3 and 4 will refer to the anode and cathode 

exhaust respectively. The electrical output is the electrical power gained by this 

process which is calculated by the inbuilt SOFC stack module in the model.  

The provided exergy is calculated as: 

21 ExExExSOFC
provided 

    (4.14) 

The utilized exergy concludes the produced electrical power and the remaining 

exergy in the output streams: 
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el
SOFC
utilized PExExEx  43     (4.15) 

The destroyed exergy by this process is defined as:  

)( 4321 el
SOFC PExExExExIrr    (4.16) 

4.3 Exergy analysis for a SOFC system with a simple model 

4.3.1 Model description and flowsheet 

 
In order to study the system scale performance, a plant-wide model is used proposed 

by Zhang et al. [26]. This model is utilized for its simplicity and its capability for the 

analysis of thermodynamics for balance of plant. A SOFC system model is 

developed in AspenPlus environment, for which the flowsheet is shown in Figure 

4.2. In additional to the core module (SOFC anode and cathode), the other 

components of the plant include the pre-reformer, after burner, and heat exchanger, 

etc..  

 

Figure 4.2: AspenPlus simple SOFC system model flowsheet (adapted from Ref. 26) 

All the system’s components, including the fuel cell, are simulated by applying the 

existing AspenPlus operation blocks.  The fresh fuel is mixed with the anode recycle 

gas (reaction products and some unreacted fuel) before feeding into the pre-reformer, 

The ratio of recycling gases in anode exhausts can be controlled. This process is 
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simulated by using Mixer and Fslipt blocks from AspenPlus modelling library. This 

stream of fuel is then introduced to the pre-reformer for the reformation reaction. 

Due to the endothermic nature of this reaction, the module of Rgibbs connected with 

Heater are used to simulate this process. The former is used for the reforming 

reaction modelling inside the pre-reformer, while the latter simulates the temperature 

decrease brought by the endothermic reaction. Air stream is firstly preheated with the 

heat generated from afterburner, and then separated into two streams that fed into 

afterburner and anode respectively. These two processes are simulated by Heatx and 

Sep blocks respectively. Since the air will also be heated through the exothermic 

reaction in anode, Heater module is also used for this temperature increases. For the 

anode, where the electrochemical reaction occurs, the module Rgibbs is utilized. All 

the cathode exhausts and partial of anode exhausts are then introduced into 

afterburner for combustion. The reactor module Rstoic is chosen for this process 

simulation, with the assumption of 100% conversion occurring in this module. The 

temperature increase of the gases after combustion is predicted by Heater block. 

For electrical features calculations, the voltage is estimated based on equations as 

blow. The cell voltage was calculated by subtracting the losses from the Nernst 

voltage. And they are calculated as below in Equations 4.17~4.21. 

 

Nernst equations: 
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Activation loss is calculated as: 
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Ohmic loss is calculated as: 

OhmicIRVOhmic             (4.21)  

     

4.3.2 Simulation results 

4.3.2.1 Model validation 

The calculation results are compared with the published data [26], as shown in Table 

4.2, with the simulation setting listed in Table4.3. Results show good agreement with 

the published data. 

Table 4.2: Calculated results compared with published data. 

Parameters Published data [26] Current model 

Current density (mA/cm2)                  178 187 

Operating Voltage (V) 0.70 0.68 

Pre-reformer CH4 conversion 
fraction 

0.259 0.250 

Anode exhaust composition (mol %)   
H2O 50.9 50.7  
CO2 24.9 24.9 
H2 11.6 11.6 
CO 7.4 7.4 
N2 5.1 5.1 
O2 0 0 
    
Stack exhaust composition (mol %)   
H2O 4.5 4.5 
CO2  2.3 2.3 
H2 0 0 
CO 0 0 
N2 77.3 77.3 
O2 15.9 15.9 
 

 



  Page 112 
 

Table 4.3: Simulation input parameters [26] 

Parameters Values 

Fresh fuel composition 
 CH4 81.3%, C2H6N2 2.9%, C3H8 0.4%, N2 14.3%, 
CO2 0.9% 

Operation temperature, K 1183  

Fuel inlet temperature, K 473 
Air inlet temperature, K 973 
Fuel utilization 0.85 
Air Utilization 0.19 
Electrical power, kW 120 
 

4.3.2.2 Exergy analysis 

In order to study the system performance by considering of utilization of energy in 

system, exergy analysis is carried out, with the results shown in Figure 4.3. Based on 

this flowsheet, analysis results show that almost 30% of input exergy in system are 

destroyed during the processes in the plant, with is a considerable loss. It is to be 

noticed that, the hot waste in this cases is extremely high, as a relatively high 

temperature (around 900 K) was set for the fresh air that the heat generated by the 

burner is not completely utilized, leading to a high temperature for the exhaust gas of 

the system. This also indicates that the system needs improved flowsheet 

arrangement for the better utilization of the hot exhaust. For the total irreversibility 

generated in the whole plant, the exergy loss in burner constitutes the largest share, 

followed by the one in air heater.  The main reason for exergy destruction is the 

mixing of gases with temperature differences. For the combustion chamber, large 

heat generated with air exhausts and anode exhausts with unreacted fuel leading to 

high temperature for the burner outlet stream, and large exergy loss is therefore 

generated during this process. High exergy loss occurred in air heater due to large 

temperature differences and the high air flow rates as well. Some researchers showed 

that the gas preheaters and the combustion chamber are the most and second exergy 

destruction in system [6] and [12]. However for the cases study here, a relatively 

small temperature differences are induced for the air heater as inlet air temperature is 

set high, and therefore, the exergy loss is not as obvious as in burner. The SOFC unit 

is third largest exergy loss unit in this system, as internal reforming and 

electrochemical reaction occurring here, that some of the chemical exergy of fuel are 
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consumed for heating the gas, resulting in the generation of  exergy loss in this 

process. The exergy loss in the other units is relatively small compared to air heater 

and burner.  

 

 

Figure 4.3: Exergy share of the input for the plant 

 

This simulation is carried out using the simplified model presented in Ref.24.  The 

estimations, however, was based on some simplification assumptions, which may be 

inaccurate in predictions. For example, some operating parameters are set based on 

specific experimental conditions. Accordingly, errors may occur when different 

conditions are set to simulate various scenarios. Moreover, these variables will also 

affect the prediction of system performance in turn. The above drawbacks that 

concerned would lead to the barriers for the parameter sensitive analysis of the 

system. Most importantly, the stack detailed performance, such as the temperature 

distribution cannot be captured. However, the operating conditions that benefit the 

system performance may even have opposite effects on the stack. All these 

information are important for evaluating the thermal performance of a SOFC, and 

defining operating conditions that aims for an improved thermal management of a 

SOFC system in multi-scale. Therefore, a more comprehensive model that can 

compute the behaviours of SOFC at different levels in parallel is required.  

 

Electrical output

Hot waste

Irreversibility

31.1%

39%

29.9%
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4.4 Thermal management study on SOFC system with a 

comprehensive model. 

 
Due to the limitations of evaluating the thermal behaviors for a SOFC system by 

using the simple model, a more detailed model that offers a parallel computing of 

stack and system levels’ performances is introduced. Furthermore, thermal 

management studies including sensitivity analyses are conducted through the 

demonstrated model.  

 

4.4.1 Model description and flowsheet 

Figure 4.4 displays the schematic of a SOFC system, containing a pseudo 3D SOFC 

stack module, developed by Amiri et al. [21] and [22]. The stack includes 4 cells, 

which are approximated by the network of repeating compartment units. The 

governing equations covering the mass balance, energy balance, and electric balance 

are employed on each compartment, so that fuel cell unit in the system is capable of 

calculating the distributed electrochemical and thermal fields inside the SOFC stack. 

For the whole system simulation, in addition to the fuel cell unit, other unit 

operations including the preheaters for air, water, and fuel/pre-reformer as well the 

burner for combustion of anode exhausts, and the anode exhausts cycling are also 

considered. This multi-scale model is capable of capturing the detailed information 

at cell, stack, and system levels at the same time.  

.  
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Figure 4.4: schematic multi-scale model structure (adapted from [21] and [22])
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4.4.2 Simulation Results 

4.4.2.1 System performance evaluation for a basis case 

Based on the multi-scale mode, an evaluation of the system performance for a basis 

case is firstly carried out, with the operating condition listed in Table 4.4.  It is to be 

noted that, the external reforming is applied for this system, while a full reforming is 

carried out such that the fraction of CH4 in the inlet stream to the SOFC is not larger 

than 0.5% for all the simulations. The energy and exergy distribution for the system 

is illustrated as in Figure 4.5 

 

 

Table 4.4: Operating conditions for the basis case 

Parameters Values 
Fresh fuel composition  CH4 87%, N2 13% 
Fuel flow rate, mol/s 3.3 ×10-5  
Fuel inlet temperature, K 1073  
Operation pressure, bar 1  
Air inlet temperature, K 1073  
Air to fuel flow rate ratio 10 
Anode recycling ratio 0.5 
Pre-reformer temperature, K 1073  
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Figure 4.5: Energy balance of the system calculated in energy (top) and exergy 

(bottom). 

  

Compared to the exergy analysis, the share of the electrical output with respect to 

energy is a slightly higher. It is because the exergy for input fuel is slightly higher 

than the value of lower heating value of the fuel based on the Equations 4.3 and 4.9. 

However, the share of heat recovery and the wasted heat in system with respect to 

energy analysis performs much higher than the one estimated by exergy analysis. It 

is known that energy is never destroyed during a process that it changes from one 

form to another according to First Law of Thermodynamics. For the case of this 

study, electrical power and heat waste construct the input energy. Conversely, 

different from energy analysis, exergy is always destroyed when a process involves a 

temperature change, which is defined based on Second Law of Thermodynamics. 

The transfers invariably bring about spread, dispersal, or dissipation of matter or 

energy, or both amongst the bodies. Therefore, for the current study as showed in 
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Figure 4.5, some of the exergy is destroyed through the processes of whole system, 

and the available exergy for work remained in the heat waste is much less compared 

with the values estimated from energy analysis.  

 

As a consequence, the performance of this part of lost exergy within the system is 

necessary to be studied. Accordingly, the distribution of irreversibility for each 

process within the system is further studied as presented in Figure 4.6. With an 

equally 100 W input for fuel, the electrical output is 51.3 W, the achieved heat 

resources which can be utilized is 10.3 W, while the total lost exergy is 38.4 W.  Two 

components in system that consume the exergy most are air heat exchanger and 

combustion, causing 61.2% and 15.3% of total irreversibility respectively. Similar 

observation can also be found in the works [10] and [23]. And SOFC stack imposes 

approximately 10.7% of the total irreversibility. Among all components in the 

system, the attention should be paid on the air heat exchanger as it occupies more 

than half of the total irreversibility. According to the Equations 4.6 to 4.8, exergy 

will be destroyed when entropy rises. Hence, large exergy is destroyed through the 

air heater since the air flowrates are large, and more importantly, large temperature 

difference exists in this process under the requirement of heat exchange. The second 

exergy dissipated unit in the plant is the burner, which occupies 15.3% of the total 

exergy loss, while the amount of exergy loss caused by other units is much smaller. 

Accordingly, the air heater and burner will mainly be the focus of the exergy analysis 

in the next sections.  
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Figure 4.6: Process flowsheet for a SOFC stack system. The rectangular boxes with 

arrows show the exergy loss in each process, the oval boxes with arrows show the 

ratio of exergy loss and the input exergy into the system, the rectangular boxes 

without arrows show the system input and output. 

 

4.4.2.2 Parameter studies of the thermal behaviours  

As discussed in the previous sections, several criteria should be satisfied 

simultaneously for a SOFC system to claim a reliable, durable, and efficient 

operation. The operation of SOFC system can be complicated, as large number of 

parameters is involved and they may influence different criteria of the system 

diversely. As the thermal management of a SOFC system is the focus for the current 

study, the thermal behaviors are the main focus of this study. Characteristics such as 

the temperature gradient, electrical efficiency, thermal efficiency, total efficiency, 

and irreversibility are examined.  

 

Four scenarios including the air flowrates, oxygen concentration in cathode, anode 

recycling ratio, and modified flowsheet with cathode recycling loop will be assessed. 

The sensitive analysis is conducted in order to understand the influences on the 

system performance by the different operating scenarios. 
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4.4.2.2.1 Air flow rates (Scenario #1) 

As the most common strategy for regulating the temperature of the SOFC stack, the 

scenario of variation of air flowrate is firstly examined.  An air flowrate of M is 

applied for the basis case. The simulation is carried out with different air flowrates 

from 0.5 M ~ 2.5 M while the fuel flowrates was kept constant. The calculated 

results for the thermal behaviors of the SOFC system are presented in Table 4.5.  

Table 4.5: Simulation results for the system thermal behaviors with application of 

different air flowrates  

 

airm  dTx, K/mm ex
total , % ex

el , % 
ex
th , % 

Ex
Irr , % 

 0.5 M 1.72 65.0 58.0 7.0 30.4 
M (Basis Case) 1.20 57.5 51.3 6.2 38.4 
1.5 M 0.93 50.7 46.0 4.7 47.2 
1.8 M 0.82 48.4 44.2 4.2 48.8 

 

The results show that the increase of air flowrates is very effective in reducing 

temperature gradient (dTx) of SOFC stack. The stack temperature is quite sensitive to 

the air flowrates. This conclusion was also obtained from the study in Chapter 3 and 

many other studies. The larger air flowrates will improves the cooling in the stack 

and induce the reduction of the operating temperature as well as the temperature 

gradient [27], [28] and [29]. Accordingly, the electrical efficiency is reduced as 

current density is decreased caused by operating temperature reduction. Around 23% 

of electrical efficiency is reduced when air flowrates increase from 0.5 M ~ 1.8 M. It 

is should be noticed that, the total efficiency and thermal efficiency are reduced more 

severely, approximately 26% and 39%, respectively. This is attributed to the increase 

of irreversibility in system when air flowrates increase. As for this system, the input 

exergy of fuel (Exin) are transferred into output exergy in several forms including 

electrical power (Pel), heat  in hot exhaust (Exth), and irreversibility (Irr) that is 

generated in all units of the system ( Equation 4.16 [3] and [24]). Having a fixed 

input exergy, the reduction of thermal efficiency indicates that the raise in 

irreversibility is more considerable than the decrease of electrical power reduction by 

air flowrates increase.   

IrrPExEx elthinput     (4.16) 
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Two mechanisms can be detected that dominate the system performance’s matrix 

containing those thermal behaviors that are inspected in this study. The stack level 

performance, such as temperature gradient and electrical efficiency are influenced by 

stack operating temperature that is controlled by air flowrates. However, the total 

efficiency associated with the thermal efficiency is affected by the irreversibility in 

system under the variation of the air flowrate. Therefore, it is necessary to examine 

the mechanism of the exergy losses during the operation of the system.  

 

Figure 4.7: Ratio of the exergy losses to the total exergy input for different air flow 

rates 

 
 

With a fixed fuel flowrates at inlet, the share of exergy losses in different process of 

the exergy input is presented in Figure 4.7. From the results, it can be observed that 

the air heater occupies the largest portion, which is approximately 3 times higher 

than the others. All the exergy losses are increased by the increase of air flowrates. 

However, the losses in air heater has the most rapid increasing rate, followed by the 

burner, while the other losses exhibit much slower increasing rate, especially when 

air flowrates are beyond 1.7.  Based on the exergy analysis principles that described 

in section 4.2, the main source for the increase of exergy losses in air heater is the 
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increase of air flowrates. And besides, since the inlet / outlet temperature for cold 

stream in this process (air) is fixed, the exergy losses can also be traced to the 

increase in temperature differences of hot stream. As increase of air flowrates will 

result in decrease of current density, and therefore more unreacted hydrogen exists in 

the fuel exhaust. Accordingly, more fuel would enter the after burner, and higher 

temperature of outlet stream from burner, which is the inlet of hot stream in air 

heater, will be achieved. On the other hand, the temperature of outlet of hot stream in 

this process is even lower as more heat resources are consumed in the heater. Under 

all these interactive effects, the exergy losses in air heater increases rapidly due to 

the increase of air flowrates. The exergy loss will also be increased in the after 

burner because of the higher air flowrates and higher burner exhaust temperature 

with lower anode exhaust temperature. However, the temperature differences are 

much lower than the ones in the air heater. Thus, lower exergy losses are obtained 

and the slower increasing rate can be observed in the combustion process. As an 

effective strategy used for regulating SOFC stack temperature and temperature 

gradient, its disadvantage can be inferred from the analysis that exergy losses will be 

raised by the higher air flowrates. With a particular air flowrates required for the 

operation, reducing temperature differences in the process could be the possible 

solution for reducing the exergy losses and increasing system efficiency.  

 

4.4.2.2.2 Oxygen concentration in fresh cathode gas (Scenario #2) 

Increasing the oxygen concentration in cathode gas can enhance the stack electrical 

efficiency due to the improvement of oxygen partial pressure in cathode. In this 

section, this operation scenario will be examined for this system. The influences on 

the system behaviors are evaluated and presented in Table 4.6 and Figure 4.8.  

Table 4.6: Simulation results for the system thermal behaviors at different oxygen 

concentration in fresh cathode gas 

 

 dTx, K/mm ex
total , % ex

el , % 
ex
th , % 

Ex
Irr , % 

0.21 (Basis Case) 1.20 57.5 51.3 6.2 38.4 
0.25 1.21 58.3 52.4 5.9 37.7 
0.4 1.25 60.3 54.8 5.5 36.2 
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Consistent results are achieved with the last chapter with increasing oxygen 

concentration in cathode, both electrical efficiency and temperature gradient 

increased, while more considerable enhancement is obtained for the electrical 

efficiency compared with the gain in temperature gradient.  It is to be noticed for this 

scenario that, the increase in the total efficiency is not as considerable as in the 

electrical efficiency. The main reason can be attributed to the loss of thermal 

efficiency, which can be observed in Table 4.6. As with the enhancement of electrical 

performance, less unreacted fuel would remain in the anode exhausts. This will lead 

to the lower temperature of burner outlet stream, and subsequently result in lower hot 

exhaust temperature. However, slight increase of total efficiency is achieved such 

that irreversibility drops with the enriched air, and the behaviors of these exergy 

losses under this scenario are as presented in Figure 4.8. The results show that the 

slight drop in irreversibility in the system is mainly attributed to the decrease of 

exergy loss in the burner. Since the air flowrates and the temperature increase for the 

feeding air is the same in this case, the amount of heat transfer is the same for each 

condition. The influence of oxygen concentration in cathode on the exergy in pre-

heater is minor. For the burner, since less amount of fuel is combusted with 

increasing of oxygen concentration, less exergy loss will result during this process. 

The effects of improving system performance can be observed, particularly in 

improving electrical efficiency by this scenario. However, as discussed in the last 

chapter, it will also cause problems in the economic aspects of the operation. 
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Figure 4.8: Ratio of the exergy losses to the total exergy input for different oxygen 

concentration in cathode 

 
 

4.4.2.2.3 Anode recycling ratio (Scenario #3) 

Another processing parameter examined is anode recycling ratio (RA). Since it could 

affect the system performance in different ways, such as the fraction of reactants in 

streams, the enthalpy change associated with recycling gases and the feed gas to pre-

reformer. All these could affect the electrochemical reaction and thermal exchange 

inside the cell, which may influence the temperature distribution accordingly.  The 

calculated results are presented in Table 4.7. Unlike the analysis work by Nikooyeh 

et al. [30], where the temperature gradient of stack is examined with internal 

reforming, which has large impact on temperature due to endothermic reaction. In 

this case, the influence on temperature gradient from this parameter is not much in 

the large range of RA (from 0.1 ~0.7). The electrical efficiency is increased along 

with the increase of RA, since more fuel will be fed into the stack with higher RA, 

and it would accordingly enhance the reaction inside the cell. The thermal efficiency 
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is reduced slightly with the increase of RA, while the irreversibility is also reduced, 

and subsequently, the total efficiency will rise. As shown in Figure 4.9, the detailed 

exergy behaviors influenced by this parameter is illustrated. Similar to scenario 2, 

the influence on the air preheater is small. However, an exergy loss decline in the 

burner can be observed, because with the increase of RA, less flowrates of fuel will 

be fed into burner. And besides, higher RA will lead to higher electrical efficiency, 

which indicates higher anode exhaust temperature but lower temperature for the 

burner exhaust as less fuel can be combusted remained in the anode exhaust. Under 

these two effects of lower temperature differences and lower flowrates, the drop of 

exergy loss in burner performances is obvious. However, the other losses are 

increased with the rise in RA. This can be mainly attributed to the increase of 

flowrates in the recycling stream, as the exergy loss will be increased in the anode 

mixer and pre-reformer as well. The results show that the influence of this parameter 

on thermal behaviors is small. However, some studies show that increase of RA is 

helpful for the uniformity of hydrogen concentration distribution. [26] 

 

Table 4. 7: Simulation results for the system thermal behaviors at anode recycling 

ratio 

RA dTx, K/mm ex
total , % ex

el , % 
ex
th , % 

Ex
Irr , % 

0.1 1.14 54.7 47.9 6.8 40.5 
0.3 1.16 56.0 49.6 6.4 39.7 
0.5 (Basis Case) 1.20 57.5 51.3 6.2 38.4 
0.7 1.24 58.7 52.8 6.0 37.2 
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Figure 4. 9: Ratio of the exergy losses to the total exergy input for different anode 

recycling ratio 

 

4.4.2.2.4 Cathode recycling (Scenario #4) 

In order to evaluate this scenario, flowsheet amendment was carried out as shown in 

Figure 4.10, in which, a cathode exhaust recycle loop is added to the plant. In this 

case study, the air temperature and flowrate at the stack inlet are kept the constant, 

where the cathode recycle ratio is set equal to 0.2. 
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Figure 4.10: SOFC system flowsheet modification for simulation of cathode recycle 

stream. The rectangular boxes with arrows show the exergy loss in each process, the 

oval boxes with arrows show the ratio of exergy loss and the input exergy into the 

system, the rectangular boxes without arrows show the system input and output. 

 
The results are as illustrated in Figure 4.10 and Table 4.8. Since the stack operating 

conditions, the inlet temperature and flowrates for the air and fuel, remain almost the 

same, very close stack performance is achieved. Consequently, the same temperature 

gradient with minor drop in electrical efficiency can be observed. The main reason 

for the electrical efficiency reduction can be attributed to the application of dilute air 

with smaller oxygen concentration. It is should be noticed that, a gain in total 

efficiency is resulted due to the obvious reduction in irreversibility. As it can be seen 

in Figure 4.10, the main exergy loss reduction occurs during the air heating process. 

Compared to the basis case without cathode recycling, exergy loss is reduced by 

2.4W. Through recycling the cathode outlet, air pre-heating process will be 

completed firstly by mixing fresh and recycled air and subsequently through a heat 

exchanger. The heat exchanger outlet will be corresponding to the process 

requirement for the inlet air temperature. Compared with process in heat exchanger, 

the process of mixing will destroy less exergy. While for the heat exchanger, hotter 

air is introduced so that less heat exchange is required. Thus the irreversibility is 

reduced and more exergy can be achieved for the thermal recovery.  
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Table 4.8: Simulation results for the system thermal behaviors with cathode 

recycling 

 
RC dTx, K/mm ex

total , % ex
el , % 

ex
th , % 

Ex
Irr , % 

0  (Basis Case) 1.20 57.5 51.3 6.2 38.4 
0.2 1.20 58.9 51.2 7.7 36.3 

 
 

4.5 Conclusions: 

The thermal analysis of the SOFC plant is conducted in this chapter for the purpose 

of thermal management for system level.  The system level performance was firstly 

assessed by a simple model through exergy analysis. As the thermal management of 

SOFC can be a complicated issue since requirements for all levels should be satisfied 

simultaneously, a more detailed multi-scale SOFC system model is utilized, so that 

the thermal behaviors of SOFC in different levels can be examined in parallel. The 

comparison of energy and exergy evaluation in system show that, the exergy analysis 

is more realistic for the practical system design, as it is evaluated based on the 

available work. Furthermore, four different system operating scenarios are examined 

for SOFC thermal behaviors in multi-scales. Each scenario demonstrates different 

features of advantages and disadvantages associated with various aspects of thermal 

characteristics. The air flowrates are the most efficient way for regulating the 

temperature gradient of SOFC. However, the disadvantages in the aspect of system 

performance brought by the increasing air flowrates are quite obvious, since 

considerable exergy loss will be induced by the increase of air flowrates, which 

significantly lower the total efficiency of system. Enriching the air with higher 

oxygen concentration is effective in increasing electrical efficiency, while less effect 

is found in total efficiency improvement.  However, an increase of temperature 

gradient will also be experienced by this scenario. With the current flowsheet of 

plant, anode recycling ratio has limited effects on the thermal behaviors of SOFC, 

since the temperature gradient, electrical efficiency and total efficiency increased 

slightly with the increasing of anode recycling ratio. The last scenario, inserting the 

system with a cathode recycling loop, indicates obvious effects on reducing exergy 

loss in the process of air heating, which lead to the higher total efficiency of the 

whole system without sacrificing the thermal performance in stack level.  
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Nomenclature 

 
Cp      Specific heat (J mol-1K-1) 

dTx  Temperature gradient in flowing direction 

(K mm–1) 

ENernst
     Nernst voltage (V) 

E0     Equilibrium potential (V) 

E     Energy (W) 

Ex     Exergy (W) 

Eact     Activation energy (J mol–1) 

Ex0     Standard exergy (W) 

F      Faraday’s constant (96485 C mol–1) 

h     Enthalpy (J mol–1) 

I     Current (A) 

i      Current density (A m–2) 

i0     Exchange current density (A m–2) 

Irr     Irreversibility (W)  

i      Current density (A m–2) 

K0     Pre-exponential factor (A m–2) 

LHV      Lower heating value (J mol-1) 

M     Molar flowrates of air for basis case (mol s–1) 

m      Molar flowrates (mol s–1) 

ne     Number of electrons 

Pel     Electrical power (W) 

Pconsum     Consumption power (W) 

R     Ideal gas constant (J mol–1 k–1) 

RA     Anode recycling ratio 

RC     Cathode recycling ratio 

Rohmic     Ohmic resistance (Ω) 

s     Entropy (W) 

T      Temperature (K) 
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∆T      Temperature differences (K) 

V     Voltage (V) 

y     Species mole fraction  

 

Greek Letters 

α      Charge transfer coefficient 

ɤ     Reaction orders 

     Efficiency  

ԑ     Heat recovery ratio 

µ     Exergy portion of the input 

 

sub-/ superscripts 

A     Anode 

act      Activation 

C     Cathode 

chem     Chemical 

el     Electrical 

en     Energy 

ex     Exergy 

th      Thermal  

i     Specie in stream 

n     Stream number 

ph     Physical 

0     Ambient 
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Chapter 5 

 

Conclusions and Recommendations 
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The main purpose of this study is to improve the thermal management for the SOFC. 

A multi-layer planar SOFC model has been developed and validated against the 

experimental rig, based on which, a stack model was built up. Due to the limitation 

of a simple system model, a comprehensive multi-scale system model was 

introduced that is capable of predicting the cell/stack and system level performances 

in parallel. The studies of thermal behaviors, which involve optimization studies, 

were carried out based on the above computational models according to different 

research targets. The main conclusions drawn from the present study are listed as 

below. 

 

5.1 Conclusions  

A multi-layer model for a SOFC was established according to the realistic 

experimental rig scales, with model parameter adjustments carried out based on the 

practical data. The validation results and model improvement analysis indicate the 

improved perdition of the current model compared to the previous work. More 

accurate temperature prediction can be achieved since the thermal environment of 

the cell has significant effects on the cell’s performance, especially in the higher 

current range. The model presents the capability for simulating the distributed 

thermal performances inside the cell structure. The distribution of different types of 

heat transfer in the cell are presented and compared between different models and 

thermal conditions, which give better insight of the cooling mechanism occurring 

inside the cell. For the model without the interconnects in adiabatic condition, a 

‘simple model’ is presented in the study. In this, the effects of conduction are 

ignored, which can play important role in heat transport in the structure.  

The convection heat transfer is more dominant than the conduction heat transfer in 

adiabatic condition as shown by the ‘improved model’. The significant role of 

conduction is more obvious in the non-adiabatic condition indicated by the 

‘comprehensive model’ presented, and it outweighs the convection’s role around the 

outlet range of cell. All these variations of heat exchange mechanisms inside the cell 

affect the cell’s temperature and temperature profile, which can be found from the 

cell spatial temperature distribution analysis in different thermal conditions that are 

provided by this study. Additionally, the PEN temperature estimation under the test 
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rig parameter adjustment is also provided through the operational map of the cell. An 

insight of the thermal behaviors of SOFC cell is provided in this study. However, the 

cell performance cannot be instead of the stack level behavior of SOFC, therefore, 

the thermal management study on a stack SOFC is focused on the next chapter, and 

the solutions of improved thermal management of SOFC stack is proposed.  

 

The stack level study is carried out based on the stack model which is developed and 

extended from the reliable cell level model. Three operating strategies, including the 

utilization of excess air, inlet gas temperature differences, and the air enrichment, 

were examined for the temperature gradient in both flowing directing and stacking 

direction as well as the stack efficiency. The advantages and disadvantages were 

discussed for each approach. Using excess amount of air is an effective way of 

reducing temperature gradient of the stack. However, it also results in the sacrifice of 

efficiency. Operating with the inlet gas temperature differences is helpful in 

decreasing temperature gradient in flowing direction without reducing the stack 

efficiency, while the increase of temperature gradient in z direction will be 

accompanied. The range of temperature difference of inlet gases should be proper 

calculated and selected accordingly. The effect of improving stack efficiency by 

enriching the air is obvious, although a relatively slight increase in temperature 

gradient will be achieved. However, the increase of budget cost by this strategy 

cannot be ignored.  The economic analysis in this study provided the optimum 

oxygen concentration that can be applied for operation. The results show the 

controversial feature of temperature gradient and efficiency, indicating the necessity 

of multi-objective optimization, as both stack reliability and productivity are 

important for the SOFC operation. The multi-objective optimization is conducted 

combining those strategies, through which, effective solutions are provided and 

improved SOFC performance is achieved. So far, SOFC on cell and stack level are 

modeled and studied, however, the SOFC is a commercial product to be operated in 

the integrated plant and its thermal behaviors in a system is required to be further 

studied to achieve the final goal of thermal management of SOFC.  

 

The operation of the SOFC in a system can face complicated issues and criteria for 

all levels, the cell, stack, and system level, should be satisfied simultaneously. Due to 

the limitation of common simple model, the multi-scale system model was 
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introduced to study the thermal behaviors of SOFC in all levels under different 

scenarios. The thermal performance of system level was assessed through exergy 

analysis since it is more realistic compared to the energy analysis for the practical 

system design.  Different scenarios examined in this study include air flowrates, 

oxygen concentration in cathode, anode recycling ratio, and the different flowsheets 

with cathode recycling. They present different effects on thermal behaviors of the 

SOFC. Large irreversibility will be generated by increasing of air flowrates that is 

harmful for the total system efficiency, although it is helpful in reducing temperature 

gradient. Increasing of oxygen concentration is very effective in enhancing the stack 

efficiency; however slightly positive effect will be achieved for the total efficiency of 

the system as it reduces the thermal exhaust exergy. With the external reforming 

system, the anode recycling ratio influence on the thermal behaviors of SOFC is 

limited, that the temperature gradient and total efficiency are increased slightly with 

higher anode recycling ratio. Adding the cathode recycling in the system is an 

effective strategy in enhancing the total system efficiency without increasing the 

temperature gradient of the stack, since the recycle loop can effectively reduce the 

irreversibility generated in the air heater.  

 

5.2 Recommendations 

Thermal management studies are conducted on SOFC in the cell, stack and system 

levels in this study. The following recommendations are suggested for future 

research in related areas.  

 

 The V-I data was used for the model training and validation in this study. The 

distributed profiles, such as temperature profiles can be applied for the model 

verification and validation to achieve more accurate and reliable 

computational model.  

 

 For the current study, pure hydrogen is used for the cell and stack model. For 

the system simulation, external reforming is considered while pure hydrogen 

as fuel for the SOFC unit in the plant. The models can be further extended for 
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the methane or syngas fueled SOFC with internal reforming. The thermal 

behaviors of internal reforming SOFC can be varied significantly from the 

one with external reforming, due to the features of the reforming reaction. 

Hence, more parameter and optimization studies can be conducted for the 

thermal management on the syngas fueled SOFC.  

 
 To achieve the optimum operating condition for a SOFC system, a multi-

objective optimization can be conducted with objectives of optimizing 

thermal management on both system level and stack level. 

 

 The current studies conducted in this thesis are all based on the steady-state 

operation of SOFC. Further thermal management studies regarding the SOFC 

dynamic performances can be carried out.  
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