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SUMMARY  

The development of high efficiency energy systems allows for the better 

allocation of humanityôs resources and the reduction of the effects of modern-day life on 

the environment. Recuperative solid oxide fuel cell/gas turbine hybrid power cycles are a 

promising class of energy system that have forecasted elevated electrical efficiencies in 

excess of 70% LHV across a range of power outputs using methane fuel. Additionally, 

these cycles exhaust high-temperature flue gas that has a potential application as the hot-

side fluid in a bottoming heat exchanger. Adding this heat exchanger to the cycle before 

its exhaust point modifies the system into a cogeneration cycle and allows the cycle to 

supply a heat output. The heat output in the bottoming heat exchanger and the power 

output of such a high-efficiency cycle are largely coupled with each other, but they can 

be decoupled by inserting a bypass valve on the hot side of the recuperator. Varying 

amounts of thermal energy can be made available to transfer out of the cycle as the heat 

output in the bottoming heat exchanger by allowing a varying amount of working fluid to 

bypass the hot side of the recuperator. This allows each power output to now correspond 

to a range of heat outputs. Therefore, the scope of this thesis is to simulate a recuperative 

solid oxide fuel cell/gas turbine cogeneration cycle with a hot side recuperator bypass 

valve to evaluate its ability to efficiently supply decoupled power and heat outputs across 

a range of values. The simulations indicate that the cycle can operate at approximately 50 

ï 75% electrical efficiency and 90% cogeneration efficiency across a 100 ï 300 kW 

range of power outputs, and the operation of the bypass valve can approximately triple 

the natural heat output corresponding to any given power output. 
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CHAPTER 1. INTRODUCTION  

1.1 High Efficiency Energy Systems 

The ever-growing energy demands of humanity warrant the prevalent, modern-day 

investigation into high efficiency energy systems. The adoption of energy efficient 

technologies and the retirement of older, less efficient systems allows for the better 

allocation of resources and the mitigation of humanityôs negative effects on their 

surroundings [1, 2]. One clear pathway to achieving high efficiency systems is the 

improvement of existing energy systems through innovative modifications, the integration 

of multiple systems, and the improvement of operating schemes. This pathway towards 

high efficiency energy systems also possesses the benefit of years of previous research and 

industry efforts on existing systems acting as guidance towards the development of high 

efficiency versions of such existing energy systems. 

There are various types of existing energy systems and methods to achieve desirable 

energy demands, and two common types of energy systems include power systems and 

heating systems. The purpose of the former is to produce a useful flow of energy such as 

the rotation of a shaft or electricity in a wire. Meanwhile, the purpose of the latter is to 

produce and/or maintain elevated temperatures such as those desirable for manufacturing 

processes or creature comfort within a house or office, or to achieve a change in the phase 

of a material. Several types of modern power systems and their efficiencies and power 

outputs are shown below in Figure 1. Specifically, this plot shows the electrical efficiency 

based on the lower heating value (LHV) of natural gas (NG) fuel and power output in 

megawatts (MW) for various fuel-to-electricity power systems. 
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Figure 1: Power Systems and their Efficiencies [3] 

 

From Figure 1, it can be seen that the current power system with the highest electrical 

efficiency is a fuel cell turbine hybrid system. This system can achieve electrical 

efficiencies around 70 - 80% for a large range of power outputs, which is at least 10% 

percentage points higher than the capabilities of the other technologies. The elevated 

efficiency of this system is due to its hybrid nature. This means that the system is a 

combination of two other types of power systems and their respective power production 

methods, and this integration of multiple technologies allows the new system to achieve 

greater efficiencies than either of its basic constituents. Specifically, the fuel cell turbine 

hybrid is a combination of an alternating current (AC) electricity-generating gas turbine 
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simple cycle and a direct current (DC) electricity-generating fuel cell or collection of fuel 

cells (often referred to as a stack of fuel cells). Both of these power systems and their 

efficiencies are also shown Figure 1. Furthermore, the schematic of a generic gas turbine 

cycle is shown below in Figure 2. 

 

Figure 2: Gas Turbine Cycle 

 

This gas turbine cycle is an open, Brayton-cycle style power system. The system 

increases the pressure and temperature of air in a compressor, and then further increases 

the temperature of the air by using the oxygen present in the air to combust a fuel within 

the combustor. Afterwards, the system allows the hot, pressurized gas to expand through a 

turbine, spinning the turbineôs blades and shaft and thus converting thermal energy into 

mechanical energy. Finally, the turbineôs shaft is connected to the shaft of an AC generator, 

so this entire process allows the system to convert energy present between the air and fuel 

streams into AC electricity. 
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 A generic fuel cell turbine hybrid system that integrates a gas turbine cycle and a 

fuel cell is shown below in Figure 3. These systems are similar in structure to gas turbine 

cycles such as the cycle shown in Figure 2, except the hybrid system contains a fuel cell or 

fuel cell stack inserted into the pressurized side of the cycle. 

 

Figure 3: Fuel Cell Turbine Hybrid System 

 

 The hybrid system shown above intakes fuel into a high-temperature fuel cell or 

fuel cell stack instead of directly into the combustor such as in the previously shown 

generic gas turbine cycle. The fuel cells allow the fuel and the oxygen present in the air 

stream to electrochemically react, producing an electrical current. This process results in 

the direct conversion of the energy present between the fuel and air stream into DC 

electricity. This type of direct energy conversion is inherently more efficient than indirectly 

converting the energy present between the fuel and air stream into AC electricity using 

fluid and shaft intermediaries [4], and this relatively high efficiency of fuel cells was 

previously seen in Figure 1. However, the operation of the fuel cells generate heat [5], and 
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this heat can be used to increase the temperature of a gas in a turbine cycle much like how 

the operation of the combustor in the generic gas turbine cycle increases the temperature 

of the air. Furthermore, the optimal operation of fuel cells requires them to not consume 

all the fuel that they intake so that there can be a sufficient concentration of fuel throughout 

the entire cell [6]. Thus, the fuel cells exhaust unutilized fuel that can be sent to a 

combustor. For these two reasons, fuel cells are inserted into turbine cycles to create fuel 

cell turbine hybrid systems like the system shown above, wherein the fuel cells generate 

DC electricity, and the heat produced in this process and the combustion of the fuel cellôs 

unspent fuel are both used to increase the temperature of the pressurized gas in a gas turbine 

cycle. The gas turbine uses these seemingly extraneous effects to generate additional power 

in the form of AC electricity. Thus, fuel cell turbine hybrids are very efficient power 

systems because they add turbine power to the efficient power already produced by fuel 

cells without necessarily increasing the energy input to the system. For these reasons, fuel 

cell turbine hybrids are the highest electrical efficiency power systems shown in Figure 1. 

 However, as previously mentioned, power systems are only one type of energy 

system, and they are only used to fulfill humanityôs power demands. The other type of 

energy system that was previously mentioned was a heating system, or a system used to 

fulfil heat demands. Power systems and heating systems can also be combined, much like 

how fuel cells and turbine cycles were combined, and the combination of a power system 

and a heating system is called a combined heat and power (CHP) system, or a cogeneration 

system. A cogeneration system allows an energy system to operate even more effectively 

because it allows the system to generate an additional, desirable energy flow without 
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necessarily increasing the energy input to the system. An example of a generic gas turbine 

CHP system is shown below in Figure 4. 

 

Figure 4: Gas Turbine CHP System 

 

 The operation of the generic gas turbine CHP system is almost identical to the 

operation of the generic gas turbine system except the CHP system has a passive thermal 

load heat exchanger inserted into the systemôs exhaust flow. A real turbine is never capable 

of converting all the thermal energy in the pressurized gas into electricity [7], so thermal 

energy leaves the system through the systemôs exhaust. This thermal energy is entirely lost 

at the generic gas turbine systemôs exhaust point. However, the thermal load heat 

exchanger inserted in the generic gas turbine CHP system allows some of this thermal 

energy to be transferred into a lower temperature thermal load fluid, thus increasing the 
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temperature of the thermal load fluid. The thermal load fluid can then be used for heating 

purposes, such as in a manufacturing process or the heating of a space. Therefore, the CHP 

system can convert more of the energy between a fuel and air stream into usable energy 

flows because it adds a heat output to the system that previously only had a power output. 

While this additional heat output does not increase the electricity produced by the system 

and thus does not increase the systemôs electrical efficiency, it still increases the magnitude 

of energy demands that the system can fulfil per amount of fuel assuming that there are 

both power demands and heat demands available for it to fulfil. Thus, fuel is used more 

effectively in a CHP system than in sperate power and heating systems. 

 So far, it has been seen that the combination of fuel cells and gas turbine cycles 

leads to a power system with elevated electrical efficiencies, and the combination of a gas 

turbine cycle with a thermal load heat exchanger (heating system component) leads to a 

cogeneration system that can utilize fuel more effectively by allowing the system to fulfill 

heat demands in addition to power demands. Therefore, the natural next step is the 

combination of a fuel cell turbine hybrid cycle with a thermal load heat exchanger. This 

combination leads to a fuel cell gas turbine hybrid cogeneration cycle that should be able 

to attain and maintain elevated electrical efficiencies while simultaneously fulfilling power 

and heat demands. This type of system is ideal for humanityôs need to fulfil its growing 

power and heat demands efficiently and effectively. Thus, the scope of this thesis is the 

simulation of such a cycle to determine its capabilities of fulfilling various power and heat 

demands and the efficiencies that it reaches while doing so. 
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1.2 Solid Oxide Fuel Cell/Gas Turbine Combined Heat and Power Systems 

The Department of Energyôs National Energy Technology Laboratory has spent 

years developing fuel cell turbine hybrid cycle technology [8, 9]. A portion of their research 

was the simulated development of high electrical efficiency recuperative solid oxide fuel 

cell/gas turbine (SOFC/GT) cycles [10], such as the type of generic recuperative SOFC/GT 

cycle shown below in Figure 5. 

 

Figure 5: Recuperative SOFC/GT System 

 

 This SOFC/GT cycle is similar to the previously shown fuel cell turbine hybrid in 

Figure 3 except the fuel cell component is now defined to be a stack of SOFCs and a 

recuperator heat exchanger is added to the cycle. The SOFCs are the chosen fuel cell for 

the cycle because of their high efficiency [4] and their ability to operate at the elevated 

temperatures that they experience within the cycle [11]. The motivation for including the 
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recuperator is similar to that of the thermal load heat exchanger previously shown in Figure 

4. The turbine cannot convert all the thermal energy present in the gas into power, so 

thermal energy is lost at the systemôs exhaust point. However, the recuperator allows the 

system to reclaim some of this thermal energy and keep it within the system, and this allows 

the system to expend less fuel and operate more efficiently. Additionally, the recuperator 

allows the air to enter the fuel cells at a temperature closer to the elevated temperature that 

SOFCs typically operate at, thus reducing any thermally induced stresses with the fuel 

cells. 

 The research conducted for this thesis involves modifying the National Energy 

Technology Laboratoryôs high electrical efficiency recuperative SOFC/GT power system 

simulations into high efficiency recuperative SOFC/GT CHP system simulations. Thus, 

the type of SOFC/GT simulated system shown in Figure 5 is modified into a cogeneration 

system by adding a thermal load heat exchanger before the systemôs exhaust, much like 

the thermal load heat exchanger in the gas turbine CHP system in Figure 4. The new system 

now contains a recuperator and a thermal load heat exchanger, and the purpose of both 

components is to re-purpose the unused thermal energy in the turbineôs exhaust. Therefore, 

a bypass valve is also added across the hot side of the recuperator (the side that intakes the 

turbineôs exhaust), and this valve can allow a portion of the hot turbine exhaust gas to 

bypass the recuperator and head directly towards the thermal load heat exchanger. This 

process allows a variable amount of thermal energy to be reclaimed by the system via the 

recuperator and, subsequently, a variable amount of thermal energy to be available to 

produce a variable heat output for the system via the thermal load heat exchanger. This 
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allows the system to produce a variable heat output for any given power output, thus 

decoupling the power and heat outputs of the system.  

These modifications in tandem with the abilities of the original system create a new 

system that is capable of supplying a range of variable, decoupled power and heat outputs 

at elevated efficiencies. Thus, the results obtained from the simulations of such a system 

are the ranges, magnitudes, and combinations of power and heat outputs achievable by the 

system through variable power demand and operation of the recuperator bypass valve, the 

elevated efficiencies the system achieves while producing these outputs, and the 

operational methods and parameters that allow the system to produce these outputs with 

such high efficiencies. The results show that this SOFC/GT CHP system can efficiently aid 

in the fulfillment of humanityôs various power and heat demands if implemented for 

applications within its range of energy outputs. 

1.3 Thesis Contents 

The remaining contents of the thesis are as follows. Chapter 2 provides some 

additional background into SOFCs and the National Energy Technology Laboratoryôs 

simulated systems that are modified into the system of interest in this study. Chapter 3 

covers the methodology of constructing and simulating the system of interest in this study 

and the methods of collecting, processing, and organizing the simulation data. Chapter 4 

presents and analyzes the data collected by simulating the system throughout a range of 

steady states. Chapter 5 standardizes the heat output of the cycle presented in Chapter 4 so 

that the system can be evaluated not only for its ability to fulfill a heat demand but also for 

its ability to produce a hot fluid to be used for a heating purpose at a specific, desirable 
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temperature. Chapter 6 applies a quasi-steady-state assumption to the steady state data 

presented in Chapter 4 to gain some insight into the methods of control that may be needed 

to operate the system during transient events. Chapter 7 summarizes the data and provides 

concluding remarks. Finally, Chapter 8 lists future work that will follow this study and 

some additional future work that may follow this study.  
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CHAPTER 2. BACKGROUND   

2.1 Solid Oxide Fuel Cells 

Fuel cells are energy conversion devices that directly convert the electrochemical 

potential energy between a fuel stream and an oxidant stream into electricity. They 

accomplish this using the simultaneous electro-reduction half-cell reaction of an oxidant at 

a cathode and the electro-oxidation half-cell reaction of a fuel at an anode. The oxidation 

reaction produces free electrons that can be routed through an external circuit towards the 

cathode where they can be consumed in the reduction reaction. The movement of these free 

electrons is electricity that can be used for power supply purposes. However, the movement 

of electrons from the anode to the cathode is only half of an electrical circuit, and the circuit 

is completed with the flow of ions across an electrolyte between the cathode and anode. 

The electrolyte separates the fuel and oxidants streams from directly mixing and it only 

conducts ions, thus forcing the electrons to move through the external circuit for power 

supply. The type of ion (anion or cation) depends on the type of fuel cell. However, 

negative anions move from the cathode to the anode and positive cations move from the 

anode to the cathode, so the direction of the flow of conventional current is independent of 

the type of ion. 

There are many different types of fuel cell that are constructed from various 

materials, involve the flows of various ions across their electrolytes, and have various ideal 

operating temperatures. Solid oxide fuel cells (SOFCs) are one type of fuel cell that utilize 

a solid oxide material as their electrolyte. This class of material is not only high temperature 

resistant, but typically needs to reach elevated temperatures in excess of approximately 500 
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C so that it can conduct oxygen ions [12]. Additionally, the operation of most other types 

of fuel cells is not ideal at such high temperatures [13]. Therefore, the required operation 

of SOFCs at elevated temperatures makes them the ideal fuel cell candidate for the 

integration of fuel cells with gas turbine cycles due to the elevated temperatures that the 

gas turbine cycle may subject fuel cells to. There are also additional benefits to using 

SOFCs over other types of fuel cells in any type of system, such as their increased tolerance 

of impurities in their reactant streams and their ability to flexibly utilize a variety of fuels 

[14, 15]. For all of these reasons, SOFCs are selected as the fuel cell for integration with 

gas turbine cycles. A diagram of an SOFC is shown below in Figure 6.    

 

Figure 6: SOFC Diagram 
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 Figure 6 shows an SOFC electrochemically reacting hydrogen gas and oxygen gas 

to produce water. The oxygen gas is electro-reduced at the cathode to form oxygen ions by 

consuming electrons from an external circuit. The oxygen ions travel across the electrolyte 

to the anode where they oxidize the hydrogen gas to form water vapor, releasing electrons 

in the process. The electrons then pass through the external circuit back towards the cathode 

to repeat the process, producing electricity/power in the process. The electrochemical 

reactions at the cathode and anode are respectively shown below in Equations 1 and 2. The 

overall reaction that releases energy to generate electricity/power is shown in Equation 3. 

ὕ τὩ ᴼςὕ                                                    (1) 

ςὕ ςὌ ᴼςὌὕ τὩ                                             (2) 

ὕ ςὌ ᴼςὌὕ                                                     (3) 

 Electrons tend to flow up an electric potential gradient due to their negative charge, 

and the potential difference that causes the electrons to flow externally from the anode to 

the cathode is established by the two electrochemical reactions at the electrodes. The 

standard equilibrium potential is the potential difference between the two reactions at 

standard state and when there is no net current associated with the reactions. This means 

that the reactions in Equations 1 and 2 simultaneously proceed forwards and backwards in 

dynamic equilibrium. The equilibrium potential difference is a modification of the standard 

equilibrium potential that accounts for variations in pressure and temperature from standard 

state. This modification is summarized with the Nernst equation shown in Equation 4, 

where the equilibrium potential is E, the standard equilibrium potential is Ὁ , the ideal gas 

constant is R, the temperature is T, the moles of electrons in the electrochemical reactions 
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is n, Faradayôs constant is F, and each P denotes the partial pressure of the chemical species 

in its subscript. Additionally, it can be seen from Equation 4 that increasing the pressure of 

the reactants increases the equilibrium potential of the fuel cell. Therefore, the 

pressurization of the fuel cellôs oxidant stream from the compressor in a gas turbine cycle 

(or the pressurization of the fuel stream through other means) when the fuel cell is 

integrated with such a cycle is beneficial to the fuel cell because it allows the fuel cell to 

maintain a higher voltage and therefore supply more power (when all else is held constant).  

Ὁ  Ὁ ÌÎ                                               (4) 

The operating voltage of the fuel cell is a modification to the equilibrium potential 

that accounts for the involvement of the electrochemical reactions with a net current, or a 

net flow of electrons. The net motion of electrons means that the fuel cell is producing 

power and that the forward direction of the electrochemical reactions as written in 

Equations 1 and 2 now dominates the behavior at the electrodes. The net motion of the 

electrons, and subsequently the forward electrochemical reactions and the net motion of 

ions all come with real-world energy losses. Specifically, the kinetics to drive the 

electrochemical reactions require energy, the depletion of reactants can result in energy 

losses due to a lack of reactants across the entirety of the electrodes, and the current within 

the electrolyte and electrodes results in a loss in voltage and energy due to electrical 

resistance [16]. These losses result in a deviation in the operating voltage of the fuel cell 

from the equilibrium potential of the cell while producing power. This deviation is a 

decrease, so drawing a current from the fuel cell and producing power decreases the 

potential across the fuel cell. The primary use of fuel cells is to produce power, so this 
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decrease in potential with an increase in current is unavoidable. The three losses previously 

listed tend to affect the operating voltage at different magnitudes of current draw from the 

fuel cell. The kinetic losses primarily affect the operating voltage at low current draws. The 

depletion losses primarily affect the operating voltage at high current draws. Finally, the 

electrical resistance losses are linear and affect the operating voltage throughout a wide 

range of current draws but can vividly be seen in the middle range of current draws where 

the kinetic and depletion losses are not as active. All of these losses, the operating voltage 

and power, the equilibrium potential, and the standard equilibrium potential are 

summarized in Figure 7 below. 

 

Figure 7: Fuel Cell Polarization Curve 

 

 Figure 7 portrays a typical polarization curve of an SOFC, where current density 

and power density are stand-ins for current and power respectively. The densities are 

calculated by dividing the original values by the area of the electrolyte that is normal to the 
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flow of the ions crossing the electrolyte. This calculation is standard for comparison of 

electrochemical technologies but does not affect the operational trends that have been 

discussed. 

 Figure 7 also shows that the power of a fuel cell initially increases with current, but 

then reaches a maximum and starts to decrease with current. This indicates that any power 

value can be achieved in two ways ï a lower current and a higher voltage or a higher current 

and a lower voltage. This nonlinear behavior could cause challenges for control schemes 

of a fuel cell or a power system involving fuel cells. However, as will be seen later in 

Chapter 4, the system simulated in this study remains within the lower current and higher 

voltage region, so this control challenge is not relevant to this study. 

 Finally, it must be noted that the hydrogen gas that SOFCs use to generate power 

is not a readily available and naturally occurring resource. As such, hydrogen gas is usually 

derived from other sources such as hydrocarbons like methane. The process of converting 

hydrocarbons into hydrogen gas (and other products) is referred to as fuel reforming and 

typically takes place within a fuel reformer. Therefore, a direct hydrogen source is rarely 

connected to a fuel cell. Instead, a hydrocarbon is inserted into a fuel reformer which then 

produces hydrogen gas, and the output of the fuel reformer that contains the hydrogen gas 

is then connected to the fuel cell. 

2.2 Computational Modeling of Solid Oxide Fuel Cells  

Computational models are often created to increase the developmental rate of 

technology and decrease the cost of such developments. This is because computational 

models that can accurately model the behavior of technology can be used to perform 
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simulated studies rapidly with the help of modern computers and at a reduced cost 

stemming from the decrease in experimentation resources. As such, computational models 

for SOFCs are created to aid in the development of systems involving SOFCs. The 

simulated system of study in this thesis involves SOFCs, so an SOFC computational model 

is needed to perform the simulated study. The SOFC computational model used in this 

study is the model primarily developed and detailed by Hughes in his dissertation [17].  

This model is a one-dimensional SOFC model that simulates the various phenomena 

within a planar SOFC. The phenomena simulated include the electrochemical behavior 

previously detailed (chemical kinetics, potential losses, operating voltage, current density, 

etc.) in addition to thermal and fluid phenomena and material properties. The model can 

intake fuel and oxidant streams of various composition, flow rates, temperatures, and 

pressures, then apply the electrochemical, electrical, chemical, thermal, and fluidic 

governing equations and any physical properties to such streams, combine these 

calculations with material properties of the solids in the fuel cell, and determine the fuel 

cellôs operating voltage, current, power, and composition, flow rates, temperatures, and 

pressures of the exhaust streams. The model, its inputs, outputs, and parameters can also 

be linearly scaled with the number of fuel cells that is desirable to be simulated so that a 

stack of fuel cells can be simulated. 

Additionally, this computational model is a numerical model written in MATLAB 

code. This allows it to be readily integrated with other software such as Simulink and 

Ebsilon. Thus, the modelôs ease of integrability, scalability, and simulation of an SOFC 

make it an ideal model to be used in the simulated study of this thesis. 
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2.3 Simulated High Electrical Efficiency Solid Oxide Fuel Cell/Gas Turbine Power 

Systems using Computational Models 

The National Energy Technology Laboratory has used Hughesôs SOFC 

computational model to develop SOFC technology on multiple fronts. They have 

integrated this SOFC model with a cyber-physical SOFC/GT system to develop controls 

methods for this type of system during transient events [18, 19, 20], and they have 

integrated the model with Ebsilon, a simulation software for energy systems, to perform 

simulated design-space studies for various types of SOFC/GT systems [10]. Several of the 

National Energy Technology Laboratoryôs simulated studies have shown the potential 

ability of SOFC/GT power systems to achieve elevated electrical efficiencies in excess of 

70% based on the LHV of the methane fuel that was used [10]. The purpose of the study 

in this thesis is to simulate an SOFC/GT cogeneration system to determine its ability to 

efficiently supply power and heat at elevated efficiencies. Therefore, the National Energy 

Technology Laboratoryôs simulations offer an ideal platform to build the simulation of the 

cogeneration system and subsequently simulate it to acquire the desirable data. As such, 

the National Energy Technology Laboratoryôs simulated systems have been acquired 

directly from them, and these simulated systems are modified to meet the needs of this 

study. One of the National Energy Technology Laboratoryôs simulated SOFC/GT power 

systems is shown below in Figure 8. 
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Figure 8: A National Energy Technology Laboratory SOFC/GT Power System [10] 

 

The National Energy Technology Laboratoryôs simulated systems are combined 

MATLAB/Simulink/Ebsilon simulations, where the computational SOFC modelôs 

MATLAB code is integrated into the Simulink platform and interface for ease of 

operability and user-input. MATLAB scripts are also used to connect the SOFC model to 

Ebsilon, which contains the simulated turbomachinery (compressors, turbines, pumps), 

heat exchangers (single phase and phase change), pipes, valves, and other various 

components. Overall, the combined simulation allows the computational SOFC model to 

exchange information with the various components in the Ebsilon model so that the entire 

system can be simulated simultaneously. 

The purpose of the study in this thesis is to modify an SOFC/GT power system into 

a cogeneration system and determine the magnitudes and combinations of power and heat 

that the system can supply in addition to the efficiencies that can be achieved. As such, 
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many of the operating parameters and component definitions that the National Energy 

Technology Laboratory has assigned to their simulated system and components are 

preserved when modifying the simulated system into a cogeneration system. The 

preservation of the power systemôs operating parameters and component definitions 

facilitates the ability of the newly created cogeneration system to achieve elevated 

efficiencies because the cogeneration modifications to the system do not drastically affect 

the structure and connection of the power producing units. Additionally, the preservation 

of the power system parameters and definitions into the cogeneration system allow the 

cogeneration study to focus on the newly added cogeneration aspects of the system 

(recuperator bypass valve and thermal load heat exchanger) instead of re-deriving 

parameters and definitions that allow such a system to operate efficiently. For these 

reasons, the National Energy Technology Laboratoryôs parameters and definitions that 

allowed them to maximize their efficiencies are chosen to be preserved in the cogeneration 

system. 

 The next chapter describes the various parameters and definitions, but a list of the 

preserved parameters is as follows. The parameters include the pressure ratio across the 

compressor, the pressure ratio across the pump, the anode recycle for the SOFC stack, the 

composition of the fuel intake to the SOFC stackôs fuel reformer, the fuel reformerôs 

operating temperature, the initial system power supply value of 100 kW, the SOFC stack 

fuel utilization, the average temperature within the SOFC stack that must be maintained, 

the power split of the systemôs total power supply between the SOFC stack and the turbine, 

the turbomachinery isentropic efficiencies, the generator efficiency, and the effectiveness 

of the various heat exchangers (except for the newly added thermal load heat exchanger).   
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CHAPTER 3. METHODOLOGY  

3.1 Simulated System Design and Definition 

The type of existing simulated high-electrical-efficiency SOFC/GT power system 

seen in the previous chapter is leveraged to construct a combined 

MATLAB/Simulink/Ebsilon system that simulates an SOFC/GT cogeneration system with 

dynamic operability via a hot side recuperator bypass valve. Specifically, the simulated 

research previously performed by the National Energy Technology Laboratory is modified 

into an Ebsilon model that simulates a desirable turbine power block complete with a 

multistage compressor, an intercooler, a recuperator and other thermal reclamation heat 

exchangers, a boiler (to produce steam for fuel reforming), and a pre-combustor. 

Meanwhile, the SOFC and reformer MATLAB/ Simulink models used by the National 

Energy Technology Laboratory are connected to the Ebsilon model using MATLAB scripts 

so that pressure, temperature, mass flow rate, and fluid composition data can be transferred 

between the Simulink model and the Ebsilon turbine power block during simulations to 

create the overall simulated power block. Additionally, the thermal load heat exchanger is 

added to the Ebsilon portion of the simulated system immediately before the systemôs 

exhaust, as is typical of cogeneration systems. A mass flow controller is attached to the 

cold-side fluid in this heat exchanger, and the operation of this controller is detailed later 

in this chapter. Finally, the Ebsilon model is modified to include the recuperator bypass 

valve across the hot side of the recuperator. The overall, labeled system schematic is shown 

below in Figure 9. Meanwhile, the Ebsilon portion of the simulation system is shown below 

in Figure 10. 
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Figure 9: Simulated SOFC/GT Cogeneration System with Recuperator Bypass 
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Figure 10: Ebsilon Portion of Simulated SOFC/GT Cogeneration System with 

Recuperator Bypass 
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 The purpose and parameters of each component of the system are now detailed 

beginning with the air intake to the first stage of the compressor. This is the fluid that is 

compressed within the multiple stages of the compressor, electro-oxidizes the fuel in the 

SOFC stack to generate DC power, expands throughout the turbine to generate AC power, 

and acts as the hot-side fluid within the thermal load heat exchanger to help create the heat 

supply. This air intake and its subsequent transformations throughout the various chemical 

reactors (combustors and SOFC stack) are referred to as the working fluid. This air enters 

the first stage compressor at the reference condition imposed on the system, which is a 

temperature of 25 C and a pressure of 101.325 kpa,a. Finally, the composition of this air is 

79% nitrogen gas by mole and 21% oxygen gas by mole. 

 The compressor compresses the working fluid (air) to pressurize it so that it can be 

heated and expanded through the turbine to generate AC power. The compressor contains 

two stages separated by an intercooler. The pressure ratio across the entire compressor is 

constrained to a value of 4, and the pressure ratios across the individual stages are 

constrained to be equal. The intercooler has a pressure drop, so the pressure ratio across 

each stage of the compressor is slightly greater than a value of 2. The compressor shafts 

are coupled to the turbine shaft, so they are automatically powered and do not require an 

external source of power as an input to the system. Lastly, the compressor has an isentropic 

efficiency of 82.65%. 

The intercooler is located between the two stages of the compressor, and it 

decreases the temperature of the air between the two stages of the compressor which allows 

the compressor to consume less power to compress the fluid. The temperature of the air is 

decreased by allowing it to transfer heat to the water that is ultimately used in the fuel 
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reformer. The fuel reformer needs to operate at an elevated temperature, so this increase in 

the temperature of the water is nominally beneficial. The pressure drops within the 

intercooler are 1% of the inlet fluid pressures, and the effectiveness of the intercooler is 

80%. 

The recuperator is a heat exchanger that allows thermal energy present in the 

turbine exhaust gases to be reclaimed by the compressor exhaust. Therefore, the cold side 

of the recuperator is the compressor exhaust, and the hot side of the recuperator is the 

turbine exhaust. The recuperator is bypassed by the hot-side recuperator bypass valve to 

allow the thermal energy that it reclaims to be varied, which allows the heat supply in the 

thermal load heat exchanger to also vary. The pressure drops within the recuperator are 1% 

of the inlet fluid pressures, and the effectiveness of the recuperator is 93%. 

The hot air bypass valve (a different valve than the bypass valve across the hot side 

of the recuperator) is used to transfer pressurized air directly to the turbine inlet instead of 

sending it to the SOFC stack. The amount of air bypassed by this valve is set equal to the 

mass flow rate of the fuel entering the pre-combustor. This exchange allows the pre-

combustor to combust more or less fuel as necessary without changing the mass flow rate 

of working fluid going through the cathodes of the fuel cells in the SOFC stack. 

The pre-combustor combusts a pure methane intake using the oxygen present in the 

working fluid to increase the temperature of the fluid going to the SOFC stack. This allows 

the SOFC stack to operate at a desirable, elevated temperature. The amount of methane 

entering the pre-combustor through the methane intake is increased until the operating 
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temperature is reached. The combustion in the pre-combustor proceeds at a constant 

pressure. 

The solid oxide fuel cell stack is a collection of solid oxide fuel cells that contain 

reaction sites for the electro-reduction of the oxygen gas in the working fluid and the 

electro-oxidation of the hydrogen gas in the reformed fuel stream. Specifically, the oxygen 

gas in the working fluid is electro-reduced into oxygen ions at the cathodes of the fuel cells. 

These ions cross the electrolyte to the anode where they oxidize the hydrogen gas, releasing 

electrons and forming water. The released electrons then pass through an external circuit, 

thus allowing the SOFC stack to operate as a DC power generator. The SOFC power supply 

referred to in later chapters is this DC power generated by the SOFC stack. Additionally, 

the heat exchange related to the cathodic fluid stream occurring within the manifolds of the 

SOFC stack is simulated with the manifold heat exchanger, and the pressure drops within 

this component are 1% of the inlet fluid pressures. Meanwhile, the heat exchange related 

to the anodic fluid stream occurring within the SOFC stack is simulated with the reformate 

preheat heat exchanger, and the pressure drops within this component are 1% of the inlet 

fluid pressures. Finally, there are 1000 solid oxide fuel cells in the stack, and these cells 

are electrically in series with each other. The fuel cells in a stack do not all need to be in 

series with each other, but they are in series with each other in this simulated study to 

facilitate the calculation of power and current densities. 

The post-combustor is a combustor that combines both exhaust streams from the 

SOFC stack. The cathode exhaust stream is what remains of the working fluid after some 

of its oxygen content is transferred to the anode stream. The anode exhaust stream contains 

the water formed in the oxidation-reduction reaction in the SOFC stack, any excess water 
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that is already present in this stream from the reformer, and any residual fuel that is not 

consumed within the SOFC stack due to excess fuel being supplied to the SOFC stack to 

mitigate transport losses in the fuel cells. The post-combustor uses oxygen in the working 

fluid coming from the cathode to combust any residual fuel coming from the anode. This 

process is carried out to ensure that the exhaust gases of the system do not contain any fuel, 

however, this process is also beneficial to the system as it increases the temperature of the 

working fluid as it heads towards the turbine inlet which allows the turbine to produce more 

power. The combustion proceeds at a constant pressure. 

The turbine intakes the hot, pressurized, working fluid and allows it to depressurize 

via expansion, converting the enthalpy in the fluid into kinetic energy of the turbine blades 

and shaft. The shaft of the turbine is coupled to the shafts of both stages of the compressor 

which allows the compressor to compress the working fluid at the intake of the system. 

The turbineôs shaft is also connected to the shaft of the electric generator which allows any 

remaining shaft energy that is not consumed by the compressor to be converted into 

electrical power in the form of an AC current. The turbine power supply referred to in later 

chapters is this AC power generated by the turbine and generator after the compressor has 

automatically subtracted its necessary power input and with the consideration of 

component efficiencies (the turbine has an isentropic efficiency of 85.55% and the 

generator has an efficiency of 98.56%). 

After the turbine, the working fluid passes through the recuperator for a second 

time, but on this pass through it is the hot-side fluid. The recuperator has the bypass valve 

across its hot side that can allow some of the working fluid to bypass the hot side of 

recuperator and maintain an elevated amount of thermal energy for the heat supply 
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downstream. The bypass valve is modeled as a valve that allows a user-specified 

percentage of the working fluid to bypass the recuperator, and the absolute limits of this 

percentage are 0% and 100%. 

The boiler is a heat exchanger that allows the working fluid to generate steam for 

the fuel reformer that supplies fuel to the SOFC stack. The cold-side fluid enters as 

compressed liquid water and leaves as superheated water vapor ï there is always enough 

energy in the working fluid in the simulations conducted in this study to fully vaporize the 

water and it never leaves this heat exchanger as a liquid or a liquid-vapor multiphase 

substance. The boiler has an effectiveness of 80%. 

The thermal load heat exchanger is the heat exchanger added immediately before 

the systemôs exhaust point to transform the system from a power system into a cogeneration 

system. The hot-side fluid of this heat exchanger is the working fluid that flows throughout 

the rest of the system. The hot-side fluid enters this heat exchanger after it has travelled 

throughout the rest of the system, and this fluid exits the heat exchanger at the systemôs 

exhaust point which has a pressure of 101.325 kpa,a. The cold-side fluid of this heat 

exchanger is an air stream and is referred to throughout the rest of this study as the thermal 

load fluid. The thermal load fluid enters the thermal load heat exchanger at the reference 

conditions (25 C and 101.325 kpa,a) and its composition is 79% nitrogen gas by mole and 

21% oxygen gas by mole. The thermal load fluidôs exhaust point from this heat exchanger 

is not specified, and it can be connected to any on-site application that needs a hot fluid. 

Within this heat exchanger, the working fluid heats up the thermal load fluid, and the 

increase in the extensive enthalpy of the thermal load fluid in this process is the heat supply 

of the system and is referred to as such throughout the remainder of this study. The mass 
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flow of the thermal load fluid and its effect on the exhaust temperature of the working fluid 

are detailed later in this chapter within the simulated system operation section. The pressure 

drops in this heat exchanger are 1% of the inlet fluid pressures, and this heat exchanger has 

an effectiveness of 70%. 

The majority of the various fluid streams and their forms have now been described. 

However, there is one more section of fluid flow within the system to explain, and this is 

the fuel stream that supplies fuel to the anodes of the fuel cells in the SOFC stack. The fuel 

stream requires a water stream for reforming, and the intake of this water stream is shown 

in Figure 9 (this is the only water intake in the system). The water enters this intake at the 

reference conditions of 25 C and 101.325 kpa,a. This water stream is immediately 

pressurized in a water pump to force it to flow into the fuel cells and post-combustor further 

downstream. The water pump has a pressure ratio of 5 and an isentropic efficiency of 80%. 

After the water pump, the water flows through two heat exchangers that have already 

been described. The first heat exchanger is the intercooler where the temperature of the 

water is increased, and the second heat exchanger is the boiler where the water is vaporized 

so that it can reform the fuel in the fuel reformer. The vaporized water (steam) then passes 

through a steam control valve that controls the steam so that it can enter the reformer at the 

exact pressure desired. The reforming process is modeled as isobaric, so the desired 

pressure is the pressure of the working fluid in the cathode of the fuel cells which allows 

the two fluid streams in the fuel cells to have the exact same pressure. 

The steam then flows into the fuel reformer to reform the fuel needed for the SOFC 

stack. The other two inputs to the reformer are a fuel input and an air input. The fuel input 
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is wet methane, and the reformer allows the steam to reform the methane into hydrogen 

gas and carbon-oxides. The air input is used to combust some of the fuel to ensure that the 

reformer operates at its desirable operating temperature of 800 K. The mass flow rate of 

the steam originating from the pump, the methane, and the air are all precisely controlled 

by the reformer model to ensure that the reformer is at its exact prescribed operating 

temperature, and that the SOFC stack achieves a fuel utilization of 50%. The fuel mass 

flow and steam mass flow are controlled together to ensure that the SOFC stack is receiving 

its proper amount of reformed fuel to operate at a fuel utilization of 50%. The air flow mass 

flow and fuel flow mass flow are controlled to achieve the proper amount of combustion 

to ensure the operating temperature of 800 K. The reformed fuel from the reformer is sent 

to the anodes of the fuel cells in the SOFC stack. 

The reformed fuel is oxidized along the anodes of the fuel cells in the SOFC stack. 

The oxidants are oxygen ions that are reduced at the cathodes and travel across the 

electrolytes to the anodes. The oxidation of the fuel liberates electrons that can travel to the 

cathode via an external load, thus completing the circuit. The 1000 fuel cells operate at a 

fuel utilization of 50% and an average cell temperature of 835 C. The anode also contains 

a recycle valve and a recycler (blower) that allow the fuel cells to operate more efficiently. 

The recycler recycles 40% of the anode fluid stream by mass. After the anode, the fuel 

stream is sent to the post-combustor where it is combined with the working fluid. 

3.2 Simulated System Operation and Data Collection 

The operation of the simulated system and its various components that are described 

in the preceding section are now explained as it pertains to the collection of data. Before 
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collecting a data point, the parameters for the data point are specified in accordance with 

the simulation parameters summarized in Table 1 below. 

Table 1: Simulation Parameters 

Parameter Name Parameter Value (s) Convergence Criteria 

Simulink Parameters 
Number of Fuel Cells 1000 Cells N/A 

Anode Recycle 40% by Mass N/A 

Reformer Fuel 

Composition 

33% Methane by Mole 

67% Water by Mole 
N/A 

Reformer Temperature 800 K N/A 

Ebsilon Parameters 
Percent of Working Fluid 

Bypassing Hot Side of 

Recuperator 

0% - 100% N/A 

Composition of Air 

Intakes 

79% Nitrogen Gas by Mole 

21% Oxygen Gas by Mole 
N/A 

Pressure Ratio Across 

both Stages of 

Compressor Together 

4 N/A 

Temperatures of Intakes 

and Reference State 
25 C N/A 

Pressure of Intakes, 

Exhaust, and Reference 

State 

101.325 kPa,a N/A 

MATLAB Parameters  

System Power 100 kW ï 300 kW +/- 0.75 kW 

Fuel Utilization 50% +/- 0.5% 

Average Fuel Cell 

Temperature 
835 C +/- 1.5 C 

Percent of Power 

Supplied by SOFC Stack 
65% +/- 3% 

 

Within the Simulink interface, the anode recycle percent and number of fuel cells in 

the SOFC stack are specified for the SOFC model, and the reformer fuel composition and 

reformer operating temperature are specified for the reformer model. All  these values are 
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constant throughout the entire collection of data as they are part of the high electrical 

efficiency designed point derived from the National Energy Technology Laboratoryôs 

simulations [10]. 

Within the Ebsilon interface, the percent of working fluid bypassing the hot side of 

the recuperator is specified, and this value depends on the data point being collected within 

the present simulated study. The magnitude of this value is varied at each system power 

supply of the system simulated, starting at 0% and increasing by 10% intervals until the 

percentage cannot be increased any more. The percentage cannot never be increased to a 

value greater than 100%, however, as will be seen in the next chapter, the system can never 

tolerate a percentage that high. This is because the increasing percentage increases the 

temperatures of the boiler which results in a potential increase in the temperature of the 

reformer. Thus, less combustion and air input are simulated in the reformer to compensate 

and keep the temperature of the reformer constant. However, eventually, this compensation 

can no longer be sufficient, and the reformer temperature exceeds its operating 

temperature. This always occurs at or before a bypass percentage of 80%, thus slightly 

limiting the overall operability of the system. Additionally, the percent that is 5% less than 

the percentage that overheats the reformer is also tested, i.e., if the reformer could not 

tolerate the heat from 80% bypass, then 75% bypass is tested to determine if this data point 

can be included in the official set of data (70% bypass would have already been collected 

at this point). The Ebsilon model also contains the specifications for the composition of air 

intakes, the pressure ratio across the compressor, and the reference/exhaust/intake 

temperatures and pressures of the various fluid streams. 
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The overall system power is specified in the MATLAB script that acts as the medium 

between the Ebsilon model and the Simulink models. This value can vary between 100 kW 

and 300 kW at 10 kW intervals depending on the data point that is intended to be collected. 

The various percentages of the hot side recuperator bypass are tested at each of these 

system power supply values. The fuel utilization of 50%, average fuel cell temperature of 

835 C, and percent of power supplied by the SOFC stack of 65% are also specified in 

MATLAB, however, these values are not varied as they are the design point of the system 

as derived from the high electrical efficiency simulations conducted by the National Energy 

Technology Laboratory. The MATLAB parameters all have convergence criteria as 

MATLAB acts as the medium between the exact values specified in the Ebsilon and 

Simulink models. The MATLAB script attempts to converge to these values within their 

convergence criteria by changing parameters that are acceptable to vary.  

The entire process and convergence sequence is now described. The user specifies 

the system power supply (turbine power plus fuel cell power) and percent of working fluid 

bypassing the hot side of the recuperator needed for the intended data point to be collected. 

The user checks if all the constant, design-point parameters are their intended values. Then, 

iteratively, the SOFC stack current and compressor air mass flow rate are simultaneously 

changed to ensure the system reaches its desired system power supply value and percent of 

power supply by the SOFC stack to within their convergence criteria, the reformer adjusts 

its fuel mass flow rate, air mass flow rate, and the pumpôs water mass flow rate to ensure 

that the SOFC stack operates at its desired fuel utilization within its convergence criteria, 

and the fuel mass flow rate to the pre-combustor is changed to ensure that the average 

temperature in the SOFC stack is reached to within its convergence criteria.  
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Meanwhile, the mass flow rate of the thermal load fluid (the fluid on the cold side of 

the thermal load heat exchanger) is controlled within Ebsilon to decrease the temperature 

of the working fluid exiting the thermal load heat exchanger (the systemôs exhaust point) 

to 100 C. The temperature of the working fluid should not decrease below 100 C because 

the working fluid contains water vapor. The water vapor could start to condense below 100 

C which is undesirable for a real gas-to-gas heat exchanger, and the condensation decreases 

the integrity of the efficiencies of the system being calculated on a LHV basis. The thermal 

load fluid mass flow starts at a very small, initial guess value of 0.01 kg/s, which is much 

less than the mass flow rate of the working fluid. Thus, the controller must increase the 

thermal load fluid mass flow rate to attempt to decrease the temperature of the working 

fluid to 100 C. However, it is not always possible for the working fluid to decrease in 

temperature to 100 C based on its inlet temperature and the definition of the thermal load 

heat exchanger, so the mass flow rate of the thermal load fluid stops increasing when the 

working fluid stream becomes the minimum heat capacity rate fluid by 15%. At this point, 

the mass flow rate of the thermal load fluid could continue to increase, but its exit 

temperature would start to decrease, and the overall energy supplied to it remains constant. 

Thus, this operation scheme allows for the maximum amount of heat to be transferred into 

the thermal load fluid (maximizing the systemôs heat output) without allowing the water 

vapor in the working fluid to condense in the thermal load heat exchanger, and while 

allowing the thermal load fluid to maximize its own exit temperature from the thermal load 

heat exchanger and therefore increasing its viability for a variety of on-site applications 

and heating processes. 

 



 36 

3.3 Data Organization and Processing 

3.3.1 Steady State Data 

The data is collected as outlined previously in this chapter, and it was seen that the 

two main variable parameters of the data are the system power supply and the percent of 

working fluid bypassing the hot side of the recuperator. All the systemôs other parameters 

(mass flow rates, temperatures, currents, voltage, energy flows, efficiencies, etc.) are 

collected at the various combinations of these two main, variable parameters, and this data 

is presented in Chapter 4 as the steady state data of the system. Every plot in Chapter 4 has 

the percent of working fluid bypassing the hot side of the recuperator as the x-axis and the 

system power supply as the legend. The y-axis of each plot is one of the systemôs other 

parameters. The trends within these plots show how the system and its various components 

and their parameters are dependent on the percent of working fluid bypassing the hot side 

of the recuperator at a given system power supply value. This data allows the system to be 

evaluated for its ability to efficiently supply varying power and heat demands, and how the 

demands must be met using system inputs and operation schemes. 

Several of the parameters for the system are composite parameters or must be 

calculated using the basic data that is collected. These parameters include the system power 

supply, SOFC stack power supply density, SOFC stack current density, system energy 

input, electrical efficiency, cogeneration efficiency, and power to heat ratio. The values 

needed to calculate these parameters are now defined. The turbine power supply is the net 

amount of power generated by the turbine/compressor/generator unit (ὡ  Ὧὡ), the 

SOFC stack power supply is the power generated by the SOFC stack (ὡ  Ὧὡ), the 
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electroactive area of the fuel cells in the SOFC stack is the area normal to the pathways of 

net motion of the oxygen ions as they move across the electrolyte (ὃ τππ ὧά ), the 

SOFC stack current is the current drawn from the SOFC stack and that passes through its 

external load (Ὅ  ὃ), the reformer methane mass flow rate is the mass flow rate of 

methane going into the reformer (ά ȟ  ), the pre-combustor fuel mass flow rate 

is the mass flow rate of methane going into the pre-combustor (ά ȟ  ), the LHV of 

methane is a thermophysical property of the substance (ὒὌὠ υπȟπυπ ὥὸ ςυ ὅ), 

and the system heat supply is the rate of extensive enthalpy transferred into the thermal 

load fluid in the thermal load heat exchanger (ὗ  Ὧὡ). The equations used to calculate 

the parameters that need to be calculated are now defined. The system power supply is 

defined in Equation 4. 

ὡ  Ὧὡ ὡ ὡ                                            (4) 

The SOFC stack power supply density is defined in Equation 5. 

ύ                                                     (5) 

The SOFC stack current density is defined in Equation 6. 

Ὥ                                                      (6) 

The system energy input is defined in Equation 7 using the LHV value for methane as 

opposed to the HHV of methane. As such, the electrical and cogeneration efficiencies 

calculated next are also on a LHV basis instead of a HHV basis. 
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ὗ  Ὧὡ ά ȟ  ά ȟ ὒzὌὠ                          (7) 

The electrical efficiency is defined in Equation 8. 

–  Ϸ ρzππϷ                                              (8) 

The cogeneration efficiency is defined in Equation 9. 

–  Ϸ ρzππϷ                                         (9) 

Finally, the power to heat ratio is defined in Equation 10. 

                                                       (10) 

The raw data and these calculated parameters are all displayed in Chapter 4 for various 

system power supplies and percentages of working fluid bypassing the hot side of the 

recuperator. 

3.3.2 Heat Supply Standardization 

As previously described in this chapter, the mass flow rate of the thermal load fluid 

is controlled to simultaneously maximize the heat transfer into it and its temperature 

leaving the thermal load heat exchanger. The values of this heat transfer and temperature 

are displayed in their raw form with the rest of the data in Chapter 4. However, this 

temperature will be seen to vary based on the percent of working fluid bypassing the hot 

side of the recuperator. Therefore, it is of interest to determine the possible mass flow rates 

of the thermal load fluid that can be achieved at a specific temperature. This standardization 
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to various temperatures is the content of Chapter 5, and it is accomplished by combining 

the thermal load fluid with a stream of 25 C air after the thermal load fluid has exited the 

thermal load heat exchanger. This additional air stream enters at the reference temperature, 

so it does not increase the thermal energy in the system and thus does not need a term 

associated with it in the energy input to the system. However, the combination of this 

stream with the thermal load fluid allows the temperature of the thermal load fluid to 

decrease and the mass flow rate of the thermal load fluid to increase. Thus, at each 

combination of system power supply and percent of working fluid bypassing the hot side 

of the recuperator there are potentially new and larger mass flow rates that the thermal load 

fluid can achieve at specific temperatures. This standardization to a specific temperature 

allows the system at its various operating points to be evaluated for its ability to supply an 

amount of mass flow at a requested temperature. A practical application of this 

standardization is a request for the system to supply air at a specific temperature for process 

heating within a manufacturing facility. 

3.3.3 Quasi-Steady-State Dynamics 

The final processing of the data involves using the steady data collected and 

presented in Chapter 4 to observe potential transient events within the system by applying 

a quasi-steady-state assumption to the system during these events. This means that the 

transient events occur slowly or infrequently enough for the system to fully respond to any 

incremental change before the next change occurs. This exercise provides some 

information as to how the system may respond to various real-world events, such as turn-

up, turn-down, or cyclic loading on-site at a manufacturing facility. This processing does 

not involve collecting any new data, so no lengthy discussion is required to explain the 
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methodology of the processing. Rather, this processing is simply the recorded and plotted 

motion between various data points of various parameters in the steady state data plots 

presented in Chapter 4. These new plots show the quasi-steady-state dynamics of the 

system and are the contents of Chapter 6. 
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CHAPTER 4. STEADY STATE DATA  

4.1 Introduction to Steady State Data 

The steady state data that is the focus of this chapter constitutes the majority of the 

known information of the simulated cogeneration SOFC/GT system. The remaining 

chapters with data do not necessarily present new data in addition to the data in this chapter, 

but rather a refinement of the steady state data in this chapter driven by the analysis of such 

data. This steady state data graphically and quantitatively demonstrates the methods 

through which the cogeneration SOFC/GT system is operated, the responses of the various 

components in the system to such operations, and the performance metrics that relate the 

responses to the operations.  

The chapter begins with an analysis of the various metrics related to the power output 

of the system, which is primarily a method of system operation, however, the specifics to 

achieve such power can be considered responses of the system. Afterwards, the achievable 

heat outputs of the system in response to the power and recuperator bypass valve operations 

are displayed and analyzed. Subsequently, the energy inputs required in response to the 

system operations and heat outputs are presented. Afterwards, the efficiencies and the 

power to heat ratio of the system based on the power outputs, heat outputs, and energy 

inputs of the system are included to display the system-level effectiveness of such a 

cogeneration cycle. Lastly, the overall operability of the system to achieve a range of high-

efficiency power outputs and heat outputs is evaluated.  
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It must be noted before analyzing the data that every plot that appears in this chapter 

has the exact same x-axis and legend which respectively correspond to the percent of 

working fluid bypassing the hot side of the recuperator through the bypass valve and the 

overall power supplied by the system. The plots differ only in their y-axes which 

correspond to the various metrics and parameters of the system during various modes of 

operation.  

Finally, it will be seen throughout this chapter that the maximum amount that the 

recuperator bypass valve can be opened at the various system power supply values is 

neither constant nor 100%. This is because operating the bypass valve can result in 

overheating of the steam input for the reformer, and this occurs at different percentages 

that the valve is open for different system power supplies. This means that the location of 

the boiler is a slight constraint on the operability of the system, and this is discussed here 

because the plot that shows the cause of this is not within the initial plots shown. However, 

this plot is discussed within this chapter within the progression of the analysis where it 

makes sense to discuss this plot, and the change in location of the boiler is delegated to 

future works. 

4.2 Power Output 

The analysis of the system begins with the power output of the system, or the total 

electrical power that the system can supply. The system is simultaneously supplying DC 

power via the SOFC stack and AC power via the turbine/generator. However, the 

differences between AC power vs DC power are not a part of this study and the total system 

power output is simply the sum of the AC and DC powers.  
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As a reminder, the system is simulated throughout a range of power outputs between 

100 kW and 300 kW inclusive. These are not limits to the systems power-supplying 

abilities but are simply the boundaries set so that a finite amount of data is collected. 

Additionally, the system is controlled so that approximately 65% +/- 3% of the total system 

power supply comes from the SOFC stack. Therefore, about 65% of the total system power 

supply is DC power from the SOFC stack and about 35% of the total system power supply 

is AC power from the turbine and generator. 

4.2.1 System Power Supply 

The total system power supply of the system for various system supply values and 

percentages of working fluid bypassing the hot side of the recuperator is shown below in 

Figure 11. The power supplies are requested values that are not affected by the bypass 

operation and should correspond to themselves in the legend of the plot, but the plot is 

included anyway to verify that the simulated system converges to and supplies the total 

power that is requested of it. Figure 11 shows that the simulation of the system does 

converge to each power supply value and to within the +/- 0.75 kW convergence criteria. 

As a side note, these power supply values are the net power output values of the system 

that are included in the numerator of the calculation of the electrical efficiencies and 

cogeneration efficiencies displayed later in this chapter. 
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Figure 11: System Power Supply 
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4.2.2 Solid Oxide Fuel Cell Stack 

The first of two constituents of the system power supply is the DC power supplied 

by the SOFC stack. The SOFC stack power supply values are shown in Figure 12 below. 

The current drawn from the SOFC stack and the working air pulled into the system by the 

compressor are simultaneously adjusted to ensure that the SOFC DC power is 65% of the 

total power supply. The total power supply of the system is a requested value in the 

simulation and does not depend on the percent of fluid bypassing the hot side of the 

recuperator, so a flat 65% of the total power supply is also not affected by the bypass 

operation. Therefore, the SOFC DC power supply is not affected by bypass valve 

operations, and this is the main takeaway of Figure 12. 

 

Figure 12: Solid Oxide Fuel Cell Stack Power Supply 

 

The SOFC power supply density shown below in Figure 13 is a very similar metric 

to the SOFC power supply. The density is on a per area basis and the area corresponds to 
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the electroactive area of the cell, or the cross-sectional area of the cell from the perspective 

of oxygen ions migrating from the cathodes of the fuel cells to their anodes. This area is 

400 cm2, so the SOFC power supply density is calculated as the SOFC power supply 

divided by the electroactive area of 400 cm2. The trends in the SOFC power supply density 

are the same as the SOFC power supply plot, but the plot is included to officially report the 

power densities of the simulated SOFCs throughout the various modes of operation of the 

simulated system to facilitate the readerôs comparison of these fuel cells to other fuel cells 

or power cycle technology. 

 

Figure 13: Solid Oxide Fuel Cell Stack Power Supply Density 

 

 The final figure corresponding to the overall SOFC power supply is the plot of the 

percent of power supplied by the SOFC stack shown in Figure 14 below. This parameter 

is an input to the simulation of the system and is set at 65% percent. Figure 14 verifies that 
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the simulation converges towards 65% for all the simulations and to within the specified 

convergence boundaries. 

 

Figure 14: Percent of Power Supplied by Solid Oxide Fuel Cell Stack 

 

 The power supply of a SOFC is not a fundamental parameter itself, but rather the 

product of the current of the SOFC and the voltage (potential) across the cathode and anode 

of the SOFC. Additionally, the SOFC current is the control parameter that is adjusted to 

ensure that the SOFC stack supplies its requested amount of power, and the voltage is 

therefore constrained as discussed in Chapter 2. As such, it is of special interest to observe 

the current across a range of power supplies and bypass valve operations to determine if 

the current exhibits any behavior that may cause difficulty in system control strategies. The 

current for the SOFC stack is shown below in Figure 15. The simulated SOFCs are 

electrically in series, so the current through any individual cell is equal to the current 

through all the other cells and the current through the overall stack of cells. This means 



 48 

that the currents shown in Figure 15 are also the currents for each simulated SOFC even 

though the parameter that is plotted is the current for the entire stack. From Figure 15, it 

can be seen that the current necessary for the SOFC stack to supply its required power is 

very well-behaved. The current is barely a function of the percent of working fluid 

bypassing the hot side of the recuperator, and it increases steadily as the power supply of 

the system increases steadily. There are a few regions of operation where the behavior 

slightly deviates, such as the low percent bypasses (0% - 30%) at the low power supplies 

(100 kW ï 130 kW). However, the current draw that is necessary for the SOFC stack should 

cause no issues in any system-wide control strategies for the cycle. 

 

Figure 15: Solid Oxide Fuel Cell Stack Current 

 

The SOFC stack current density shown below in Figure 16 is a very similar metric 

to the SOFC stack current. The density is on a per area basis and the area corresponds to 

the electroactive area of the cell, or the cross-sectional area of the cell from the perspective 
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of oxygen ions migrating from the cathodes of the fuel cells to their anodes. This area is 

400 cm2, so the SOFC stack current density is calculated as the power SOFC stack current 

divided by the electroactive area of 400 cm2. The trends in the SOFC stack current density 

are the same as the SOFC stack plot, but the plot is included to officially report the current 

densities of the simulated SOFCs throughout the various modes of operation of the 

simulated system to facilitate the readerôs comparison of these fuel cells to other fuel cells 

or power cycle technology. 

 

Figure 16: Solid Oxide Fuel Cell Stack Current Density 

 

 The final metric for the SOFC stack is the voltage of each SOFC. The cells are 

electrically in series, so in reality they could all have slightly different voltages. However, 

the one-dimensional assumption of the SOFC stack model assumes that all the cells have 

the same voltage. This cell voltage across a range of power supplies and bypass valve 

operations is shown below in Figure 17. The voltages in this plot correspond to a single 
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cell, so the entire voltage across the stack is the product of the voltages in this plot and the 

1000 cells that constitute the stack. The simultaneous demand on the power supply of the 

stack and the current control strategy of the stack constrains the cell voltage to a specific 

value, so the voltages displayed in Figure 17 are only outputs of the system - they cannot 

be independently adjusted or controlled. However, from Figure 17, it can be seen that the 

voltage of the cells across a range of operations is relatively well-behaved. The voltage is 

barely a function of the percent of working fluid bypassing the hot side of the recuperator, 

and the volage steadily decreases as the power supply of the system increases. The lack of 

correspondence with the bypass operation is desirable because it indicates that the voltage 

of the cell will not fluctuate as the recuperator bypass value is operated to supply a changing 

heat demand. The decrease in voltage as the power supply increases is expected because 

the constant percentage of power supply by the SOFC stack requires an increase in the 

SOFC stack power supply as the system power supply increases, and an increase in SOFC 

stack power supply requires an increase in current and a decrease in voltage as previously 

noted in Chapter 2. However, 1000 cells in the stack results in only a small change in each 

of the fuel cellsô voltage which indicates that the 1000 cell SOFC stack has a much larger 

range of operation than just the 100 kW ï 300 kW that is simulated in this study. 
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Figure 17: Solid Oxide Fuel Cell Voltage 

 

4.2.3 Compressor, Turbine, and Generator 

The previously discussed SOFC stack is only one of two components necessary for 

the system to maximize its power supply. The other component is the turbine that powers 

the compressor and the electric generator to pressurize the working fluid for the SOFC 

stack and generate AC electricity, respectively, via expansion of the high-temperature 

SOFC stack exhaust gases. The shafts of the turbine, generator, and both stages of the 

compressor are all coupled. This means that the power that is needed to ensure the systemôs 

ability to properly operate automatically remains within the system and the remaining 

power leaves the system as AC electricity in the generator. This remaining, net amount of 

power is referred to as the turbine power supply and is shown in Figure 18 below for a 

variety of system power supplies and bypass valve operations. The turbine power supply 

could have already been inferred from previously shown figures because it is the difference 
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between the system power supply and the SOFC stack power supply. The turbine power 

supplyôs relation to these previously shown, well-behaved power supplies indicates that 

the turbine power supply is also well-behaved as observed in Figure 18. As such, the 

turbine power supply is barely a function of the percent of working fluid bypassing the 

recuperator, and it increases steadily with system power supply to always supply its 

requested 35% +/- 3% of the systemôs total power supply. 

 

Figure 18: Turbin e Power Supply 

 

 The mass flow rates of working fluid passing through the turbine and enabling its 

ability to supply power are shown in Figure 19 below. While the turbine power supply is 

well-behaved, the mass flow rate through the turbine has some deviations from general 

trends, particularly at lower system power supply values (100 kW ï 140 kW). The turbine 

mass flow rate is the summation of the compressor mass flow rate and the pre-combustor 

and reformer fluid streams that enter the system between the turbine and reformer. 
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However, the mass flow of air in the compressor is larger than the reformer and pre-

combustor fluid streams, so the compressor mass flow rate is likely to have a larger effect 

on the turbine mass flow rate. Therefore, it is of interest to observe the compressorôs mass 

flow rate in conjunction with the turbineôs mass flow rate to fully analyze mass flows 

related to the systemôs turbomachinery. The compressor mass flow is shown after the 

turbine mass flow in Figure 20. 

 

Figure 19: Turbine Mass Flow Rate 

 

 The compressor mass flow rates are shown below in Figure 20. The function forms 

in the compressor mass flow rate plot are very similar to the function forms in the turbine 

mass flow rate plot, but slightly lower in magnitude. These two observations confirm that 

the turbineôs mass flows behavior is much more affected by the compressorôs mass flows 

than by the pre-combustorôs or reformerôs mass flows. The pre-combustor and reformer 

mass flows offset the turbineôs mass flows from the compressors mass flows. As such, the 
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deviations from general trends in the turbineôs mass flow can be explained by the same 

deviations in general trends from the compressorôs mass flows. As a reminder, the 

compressor mass flow and SOFC stack current are simultaneously controlled to ensure that 

the system supplies its desired power and that the SOFC stack supplies 65% of this power. 

This means that the compressor mass flows that deviate from general trends are required 

for the system to achieve its desired state. These deviations are observed at the lower power 

supplies of the system (100 kW ï 140 kW), the same regions of operation that the SOFC 

current and voltage exhibited deviations from general trends. The regions of lower system 

power supply correspond to regions of lower SOFC power supply which corresponds to 

regions of higher SOFC voltage and lower SOFC current. As previously described in 

Chapter 2, there is a nonlinear overpotential in SOFC behavior at lower current densities 

caused by the energy needed for kinetics of the electrochemical reactions. This nonlinear 

overpotential results in nonlinear SOFC current-voltage behavior at lower current 

densities. This nonlinear SOFC behavior could be causing the nonlinear behavior observed 

in the compressor and turbine mass flow rates. Based on these notions, the behavior 

expectedly does not manifest in higher system power supplies. Therefore, the behavior is 

not likely to be seen in power supplies greater than the 300 kW power supply limit tested 

in this study. However, it is still a notable find that the controlled mass flow rate that enters 

the compressor and the mass flow rate in the turbine further downstream in the system are 

expected to experience nonlinearities if the simulated system is to be operated at lower 

system power supply values.  
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Figure 20: Compressor Mass Flow Rate 

 

4.3 Heat Output 

The analysis of the system continues with the heat output of the system, or the 

amount of thermal energy that can be transferred out of the working fluid and into a thermal 

load fluid within the thermal load heat exchanger located immediately before the working 

fluid exhaust point. The only heat output of the system is the heat transfer in the thermal 

load heat exchanger (unlike the hybrid nature of the power supply comprised of DC power 

from the SOFC stack and AC power from the turbine and generator). The analysis of the 

heat output in this chapter focuses on the simultaneous maximization of the heat supply 

energy flow and the exit temperature of the thermal load fluid in the thermal load heat 

exchanger. The following chapter, Chapter 5, focuses on techniques to standardize the exit 

temperature of the thermal load fluid in the thermal load heat exchanger.  
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4.3.1 System Heat Supply 

The heat that the system can supply and its standardization across a range of system 

power supplies and bypass valve operations are shown below in Figure 21. These plots are 

some of the most notable plots from this simulated study as they display the systemôs 

achievable magnitudes of heat output that are available at each of the systemôs power 

outputs via operation of the recuperator bypass valve and the fractional increases in heat 

supply that can be achieved through the use of the bypass valve. From Figure 21, it can be 

seen that the heat supply of the system does not change between 0% and 10% of the 

working fluid bypassing the hot side of the recuperator, and this is caused by the behaviour 

of the recuperator which is detailed later in this chapter. However, this behavior implies 

that the recuperator bypass valve should never be operated at a percent of less than 10%. 

Minimizing the percent at 10% already achieves the minimization of the heat supply, and 

it allows the valve to more readily achieve higher heat supplies during transient operation 

of the system. Additionally, the heat supply of the system steadily increases with system 

power supply. Beyond 10% of the working fluid bypassing the hot side of the recuperator, 

the heat supply near-linearly increases with the percent bypass for all system power 

supplies and between the system power supplies. There are a few deviations from this 

trend, particularly at system power supplies of 130 kW and 140 kW at percent bypass 

greater than 40%. However, the near universal compliance with this linear trend indicates 

that the control of the system during transient heat supply and/or power supply events can 

be readily achieved with control systems. Finally, it can also be seen that the bypass valve 

can be used to at least triple the natural heat supply (the heat supply without any bypass) 

throughout the entire range of power supplies tested. 
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Figure 21: System Heat Supply and System Heat Supply Fractional Increases 
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4.3.2 Mass Flows to Achieve Heat Supply 

As previously described in the Methodology chapter, the mass flow rate of the 

thermal load fluid (the air acting as the cold-side fluid in the thermal load heat exchanger) 

is increased either until the working fluid (the hot-side fluid in the thermal load heat 

exchanger) decreases to 100 C or the heat capacity rate of the working fluid drops to 85% 

of the heat capacity rate of the thermal load fluid. This is to ensure the integrity of the LHV 

assumption for the efficiency calculations and the maximization of the thermal load fluid 

exit temperature. The mass flow rates of the thermal load fluid across the range of system 

operations are shown below in Figure 22. Similar to the heat supply, the mass flow rate 

does not need to be adjusted between bypass percentages between 0% and 10%. 

Additionally, the mass flow rate at 0% and 10% tends to increase with increasing power 

supply, however, this increase is very small at low system power supplies. Beyond 10% 

bypass, the mass flow rate increases at a decreasing rate for most power supplies. However, 

this exponential behavior is not too extreme and the form of the functions are close to 

linear. 
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Figure 22: Thermal Load Mass Flow Rate 

 

 The reason that the thermal load mass flow rate can increase with the percent of 

working fluid bypassing the hot side of the recuperator is because an increase in this 

percentage allows more thermal energy to be present in the working fluid as it enters the 

thermal load heat exchanger. Therefore, the thermal load mass flow rate can be increased 

to draw this additional thermal energy from the working fluid. The mass flow rate of the 

working fluid that bypasses the recuperator and makes this additional energy available to 

the thermal load is shown in Figure 23 below. This mass flow rate is zero at 0% bypass at 

all power supplies as a requirement. At a particular power supply, this mass flow rate 

should increase linearly with the percent of working fluid bypassing the hot side of the 

recuperator if the compressor and turbine mass flow rates are constant at that power supply. 

This is generally the case as previously seen in the plots for compressor and turbine mass 

flow rate, so the hot side recuperator bypass mass flow rate tends to increase linearly with 
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the percent of hot side recuperator bypass mass flow rate. Similarly, the increase in the 

compressor and turbine mass flow rates with increasing power supply is reflected in the 

hot side recuperator bypass mass flow rate as it also generally increases with system power 

supply. As a final note on this flow rate, this flow rate is the exact flow rate that a real valve 

needs to be able to handle within a real version of the system that is simulated in this study. 

Therefore, Figure 23 is needed to properly select a valve to fully realize this technology. 

 

Figure 23: Hot Side Recuperator Bypass Mass Flow Rate 

 

4.3.3 Thermal Load Heat Exchanger Port Temperatures 

The port temperatures associated with the thermal load heat exchanger are the final 

system parameters needed to analyse the heat output of the system. There are two mass 

flows, and two ports per mass flow, so there are four ports in total. However, the inlet of 

the cold side (the thermal load fluid) is fixed at 25 C because this fluid is an input to the 

system and all inputs to the system enter at 25 C. This is to ensure that no thermal energy 
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enters the system without being accounted for in the efficiency equations. As such, there 

are only three port temperatures to analyse. The first port temperature, the working fluid 

entering the thermal load heat exchanger on the hot side, is shown below in Figure 24. This 

port directly connects the thermal load heat exchanger to the rest of the system. From 

Figure 24, it can be seen that this temperature increases with the percent of working fluid 

bypassing the hot side of the recuperator. This is not only an expected result but shows that 

the recuperator bypass valve is fulfilling its intended role ï the bypass valve allows more 

thermal energy (manifested as higher temperatures) to be made available to transfer to the 

thermal load fluid in the thermal load heat exchanger. Additionally, this temperature 

increase with percent bypass is mostly linear across the entire range of power supplies. 

However, this temperature is minimally affected by the actual power supply of the system. 

While the values between all power supplies are not necessarily the same, they are similar 

and do not have a well-defined trend with the changing power supply. Overall, this result 

indicates that the temperatures in the heat exchanger could only change when the percent 

bypass changes. However, the other port temperatures need to be analysed to validate this 

claim. 
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Figure 24: Thermal Load Heat Exchanger Hot Side Inlet Temperature 

 

 The exit temperature of the working fluid in the thermal load heat exchanger is 

shown below in Figure 25. The mass flow rate of the thermal load fluid is controlled in an 

attempt to reduce this temperature to 100 C, but not any further. Figure 25 shows that this 

control strategy is successful, and this temperature never drops below 100 C. This 

temperature is only greater than 100 C when the inlet temperature of the working fluid is 

too high for the fluid to drop to 100 C within the given heat exchanger. The cases in which 

the fluid cannot be dropped all the way to 100 C do not appear to follow any particular 

trend, however, all these temperatures are close to 100 C so these slight deviations are not 

particularly noteworthy. Finally, the temperatures shown in Figure 25 are the overall 

systemôs exhaust temperatures that are vented to the atmosphere, so a real version of the 

system must be installed with these temperatures in mind. 
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Figure 25: Thermal Load Heat Exchanger Hot Side Exit Temperature 

 

 The final port temperature of the thermal load heat exchanger is the exit temperature 

of the cold side fluid. This temperature is shown in Figure 26 below. From Figure 26, it 

can be seen that this temperature tends to increase linearly with an increase in the percent 

of working fluid bypassing the hot side of the recuperator and tends to be constant between 

power supplies. These results are expected because the thermal load heat exchangerôs cold 

side inlet temperature is fixed at 25 C, its hot side exit temperature is nearly fixed at 100 

C, the hot side inlet temperature near-linearly increases with the percent of working fluid 

bypassing the hot side of the recuperator, and the hot side inlet temperature is nearly 

constant between power supply values. Thus, the trends of the main energy flow entering 

the system (hot side inlet) should be reflected in the trends of the main energy flow leaving 

the system (cold side exit). Additionally, the trend of this temperature substantiates the 

claim that the temperatures in the thermal load heat exchanger are nearly only affected by 
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a change in percent bypass rather than a change in power supply. Finally, the temperatures 

in Figure 26 are the temperatures of the thermal load fluid as it leaves the system (although 

it is only in the system for a brief period of time as it passes through the thermal load heat 

exchanger). Therefore, these temperatures are the temperatures that an operator of the 

system can use for a process or application. For example, if this system is installed at a 

manufacturing facility, then the facility can obtain process temperatures at around 375 C if 

they choose to bypass as much working fluid as possible, or they can naturally obtain 

process temperatures at around 175 C with no percent bypass. The effects of changing this 

temperature on the systemôs efficiencies are analyzed later in this chapter after the energy 

input to the system is analyzed immediately following this discussion. 

 

Figure 26: Thermal Load Heat Exchanger Cold Side Exit Temperature 
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4.4 Energy Input 

The discussion of the energy input of the system is the natural follow-up to discussing 

the systemôs energy outputs of heat and power. The energy input of the system corresponds 

to the energy content of the fuel (methane) that enters the system in the pre-combustor and 

the reformer. As a reminder, the fuel entering the pre-combustor is necessary to maintain 

constant temperatures throughout the SOFC stack as the recuperator bypass valve is 

operated, and the fuel entering the reformer is necessary to operate the SOFC stack as a 

DC power producing unit. The discussion of the energy input begins by observing the 

systemôs overall energy input, which then completes the discussion of the systemôs overall 

energy flows (inputs and outputs) and allows the systemôs efficiencies to be calculated and 

evaluated in the next section. Afterwards, the contributions to the energy input from the 

pre-combustor are analysed, and then the contributions to the energy input from the 

reformer conclude the discussion of the energy input. 

4.4.1 System Energy Input 

The systemôs overall energy inputs across a range of power supplies and 

recuperator bypass valve operations are shown below in Figure 27. The values in this figure 

are the denominators in the efficiencies that are shown in the next section of this chapter. 

Similar to the systemôs heat supply, the energy input does not change between 0% and 10% 

of the working fluid bypassing the hot side of the recuperator. This indicates that the fuel 

usage in the SOFC stack and the temperatures within the SOFC stack are not affected by 

allowing 10% of the working fluid to bypass the recuperator, so no change to the energy 

input is necessary. Beyond 10% bypass, the energy input increases linearly with the bypass 
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percentage, and increases near-uniformly with the power supply of the system. The former 

is expected because larger bypass percentages result in less thermal energy reclamation in 

the recuperator, which attempts to lower SOFC cathode oxidant intake temperatures. This 

effect needs to be counteracted with additional fuel usage in the pre-combustor so that the 

SOFC stack does not experience a change in temperature. The latter is expected because 

larger power supplies should require larger energy inputs if all else is held constant. 
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Figure 27: System Energy Input 

 

4.4.2 Pre-combustor 

The pre-combustor is now analysed to determine its contribution to the systemôs 

overall energy input. This discussion begins by observing the recuperatorôs cold side exit 
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temperature, which corresponds to the air mass flow rate that acts as the oxidant stream for 

the pre-combustor and the SOFC stack. These temperatures are shown below in Figure 28. 

From this figure, it can be seen that the temperature begins to plummet beyond 10% of the 

working fluid bypassing the hot side of the recuperator. This is expected and indicative of 

correct recuperator bypass valve operation because the bypass valve reduces the amount of 

thermal energy entering the hot side of the recuperator, so less energy enters the 

recuperatorôs cold-side stream. Therefore, the cold-side stream should not be able to reach 

higher temperatures as the bypass percentage increases, and this is the observed behavior. 

However, this temperature is approximately constant between 0% and 10% of the working 

fluid bypassing the hot side of the recuperator throughout the range of power supply values. 

This temperature is explicitly one of the primary parameters that is affected by the 

operation of the bypass valve, and many of the other parameters are functions of the bypass 

valve percentage in response to this temperature being affected by the bypass valve 

percentage. This means that the constant behavior between 0% and 10% bypass that has 

been previously seen in parameters such as heat supply and energy input and will be seen 

in parameters such as electrical efficiency is due to this temperature barely changing 

between 0% and 10% bypass. This temperature likely does not change much between 0% 

and 10% bypass due to the high effectiveness of the recuperator (93%), the low percentage 

of 10% bypass being incremental in nature, and the convergence criteria of the parameters 

in the simulated study. 

 Additionally, this temperature does not appear to be a strong function of system 

power supply except at very low bypass percentages. This is likely due to the relatively 

balanced mass flow rates on either side of the recuperator which was previously seen when 
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the turbine mass flow rates were only slightly larger than the compressor mass flow rates. 

However, the major takeaway from Figure 28 is that larger bypass percentages decrease 

the temperature of the working fluid. Thus, the pre-combustor requires more fuel to ensure 

that these decreased temperatures do not reach the SOFC stack. 

 

Figure 28: Recuperator Cold Side Exit Temperature 

 

 The mass flow rate of the fuel entering the pre-combustor is shown below in Figure 

29. As expected, this mass flow rate increases as the percentage of working fluid bypassing 

the recuperator increases so that the SOFC stack can be operated at the required constant 

temperature. However, this mass flow rate has an interesting relationship with the power 

supply of the system; the pre-combustor requires more fuel at lower power supplies at 

lower recuperator bypass percentages, but requires less fuel at lower power supplies at 

higher recuperator bypass percentages. A larger consumption of fuel is expected at larger 

power supply values. Therefore, the decreased consumption of fuel at lower bypass 
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percentages and larger power supply values is likely due to an increase in reformer fuel at 

larger power supply values. In these scenarios, the oxidation of this reformer fuel appears 

to be capable of maintaining the required SOFC operating temperature without much aid 

from the pre-combustor. 

 

Figure 29: Pre-combustor Fuel Mass Flow Rate 

 

4.4.3 Reformer 

The reformer is the other component that requires fuel and therefore contributes to 

the systemôs energy input. The pre-combustor is the component that is only operated to 

ensure that the SOFC stack remains at a constant, elevated temperature through heating the 

cathodeôs oxidant stream. Meanwhile, the reformer is operated to ensure that the SOFC 

stack has the proper amount of fuel necessary for it to attain the desirable 50% fuel 

utilization, meaning 50% of the fuel supplied to the anodes is ultimately combusted in the 

post-combustor. As such, it is expected that the amount of fuel entering the reformer should 
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only be a function of the amount of oxygen in the cathode streams of the SOFC stack, and 

there is not any additional fuel going to the reformer for the purpose of achieving any 

desirable SOFC stack temperatures. The reformer fuel mass flow rates are shown below in 

Figure 30, where it can be seen that the plot of this fuel mass flow takes the exact same 

form as the compressorôs air mass flow previously shown in Figure 20. The compressor air 

mass flow is in fact the cathode stream, thus confirming that the fuel necessary for the 

reformer is primarily only a function of the cathode stream mass flow rate. This facilitates 

the operation of the reformer as its fuel flow rate only needs to be adjusted when the power 

supply changes, which was already a requirement for this system acting as a pure power 

cycle. Therefore, the cogeneration nature of this new cycle has no effect on the reformerôs 

fuel mass flow rate. As a reminder, the reformer fuel in Figure 30 is 33% methane by mole 

and 67% water by mole. 

 

Figure 30: Reformer Fuel Mass Flow Rate 

 



 72 

 The air mass flow rates necessary for the reformer to operate at its desirable 

temperature of 800 K are shown below in Figure 31. This air flow allows for partial 

oxidation of the methane in the reformer to ensure the reformer reaches its desirable 

operation temperature. From this figure, it can be seen that the flow rate of this air is very 

small and decreases even further as the percentage of working fluid bypassing the hot side 

of the recuperator increases. This is likely due to the reformerôs steam input and its 

temperature stemming from the boiler downstream from the recuperator and its bypass. As 

such, the reformerôs steam input is analyzed in the discussion that immediately follows. 

 

Figure 31: Reformer Air Mass Flow Rate 

 

 The mass flow rate of water passing through the systemôs pump is shown below in 

Figure 32. This water is boiled to produce steam for the reformer. Therefore, the pumpôs 

mass flow rate of water in Figure 32 is equal to the mass flow rate of steam entering the 

reformer. The pump needs to supply a fixed ratio of water to help reform the fuel in the 
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reformer. Therefore, the form of the plot of the water should be the same as the form of the 

plot of the reformerôs fuel input shown in Figure 30. The forms are the same, so this 

confirms proper operation of the systemôs pump. 

 

Figure 32: Pump Mass Flow Rate (Equal to Reformer Steam Mass Flow Rate) 

 

 The temperature of the steam entering the reformer is shown below in Figure 33. 

From this figure, it can be seen that the temperature of the steam increases with the percent 

of working fluid bypassing the hot side of the recuperator. This is expected because the 

steam is produced in the boiler located downstream from the recuperator. The increase in 

the temperature of the steam with respect to the bypass percentage confirms the notion that 

the recuperator bypass and boiler location decrease the air input needed in the reformer that 

was previously mentioned in the discussion of this input. Additionally, the temperature of 

the steam is not a strong function of the systemôs power supply except for some outlying 

data.  
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Additionally, the reformerôs operating temperature (800 K/526.85 C) can be seen 

as the limit of each of the plotted lines shown in Figure 33. Therefore, this figure 

quantitatively displays the explanation for the varying maximum percent of working fluid 

bypassing the hot side of the recuperator. The steam cannot substantially exceed the 

reformerôs operating temperature without causing an error within the simulation. 

Therefore, the recuperator bypass operations must cease at very high percentages. The 

exact maximum percent at any particular power supply is dependent on the specific mass 

flow rates present throughout the system at that particular supply value. 

 

Figure 33: Reformer Steam Inlet Temperature 

 

4.5 Performance Metrics 

The final sets of steady state data are the performance metrics of the system. The 

three performance metrics are the electrical efficiency, cogeneration efficiency, and power 
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to heat ratio. The efficiencies are discussed first, followed by an analysis of the power to 

heat ratio. 

4.5.1 Efficiencies 

The two efficiency metrics quantitatively characterize the systemôs ability to 

convert the energy input corresponding to the fuel flows into the reformer and pre-

combustor into useful electrical power and heat. The electrical efficiency only considers 

the amount of useful electrical power produced, while the cogeneration efficiency 

considers both electrical power and heat.  

The electrical efficiencies of the system across the range of power supplies and 

recuperator bypass valve operations are shown below in Figure 34. Similar to the heat 

output and the energy input, the electrical efficiency does not change between 0% and 10% 

of the working fluid bypassing the hot side of the recuperator which stems from the 

recuperator temperatures not changing within this same region. Beyond 10% bypass, the 

electrical efficiency drops by approximately 5% for every 10% increase in the working 

fluidôs bypass of the recuperator due to the increase in fuel and energy input necessary 

from an increase in the bypass percentage. This trend is present at all system power 

supplies. Furthermore, the electrical efficiency is barely a function of system power supply 

and maintains similar values at any particular percent bypass across the entire range of 

power supplies except for the very low percent bypasses where the efficiency is notably 

lower at the lower power supplies. This is due to the increased compressor mass flow rates 

that were needed for the simulated system to converge to its desired operating conditions 

in these specific cases. Meanwhile, the electrical efficienciesô general lack of dependence 
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on power supply likely stems from the constant increase in working fluid mass flow rate 

with increasing power supply, and the relatively stable temperatures throughout the system 

enforced by the constant SOFC and reformer temperatures. 

Additionally, the efficiency of fuel cells generally decreases with increasing current 

due to the energy losses previously described in Chapter 2. The SOFCs in this simulated 

study increase in power with increasing current due to operating in their lower region of 

current draws, so the efficiency of the fuel cells should decrease with increasing power 

supply in this study. This effect cannot be seen in Figure 34, which means that the effects 

of the SOFCsô efficiencies on electrical efficiency are overshadowed by other effects. The 

effects of SOFC efficiency on electrical efficiency are likely small to begin with due to the 

small decrease in SOFC voltage with increasing power supply as previously seen, so they 

are likely to be easily overshadowed. The system energy input via pre-combustor fuel mass 

flow rate dominates for most of the graph, so this is probably the effect that eliminates the 

observability of fuel cell efficiency effects on electrical efficiencies. 

Overall, the system can supply high electrical efficiency heat across the entire range 

of power supplies. Specifically, the system can supply variable power and heat in excess 

of 70% electrical efficiency for approximately 0 ï 20% recuperator bypass. The system 

can supply variable power and heat in excess of 60% electrical efficiency for approximately 

0 ï 40% recuperator bypass. Finally, the system can supply variable power and heat in 

excess of 50% electrical efficiency for 0 ï 80% bypass. In conclusion, the system can 

supply high-efficiency, variable, decoupled amounts of power and heat across a range of 

power and heat demands. 
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Figure 34: Electrical Efficiency 

 

 The cogeneration efficiencies of the cycle are shown in Figure 35. Unlike the 

electrical efficiency, the cogeneration efficiency is barely a function of the percent of fluid 

bypassing the hot side of the recuperator. Additionally, the cogeneration efficiency is only 

minimally affected by the power supply of the system. Overall, the cogeneration efficiency 

does not change very much regardless of how the system is being operated and is always 

close to 90%. This means that the system can readily exchange between converting fuel 

energy into heat and power ï if less energy is converted to power by the turbine than 

approximately the same amount of energy is converted to heat by the thermal load heat 

exchanger and vice versa. 
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Figure 35: Cogeneration Efficiency 

 

4.5.2 Power to Heat Ratio 

The final parameter of the system is the power to heat ratio, or the power supply 

divided by the heat supply. This parameter is shown below in Figure 36. Similar to the heat 

supply, this parameter does not change between 0% and 10% of the working fluid 

bypassing the hot side of the recuperator. Afterwards, the parameter decreases at a 

decreasing rate from around 4-5 to around 1. This parameter is not affected much by the 

power supply of the system except at lower bypass percentages and low power supplies 

where it is notably lower. It is not affected much by power supply because of the relatively 

linear increase in heat supply with power supply across the entire range of bypass valve 

operations that was previously seen in Figure 21. 
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Figure 36: System Power to Heat Ratio 

 

4.6 Conclusion to Steady State Data 

This chapter displays the steady state data for the various system components and 

their parameters as the system is simulated throughout a variety of combinations of power 

supplies and percentages of working fluid bypassing the hot side of the recuperator through 

the bypass valve. The power output section shows that this system is capable of supplying 

power between the 100 kW and 300 kW demands that are requested of it and with 65% of 

the power coming from the SOFC stack. Additionally, the small decrease in the fuel cell 

voltages as the system power supply increases throughout the 100 ï 300 kW range indicates 

that the system can service a much larger range of power supplies above 300 kW. 

Furthermore, the system requires larger mass flow rates of working fluid (air entering the 

compressor) to satisfy larger power supplies.  




































































































