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STEADY STATE MODELING AND ANALYSIS OF A DE-COUPLED FUEL CELL GAS TURBINE
FOR CLEAN POWER PRODUCTION

Abstract

by Garrett Scott Hedberg, M.S.
Washington State University
May 2017
Chair: Dustin McLarty

This thesis introduces a de-coupled fuel cell-gas turbine hybrid arrangement that
removes the fuel cell stack from the turbine working fluid, retains the high efficiency thermal
integration of a topping cycle, and does not employ the high temperature heat exchangers of a
bottoming cycle. The distinguishing feature of the system is the solid-state oxygen transport
membrane used to create a secondary oxidant stream without significantly affecting
turbomachinery performance. The secondary oxidant stream is re-pressurized and diverted to a
solid oxide fuel cell. Excess hydrogen from the fuel cell supplies the combustor, which heats the
oxygen-depleted air and drives the turbomachinery. The fuel cell operates in a thermally
sustaining condition with direct and indirect fuel reforming providing the thermal management.
Thermodynamic models developed in the Clean Energy Systems Integration Lab (CESI) at
Washington State University identified the design conditions and characterized the system
performance within the design space. Analysis indicates greater than 75% fuel-to-electric
efficiency is achievable, with higher efficiency possible through co-production of hydrogen. The
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potential to retrofit existing turbine systems, particularly micro-turbines and stand-by ‘peaker’
plants, with minimal impact to compressor stability or transient response is a promising
pathway to hybrid fuel cell/turbine development that does not require bespoke
turbomachinery design. Economic analysis of the developed system showed its potential to
compete in the power energy market as an alternative power generation device.

v

TABLE OF CONTENTS

Page

ACKNOWLEDGEMENT .......................................................................................................................... iii
Abstract ................................................................................................................................................ iv
LIST OF FIGURES
LIST OF TABLES
1.

Page ............................................................................................................. xii

Introduction .......................................................................................................................................... 1

1.1.
2.

Page ................................................................................................... x

Thesis Outline ................................................................................................................... 4

Background ........................................................................................................................................... 6

2.1.

Fuel Cells: ......................................................................................................................... 6

2.1.1.

Fuel Cell Structure ........................................................................................................ 7

2.1.1.

Steam Reformation....................................................................................................... 9

2.1.2.

Fuel Cell Types ............................................................................................................ 10

2.1.3.

Solid Oxide Fuel Cells (SOFC) ...................................................................................... 10

2.1.4.

Thermodynamics of Fuel Cells .................................................................................... 12

2.1.5.

Fuel Cell Losses ........................................................................................................... 15

2.2.

Gas Turbines ................................................................................................................... 18

2.3.

Heat Exchangers ............................................................................................................. 19

2.4.

Oxygen Transport Membrane ........................................................................................ 20

vi

2.5.
2.5.1.
2.6.
3.

Economics....................................................................................................................... 25

Modeling Approaches .................................................................................................... 28

3.1.1.

Fuel Cells ..................................................................................................................... 28

3.1.2.

Gas Turbines ............................................................................................................... 29

3.2.
3.2.1.
3.3.

5.

De-Coupled Fuel Cell Gas Turbine .............................................................................. 22

Literature Review ................................................................................................................................ 28

3.1.

4.

Hybrid Systems (FC-GT) .................................................................................................. 21

FC-GT Hybrids ................................................................................................................. 29
FC-GT Economics ........................................................................................................ 32
System Pressurization .................................................................................................... 32

Component Models ............................................................................................................................ 35

4.1.

Compressor/Turbine Model: .......................................................................................... 35

4.2.

OTM MODEL: .................................................................................................................. 36

4.3.

Fuel Cell Model:.............................................................................................................. 37

4.4.

Combustor Model .......................................................................................................... 40

Steady State Analysis .......................................................................................................................... 43

5.1.

Design Space Investigation............................................................................................. 44

5.2.

Sensitivity Study ............................................................................................................. 53

vii

5.3.

Fuel Cell and OTM Relationship ..................................................................................... 55

5.4.

System Pressurization .................................................................................................... 56

5.5.

Micro-turbines................................................................................................................ 58

5.6.

Hydrogen Co-Production ................................................................................................ 60

6.

Economic Analysis ............................................................................................................................... 66

6.1.

Comparative Analysis ..................................................................................................... 69

6.2.

Distributed Generation .................................................................................................. 73

6.3.

Economic Conclusions .................................................................................................... 74

7.

Outlook ............................................................................................................................................... 77

8.

Conclusions ......................................................................................................................................... 80

9.

References .......................................................................................................................................... 83

10.

Appendices ...................................................................................................................................... 89

10.1.

MatLab© Code ............................................................................................................. 89

10.1.1.

Steady State system ................................................................................................ 89

10.1.2.

Compressor/Turbine ............................................................................................... 92

10.1.3.

Oxygen Transport Membrane................................................................................. 93

10.1.4.

Combustor .............................................................................................................. 94

10.1.5.

Fuel Cell ................................................................................................................... 96

viii

10.2.

Derivations of Nodal FC Mode Equations .................................................................. 98

10.3.

Spreadsheet example for economic calculations ..................................................... 100

ix

LIST OF FIGURES

Page

Figure 1” Gas Battery” Concept by William Groves [10] .............................................................................. 7
Figure 2 Basic Fuel Cell Assembly ................................................................................................................. 8
Figure 3 Internal Reformation Concept ( [30]) ............................................................................................. 9
Figure 4 SOFC Structure .............................................................................................................................. 11
Figure 5 Fuel Cell Losses [31] ...................................................................................................................... 16
Figure 6 Ohmic Losses................................................................................................................................. 17
Figure 7 Simple Cycle Gas Turbine .............................................................................................................. 18
Figure 8 Praxair Oxygen Transport Membrane........................................................................................... 21
Figure 9 Schematic of de-coupled FC-GT (dFC-GT) ..................................................................................... 24
Figure 10 California's "Duck Curve" [33] ..................................................................................................... 26
Figure 11 Black box diagram of dFC-GT ...................................................................................................... 43
Figure 12 Characteristic Curve of dFC-GT System....................................................................................... 47
Figure 13 Operating line of dFC-GT............................................................................................................. 48
Figure 14 Fixed fuel cell size operating line ................................................................................................ 51
Figure 15 Current density distribution in a spatially resolved fuel cell model ........................................... 52
Figure 16 Sensitivity Study of dFC-GT System ............................................................................................ 54
Figure 17 Relative Size of Fuel Cell and OTM Components to System Efficiency ....................................... 56
Figure 18 Pressure Ratio of GT vs Total System Efficiency and % Oxygen Recovered ............................... 57
Figure 19 Schematic Drawing of de-coupled Hybrid with Heat Recuperation ........................................... 59
Figure 20 Characteristic curve of dFC-GT w/ H2 recovery .......................................................................... 62
Figure 21 Detail of characteristic curve w/ hydrogen recovery at design point......................................... 64
Figure 22 Univ. California Irvine demand profile 2011 (McLarty) .............................................................. 68
Figure 23 Histogram of Demand Profile ..................................................................................................... 69

x

Figure 24 Simple Cycle 'Peaker' and dFC-GT Efficiency Curves................................................................... 72
Figure 25 Total Costs of Generation Systems ............................................................................................. 75
Figure 26 Emissions Comparison of Generation Systems ........................................................................... 76

xi

LIST OF TABLES

Page

Table 1 Lower Heating Values of Chemical Components ........................................................................... 42
Table 2 Nominal Design Parameters ........................................................................................................... 45
Table 3 Nominal dFC-GT Performance........................................................................................................ 46
Table 4 Voltage and Utilization of Average Current Densities (Figure 12) ................................................. 49
Table 5 Outlet Temps of Compressor and Turbine at Varying GT Pressure Ratio ...................................... 59
Table 6 Anode exhaust H2 content at varying voltage ............................................................................... 61
Table 7 Economic Assumptions [67] .......................................................................................................... 67
Table 8 Summary of costs and emissions for meeting demand profile...................................................... 70
Table 9 Summary of Emissions for meeting demand profile ...................................................................... 70

xii

1. Introduction
The world’s energy systems are undergoing radical transformation from a world in which
cheap, easily extractable energy was abundant, and into the modern reality of constrained
resources. New technologies are facilitating this transition, albeit at considerable economic cost.
These costs are justified by air quality, climate and nuclear proliferation concerns. Energy
efficiency has accommodated much of the growth in developed economies over the past 30
years, but traditional combustion based technologies are reaching the limit of feasible
performance, and alternatives are desperately needed. Renewable power generation provides a
cost alternative, but without dispatchable power sources to accommodate them, new
installations will stall.
Uncertain fuel costs, dependence on foreign sources, public policy, and environmental
concerns weigh decisively in decisions to implement new technologies into the energy
infrastructure. Many established technologies have been driven to obsolescence, i.e. coal. Shortterm costs have discouraged some alternatives despite long-term benefits. Early decommissioning and replacement of existing energy infrastructure with renewable energy
production and battery storage technology could prove vastly expensive, and unsustainable. A
viable path towards sustainability must employ an all-of-the-above approach to energy
production with an emphasis on systems that are tenable on the timescale of most power plants.
One of the technologies within the solution mix is electrochemical power production with
fuel cells. The idea proposed within this thesis upgrades an existing power generation system –
a gas turbine (GT) – by hybridization with a solid-oxide fuel cell (SOFC).
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Fuel cells have become a staple in the alternative energy sector over the last few decades
with extensive studies supporting and demonstrating high efficiency and low emissions. Fuel cells
have been used to power multi-watt devices as small as laptop computers and multi-megawatt
buildings as large as hospitals [1,2]. Solid oxide and molten carbonate (MCFC) fuel cells have been
employed for combined heat and power generation [3]. SOFC’s are preferred due to their
completely solid state design, manufacturability, higher efficiency and ability for systems to make
use of their exhausted waste heat. As stand-alone systems, SOFC generators have demonstrated
fuel-to-electric efficiencies greater than 60% at sizes ranging from 1kW to many hundreds of kW.
Unlike PEM fuel cells, which operate on pure H2, SOFC operate at high temperatures,
greater than 700°C, and are thus able to operate on a variety of fuels including natural gas, landfill
gas, waste gas, and logistic fuels. Operation on these fuels results in a significant concentration
of CO2 in the product stream, which prevents complete utilization of the fuel via recirculation. In
stand-alone systems, this unused potential energy is combusted and used to pre-heat the
incoming streams. There is potential for improved efficiency by utilizing this unused fuel and any
high-quality waste heat in a heat engine. By incorporating solid oxide fuel cells into gas turbine
designs, the total system efficiency increases significantly from 60% to 75% fuel-to-electric (FTE)
efficiency for intermediate sized systems [4,5].
Theoretical studies of FC-GT hybrids were first conducted in the early 1990’s, assessing
the feasibility of such systems [6]. The literature involving the two-system hybridization is
extensive. Most systems designs are reliant on the scale of the application. For sub-MW
applications, the literature tends to focus more on simple and cheap ways to combine the two
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systems [7]. Large-scale applications – such as power generation – focus more on the efficiency,
fuel costs and net power output of the system [8]. Two configurations are discussed in literature:
the bottoming cycle and topping cycle. Each rely on the positioning of the fuel cell in the hybrid
system. The bottoming cycle places the fuel cell downstream of the turbine, and utilizes the
turbine’s waste heat for preheating of the SOFC. Alternatively, a topping cycle places a fuel cell
upstream of the turbine in a pressurized environment. The benefits of a topping cycle include i)
pressurization of the SOFC which raises power production or efficiency, ii) waste heat recovery
of the fuel cell displacing fuel supplied to the turbine, iii) avoidance of high temperature heat
exchangers. The topping cycle introduces challenges, specifically maintaining thermal tolerances
of the SOFC under changing load or degradation, and avoiding surge/stall of the compressor
during transient operation.
The dFC-GT is a new topping cycle system configuration that removes the SOFC from the
working fluid of the gas turbine. The de-coupled system has the potential to mitigate surge/stall
during transient operation, expand the operating envelope of the hybrid system, and allow for
the possibility of drop-in upgrades of existing turbine hardware. De-coupling is accomplished
through the introduction of an oxygen transport membrane (OTM) that separates the
compressed air into a high purity oxidant stream for the fuel cell and a depleted oxidant stream
for the turbine. By removing the fuel cell from the working fluid of the gas turbine, the system is
separated into two quasi-independent power generating devices (fuel cell and gas turbine) that
when working harmoniously complement each other’s best characteristics. The fuel cell would
thus require the turbine operation, as it provides the supply of oxidant, but the turbine could still
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operate independently. When both systems are operating the fuel cell waste energy displaces
the fuel to the turbine, thus improving efficiency.
The physical linkage between the systems remains only in the form of an oxidant stream and
a fuel byproduct stream, either of which can be stored, diverted, or substituted during transient
or off-design operations. The system retains the thermodynamic coupling common to most
topping cycle FC-GT systems which benefit from the following:


Electrochemical conversion of the fuel prior to any combustion



Reduced parasitic losses of air compression



Increased net efficiency with electrical output from both systems



Pressurization of the fuel cell.

In addition to the above benefits, the dFC-GT improves upon previous hybrids by:


De-coupled design; i.e. limiting potential downfalls of FC-GT arrangements



Retro-fit capability; i.e. no bespoke turbomachinery development



Increased hydrogen co-production potential

1.1. Thesis Outline

The goal of this study is the evaluation and characterization of the dFC-GT hybrid concept.
To achieve this goal a detailed thermodynamic study was undertaken with the following
objectives:
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Objective 1)

Model steady-state operation of a dFC-GT hybrid using fundamental

thermodynamic and electrochemistry principles.
Objective 2)

Characterize nominal operation and the scope of the feasible operation

envelope.
Objective 3)

Identify challenges and beneficial attributes of the dFC-GT hybrid,

specifically in regards to retro-fit feasibility, hydrogen recovery, and compatibility with
low pressure ratio micro-turbines.
Objective 4)

Perform a sensitivity analysis to identify critical design trade-offs of the

system.
Objective 5)

Investigate the economic feasibility of the dFC-GT system.

To accomplish these goals all components and modeling assumptions will be expanded
upon. Chapter 2 gives an overview of all components used in the system presented, e.g. fuel cells,
gas turbines, heat exchangers, and OTM’s. Chapter 3 reviews the relevant literature for fuel cell
gas turbine hybrids, setting the stage for the proposed technology improvement.
Chapter 4 introduces the modeling considerations and the underlying thermodynamic
analysis underpinning the system models. Chapter 5 details steady state results, demonstrating
how the de-coupled system works as a retrofit technology that improves upon the FC-GT
concept. Chapter 5 also introduces the application of this technology to micro-turbines and
hydrogen co-generation.
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Further discussion on economics, and feasibility of dFC-GT will be presented in Chapter 6.
Annual operating costs and carbon emissions will be the driving variables for the analysis. Finally,
Chapters 7 and 8 will give an outlook for the de-coupled FC-GT.
2. Background
2.1. Fuel Cells:

A fuel cell is an electrochemical conversion device that can convert chemical energy to
electrical and thermal energy by means of electrochemical reactions within the cell. Fuel cells are
not batteries, meaning they do not store energy, but rather require a continuous source of fuel
to sustain electricity production. Fuel cells are also not thermal engines, and thus do not abide
by the Carnot limit common to all thermal engines. This enables fuel cells to be highly efficient
conversion devices.
The concept of energy conversion through chemical means was discovered in 1838 when
Sir William Robert Groves [9,10] combined hydrogen and oxygen electrochemically to produce
an electric load. Groves realized that a constant current would flow between platinum electrodes
he had immersed in sulfuric acid. He then sealed the other end of the plates in hydrogen and
oxygen respectively (Figure 1).
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Figure 1” Gas Battery” Concept by William Groves [10]

As electrons were passed along the interlaying wire, the liquid levels within the chambers
would rise and fall. By seeing the liquid levels change, Groves realized the gases were reacting
with a constant current, and by placing many of these devices in series Groves created the “Gas
Battery.” Now known by all as the fuel cell.
2.1.1.Fuel Cell Structure

To understand the physics and mechanics of the fuel cell it is necessary to examine the
components, designs, and reactions of the device.
There are three layers in all fuel cell types.


Anode – a porous electrode where oxidation reactions occur;



Cathode – a porous electrode where reduction reactions occur;



Electrolyte – ionically conductive, but not electrically conductive, dense material that
separates the anode and cathode [11]
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Figure 2 depicts a typical fuel cell structure. Electrolyte types are the governing
classification for fuel cells.
Exhaust

Anode

Fuel

Electrolyte
Oxidant

ee-

Cathode

Load
e-

Figure 2 Basic Fuel Cell Assembly

Fuel cells work by separating electrons from a fuel source and forcing them to travel
through a circuit, generating electric power. A fuel cell operates continuously so long as the
necessary fuel and oxidant flows are sustained and the reactant is consumed and replenished.
The governing reaction within a hydrogen/oxygen fuel cell, is:
1

𝐻2 + 2 𝑂2 ⇋ 𝐻2 𝑂

(1)

In this type of fuel cell two electrochemical half reactions occur at the anode (2) and the cathode
(3) site. In the specific case of SOFC the half reactions are as follows:
2𝐻2 + 2𝑂2 −⇋ 2H2 O + 4𝑒 −

(2)

𝑂2 + 4𝑒 − ⇋ 2𝑂2−

(3)

Separation of these reactions allows for the electron transfer from the fuel though the
external circuit before completing the reaction.
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2.1.1.Steam Reformation

Steam reformation is an endothermic reaction that produces hydrogen, carbon monoxide,
and other useful products from hydrocarbon fuels. Steam reformation is utilized in fuel cell
systems to reform a fuel and produce hydrogen for the cell stack. This is accomplished externally
through a reformer [12] or, in the case of the dFC-GT, the steam reformation internally balances
the heat generated in the fuel cell (Figure 3). For the purposes of this study steam-to-methane
(SMR) will be considered at a constant steam-to-carbon (S2C) ratio.

Figure 3 Internal Reformation Concept ( [30])

The reforming of 𝐶𝐻4 is easily integrated into fuel cell systems. At high temperatures and in the
presence of metal-based catalysts, steam will react with methane to yield carbon monoxide (𝐶𝑂)
and hydrogen (𝐻2 ).
𝐶𝐻4 + 𝐻2 𝑂 ⇋ 𝐶𝑂 + 3𝐻2

(4)

Additional hydrogen is produced by the water-gas shift reaction (5). The reaction kinetics of
water-gas-shift are much faster than steam reforming, and it can generally be assumed that CO
and CO2 are in equilibrium always.
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𝐶𝑂 + 𝐻2 𝑂 ⇋ 𝐶𝑂2 + 𝐻2

(5)

2.1.2.Fuel Cell Types

Fuel cell types are governed by the type of electrolyte each utilizes. Common fuel cell
types are polymer electrolyte fuel cells (PEM), molten carbonate fuel cells (MCFC), and solid
oxide fuel cells (SOFC). Each type has advantages and disadvantages specific to their typing.
PEM fuel cells, for example, are beneficial to automobile applications for their high-power
density and low temperature operating ranges (60-80 C) [11,4]. Both the MCFC and SOFC
operate in higher temperature ranges. Higher operating temperatures eliminate the use of
noble metals to act as catalysts within the fuel cell and thus reduce cost of the system. Due
to these high operating temperatures, many proposed designs exist to combine SOFC’s and
MCFC’s with heat engine systems to raise net efficiency. Molten carbonate cells operate
between temperatures of 600-800oC, while solid oxide fuel cells operate between
temperatures of 700-1000oC. At these temperatures exhaust products contain sufficient
thermal energy that can be recycled and reused to further improve efficiencies.
2.1.3.Solid Oxide Fuel Cells (SOFC)

Solid oxide fuel cells are a high temperature class of cell that employ a thin ceramic
membrane as an electrolyte. Oxygen ions (O -) are the ionic charges carried across the SOFC
membrane and responsible for the half reactions at the anode and cathode. The ceramic
electrolyte is commonly made of two types of ceramic, Yttrian stabilized zirconia (YSZ) or
gadolinium doped ceria (GDC) [13]. Both operate as oxygen vacancy materials and are
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sufficient to handle a variety of temperature ranges including the high operating
temperatures of SOFC’s.

H2, H2O, CO, CO2

Anode
Fuel
-

OOOxygen

e-

Ceramic
Cathode

Load
e-

Figure 4 SOFC Structure

Figure 3 shows a schematic of a typical SOFC. Reactions occur at the boundaries of the
anode and cathode with the electrolyte. At the cathode, the incoming oxidant enters and
draws electrons from the electrolyte to form oxygen ions (O-). The resulting ions are
transported across the electrolyte to the anode side of the fuel cell. At the anode, high
temperatures can reform fuel to obtain hydrogen. This incoming hydrogen reacts to the
oxygen present at the electrolyte. Oxygen ions are drawn out to form water and electrons
are released at the anode. These electrons are then forced through an external circuit
generating electricity and sending electrons back to the cathode side of the cell.
The high operating temperatures of SOFC’s provide both advantages and disadvantages.
[5,11,14,15]. Advantages of SOFC’s include fuel flexibility, allowing the cell to work with many
different types of fuels including natural gas, methanol, and formic acid. Disadvantages
include problematic material issues associated with very high operating temperatures. This
includes cracking of the ceramic electrolyte, long start-up times, and sealing issues.
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2.1.4.Thermodynamics of Fuel Cells

Operation of fuel cells is heavily dependent on an understanding of thermodynamic
phenomena happening within the cell assembly. This section will be a brief overview on cell
thermodynamics and the governing equations that will be significant in the modeling of the
final system in Chapter 5.
The most important fuel cell parameters during the operation of the system are changes
in the enthalpy and Gibbs free energy of the cell. Equation 6 represents the enthalpy balance
for a chemical reaction.
∆𝐻𝑅𝑋𝑁 = ∑ 𝛾𝑃𝑅𝑂𝐷 ℎ𝑓,𝑃𝑅𝑂𝐷 − ∑ 𝛾𝑅𝐸𝐴𝐶𝑇 ℎ𝑓,𝑅𝐸𝐴𝐶𝑇
𝑃𝑅𝑂𝐷

(6)

𝑅𝐸𝐴𝐶𝑇

Where subscripts PROD and REACT correspond to the reactions products and reactants, and:
ℎ𝑓 = enthalpy of formation
𝛾 = Stoichiometric coefficient for each component
Equation 7 describes the hydrogen/oxygen fuel cell reaction in terms of standard enthalpies of
formation (0). Taken at 1 atm and 298 K, this results in a reaction enthalpy of -285.83 kJ/kmol.
∆𝐻𝐻0

1
2 +2𝑂2 →𝐻2 𝑂

1

0
0
0
= 1ℎ𝑓,𝐻
− (1ℎ𝑓,𝐻
+ 2 ℎ𝑓,𝑂
)
2𝑂
2
2

(7)

The change in Gibbs free energy of reaction determines the ideal open circuit potential of
the reaction. Equation 8 presents the balanced Oxygen and Hydrogen reaction, while equations
9 and 10 relates this to the voltage potential, E.
1

0
0
0
0
∆𝐺𝑅𝑋𝑁
= 1𝐺𝑓,𝐻
− (1𝐺𝑓,𝐻
+ 2 𝐺𝑓,𝑂
)
2𝑂
2
2

(8)

∆𝐺 = −𝑊𝐸𝐿

(9)

𝑊𝐸𝐿 = 𝑄 ∙ 𝐸

(10)
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The charge, Q, can be used to relate the total energy to the moles of reactants through
Faraday’s constant and the electrons per reaction, n, in equation 11. This derivation is summed
up by the energy balance of equation 12 relating the Gibbs energy to the open circuit voltage of
the reaction. For a hydrogen – oxygen reaction at STP, this voltage is 1.23 Volts.
𝑄 =𝑛∙𝐹

(11)

∆𝐺

∆𝐺 = −𝑛𝐹𝐸 𝑜𝑟 𝐸 0 = − 𝑛𝐹

(12)

The Nernst equation relates this reaction voltage to that which would be seen in a fuel cell
operating at conditions other than STP. Beginning with Van’t Hoff’s formula, equation 13, and
assuming the change in enthalpy is independent of temperature, the derivative with respect to
temperature becomes equation 14. Substituting for Gibbs energy with equation 12, this can be
re-written as equation 15.
∆𝐺 = ∆𝐻 − 𝑇∆𝑆
𝑑(∆𝐺)
𝑑𝑇

= −∆𝑆

𝑑(−𝑛𝐹𝐸)
𝑑𝑇

= −∆𝑆

(13)
(14)
(15)

Transforming and integrating this differential equation leads to the Nernst equation
dependent on temperature:
∆𝑆

𝐸𝑇 = 𝐸 0 + 𝑛𝐹 (𝑇 − 𝑇 0 )

(16)

To consider the composition effects on voltage chemical potentials of reactants and
products must also be considered.
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𝛿𝐺

𝜇𝑖𝛼 = (𝛿𝑛 )
𝑖

(17)
𝑇,𝑃,𝑛𝑗≠𝑖
𝛿𝐺

Where 𝜇𝑖𝛼 is the chemical potential of species i in phase 𝛼 and (𝛿𝑛 ) 𝑇,𝑃,𝑛𝑗≠𝑖 shows how
𝑖

much Gibbs free energy of the system changes for an infinitesimal change in the quantity of
species i. It is important to note that this equation holds temperature, pressure, and any
quantities of another species constant. The chemical potential can be related to concentrations
through the activity a
𝜇𝑖 = 𝜇𝑖0 + 𝑅𝑇𝑙𝑛(𝑎𝑖 )

(18)

The activity a is a function of partial pressures pi and p0 where pi is the partial pressure of
the gas, and p0 is the standard-state pressure (1 atm). Equations 17 and 18 are combined into
equation 19 and re-arranged into 20 using equation 12.
𝑑𝐺 = ∑𝑖 𝜇𝑖 𝑑𝑛𝑖 = ∑𝑖[𝜇𝑖0 + 𝑅𝑇𝑙𝑛(𝑎𝑖 )] ∙ 𝑑𝑛𝑖
0

𝜐

𝑖
∏ 𝑎𝑝𝑟𝑜𝑑

𝑅𝑇

𝐸 = 𝐸 − 𝑛𝐹 ln [

(19)

𝜐

𝑖
∏ 𝑎𝑟𝑒𝑎𝑐𝑡

]

(20)

Equation 20 is known as the Nernst equation. The Nernst equation outlines how the
reversible cell voltage varies as a function of species concentrations, gas pressures, etc. Using the
knowledge that activity is a function of partial pressures, and partial pressures are in turn a
function of component concentrations, the Nernst potential for a Hydrogen/Oxygen reaction can
be rewritten as equation 20, illustrating how the fuel cell operating voltage is dependent on the
temperature, pressure, and concentrations all present within the cell stack.
𝑅𝑇

𝐸 = 𝐸 0 − 𝑛𝐹 ln [
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𝑋𝐻2 𝑂

]

1

2
𝑋𝐻2 ∙𝑋𝑂

2

(21)

2.1.5.Fuel Cell Losses

Fuel cell power output depends on the operating voltage and operating current. A fuel cell
can be characterized by a set of j-V curves representing cell performances at different operating
temperatures or fuel concentrations [16]. These charts are often normalized by area to better
compare button cell tests to commercial scale cells. The open circuit potential, or OCV, given by
equation 21, represents the maximum voltage when no current is drawn. The shape of j-V curves
for fuel cells depends on the fuel cell reversible voltage and losses that occur during operation at
certain current density and voltage levels.
Three main types of losses are discussed throughout literature [16].


Activation losses (mainly influencing cells at lower current densities).



Ohmic losses (resulting in resistance across the electrolyte).



Concentration losses (occurring at higher current densities).

Initiating the electrochemical reaction requires a certain input of energy. This
“activation” energy corresponds to the barrier that must be overcome before the main reaction
proceeds. Ohmic losses are associated with the innate resistance of the material the electrolyte
is manufactured from. The final type of loss is concentration losses. These losses occur from the
restrictions on the transport of gases to the anode or cathode [16]. These losses typically occur
when the rate of fuel consumption is higher than diffusion. Local starvation of fuel at the reaction
sites reduces the activity and leads to a net output voltage loss.
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Figure 5 Fuel Cell Losses [31]

Figure 5 shows a typical j-V curve of a fuel cell. The dotted horizontal line shows an ideal
open circuit potential (for this example we will assume it is 1 Volt). The solid curved line is the
operating line of a fuel cell. Notice that at 0 current density the actual cell voltage does not equal
the open circuit potential. This is due to the initial activation loss common to all cells. As the
current density increases, the cell voltage falls nearly linearly due to resistances of the electrolyte.
At high current densities, the voltage falls rather quickly due to the concentration losses.
The combination of these three losses affect the total output voltage of the fuel cell. From
Figure 5 one can see that each type of loss dominates a certain region of current densities. For

the rest of this thesis and the resulting steady state analysis will only consider the Ohmic loss
region in the mid-current density range.
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Figure 6 Ohmic Losses

Ohmic losses are caused by the electrical resistance the charge must overcome while
traveling across the electrolyte. The resulting linear relationship, ‘V = IR,’ is captured in the
“Ohmic” region of Figure 6. Resistance across the electrolyte is a material property, and thus must
be tested directly or assumed from empirical data. The standard metric for comparing resistances
between fuel cells is the Area Specific Resistance (ASR). The ASR is the resistance of the
electrolyte normalized by the area of the fuel cell. Using the ASR enables quick calculation of
ohmic losses by multiplying ASR by the total current density of the cell.
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2.2. Gas Turbines

A gas turbine is a power generating device that uses a thermodynamic cycle called the
Brayton cycle, pictured in Figure 7. The ideal Brayton cycle typically consists of a compressor, a
mixing chamber (combustor), and an expander (turbine). The ideal Brayton cycle operates on a
four-step process, also labeled in Figure 7.

Figure 7 Simple Cycle Gas Turbine

1– 2) Isentropic Compression: Ambient fluid is drawn into the compressor and pressurized.
2 – 3) Isobaric Combustion: The fluid is ignited at constant pressure through a combustor.
3 – 4) Isentropic Expansion: The combustion process heats the air and lets it expand rapidly
to the turbine.
4 – 1) Isobaric Heat Rejection: The fluid exits the turbine back to ambient conditions. The
process of expansion and heat rejection spins the turbine, generating power to the
compressor and some work out.
The first law efficiency of an ideal Brayton cycle can be derived simply as the work in over
the heat in.
𝜂𝐵𝑟𝑎𝑦𝑡𝑜𝑛 =

𝑊̇𝑛𝑒𝑡
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𝑞̇ 𝑖𝑛

(22)

Cold-air-standard analysis can simplify the estimation of system efficiency by making a few
assumptions about the ideal Brayton cycle. Assuming constant mass flow and constant specific
heats, the change in enthalpy between two states can be re-written as ΔH=ṁ·Cp·ΔT.
For the four-step process of the ideal Brayton cycle listed above, one can now the efficiency of
the Brayton cycle as:
𝜂𝐵𝑟𝑎𝑦𝑡𝑜𝑛 =

𝑐𝑝 (𝑇𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑜𝑟 𝑜𝑢𝑡 −𝑇𝑡𝑢𝑟𝑏𝑖𝑛𝑒 𝑜𝑢𝑡 )− 𝑐𝑝 (𝑇𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 𝑜𝑢𝑡 −𝑇𝑎𝑖𝑟 )
𝑐𝑝 (𝑇𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑜𝑟 𝑜𝑢𝑡 −𝑇𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑜𝑟 𝑖𝑛 )

=

𝑐𝑝 (𝑇3 −𝑇4 )− 𝑐𝑝 (𝑇2 −𝑇1 )
𝑐𝑝 (𝑇3 −𝑇2 )

(25)

This equation can be simplified further to:
(𝑇 −𝑇 )

𝜂𝐵𝑟𝑎𝑦𝑡𝑜𝑛 = 1 − (𝑇1 −𝑇4)
3

(26)

2

Applying the isentropic relation (27), the Brayton cycle efficiency can be simplified to a simple
function of the pressure ratio (28). This calculation of cycle efficiency becomes more complicated
when realistic efficiencies are considered for the compressor and turbine.
𝑇𝑖𝑛
𝑇𝑜𝑢𝑡

𝑃

= (𝑃 𝑖𝑛 )

𝛾−1
)
𝛾

(

𝑜𝑢𝑡

𝑃

𝜂 = 1 − (𝑃 𝐼𝑛 )
𝑂𝑢𝑡

𝛾−1
)
𝛾

(

(27)

(28)

2.3. Heat Exchangers

Heat exchangers are widely used engineering devices that transfer heat between one or
more fluids. These fluids can be in direct contact, or separated by a barrier to prevent mixing.
Heat exchangers are employed in gas turbine and/or fuel cell systems to either lower the
temperature of a fluid as it enters a component, or pre-heat the fluid as it enters the component.
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Heat exchangers are classified by their flow arrangements. In a parallel-flow arrangement,
two or more fluids enter the same side of the heat exchanger and transfer heat as they flow
parallel to each other. Counter-flow heat exchangers have two or more fluids enter at opposite
ends of the component, and exchange while flowing opposite each other. Cross-flow exchangers
allow the fluids to enter and flow perpendicular to each other while exchanging energy. In a fuel
cell gas turbine hybrid, cross flow heat exchangers enable heat recuperation to help preheat
components and recycle waste heat.
2.4. Oxygen Transport Membrane

This study introduces a new component to the fuel cell gas turbine hybrid. Oxygen transport
membranes are used in industry today to separate oxygen for oxy-combustion and syngas
production. They are ionic transport membranes that are fabricated from mixed-conducting
ceramic oxides that can conduct ions at elevated temperatures, much like a SOFC [17,18]. Oxygen
transport is accomplished by the hopping of oxygen ions through vacant sites in porous materials
such as perovskites [19,20] under an oxygen partial pressure driving force, as depicted in Figure
8. Oxygen transport membranes produce high purity, high flux separation of oxygen from a
compressed inlet air stream [21,22].
The oxygen flux has been found to be commercially viable for production of both oxygen and
syngas using partial oxidation of methane [23,24,25,26]. High purity oxygen is released from the
OTM at significantly lower pressures than the inlet stream. The resulting non-permeate stream
of depleted oxygen has a minimal pressure drop from the loss of concentration. Production of
syngas can be accomplished by oxidizing a sweep gas on the permeate side of the membranes
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[27]. Transport membranes have also been integrated in gas turbine systems to produce an OTMGT hybrid [21,28]. These systems produce pure oxygen for the combustors and rely on oxycombustion.

Figure 8 Praxair Oxygen Transport Membrane

Problems in transport membranes have arisen from degradation of the permeate side of the
membrane due to tainted sweep gases and pressure gradients damaging the membranes over
time. Introduction of transport membranes into a gas turbine system lead to rises in membrane
temperature, thus degrading the membrane even faster [29]. Derivations of the OTM system will
be presented in Chapter 4.
2.5. Hybrid Systems (FC-GT)

Hybrid systems combine two or more power generating devices and make use of the
cooperation between them to maximize the power output as well as system efficiency. These
systems include combined heat and power systems (CHP), hybrid vehicle engines, and the focus
of this study, fuel-cell gas turbines (FC-GT).
The performance of a FC-GT hybrid systems is realized through the thermal coupling of an
electrochemical generator and a classic heat engine. Fuel cells bypass the entropy generation of
combustion and directly convert a fuel’s stored chemical potential into electric power. Fuel cells
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cannot, however, utilize 100% of the fuel provided and they generate significant heat from the
inefficiencies of the electrochemical process. The hybrid arrangement utilizes this heat and waste
fuel in the anode off-gas to drive the gas turbine’s turbomachinery. In return, the turbine
provides the air flow that sustains the electrochemistry and manages the thermal balance of the
stack. In topping cycle configurations, the fuel cell is pressurized and placed immediately
upstream of the combustor.
David J. White [6] wrote that although the inclusion of fuel cells into gas turbine-like
machinery was a novel idea emerging in the early nineties, the concept would not be taken
seriously until high temperature fuel cells (such as the SOFC) became commercially viable. As
manufacturing costs of fuel cells have fallen, the FC-GT hybrid configuration has become an
attractive option for power production.
2.5.1.De-Coupled Fuel Cell Gas Turbine

Figure 9 illustrates the configuration of a de-Coupled Fuel Cell Gas Turbine (dFC-GT). The
OTM operates on a pressure differential and de-couples the fuel cell from the gas turbine by
separating a portion of the oxygen from the primary air stream. It then diverts the pure oxygen
feedstock to the fuel cell. The remaining oxygen depleted air is heated in the post-combustor and
expanded in the turbine to drive the compressor and generate additional power. The precombustor is necessary to preheat the exiting compressor flow to nominal OTM operating
conditions.
The OTM is more compact than the SOFC it replaces, and the impact to the primary air flow
is minimal. This minimal impact enables the dFC-GT to be envisioned as a retro-fit technology. By
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only interrupting the mass flow of the gas turbine through the OTM, the fuel cell may be
integrated to the system with minimal risk of losing surge margin. The compressor/OTM/turbine
now make up the gas turbine portion of the dFC-GT, while the SOFC becomes a separate, yet
integrated power generating system.
The SOFC reforms a hydrocarbon fuel to produce hydrogen for the electrochemical reactions.
This pressurized, pure oxygen fed SOFC will be referred to as the Oxy-FC, and was conceptualized
by McLarty et al. [30]. In the standard topping cycle, waste heat from the fuel cell, supplemented
by oxidation of unused hydrogen, drives the turbine. This classical FC-GT configuration replaces
low efficiency heat engine combustion with heat from the fuel cell to power the heat engine.
Unlike previous hybrids, the dFC-GT recovers the fuel cell waste heat as H2 through steam
reformation of additional fuel. The resulting excess hydrogen can either be recovered as a
secondary fuel product or displace fuel used to drive the turbine cycle. By replacing some or all
the fuel necessary to sustain the turbine and generate power, avoiding the parasitic demands of
a typical SOFC air handler and recovering fuel cell waste heat as chemical energy, the hybrid
arrangement achieves remarkable performance. Power is generated by both the gas turbine and
Oxy-FC.
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Figure 9 Schematic of de-coupled FC-GT (dFC-GT)

The dFC-GT relies on the ability of the SOFC to internally reform steam to thermally balance
the system. This has been proposed by many to reduce excess equipment of high temperature
heat exchangers and large blowers to recirculate air or cold by-passes to cool the fuel cell [31].
Real world tests of internal steam reformation for thermal balancing have not succeeded as the
thermal gradients across the fuel cell are challenging to estimate and the reformation reaction
cannot be controlled [31]. External reformation has also been investigated [32] but internal
reformation results in better performance given the same optimal cell temperature. For this
reason, this design analysis will focus on internal reformation to balance the thermal energy of
the fuel cell component.
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Supplying pure oxygen to the SOFC cathode increases the operating voltage and/or power
density of the fuel cell [30]. Lower hydrogen utilizations are achieved and excess hydrogen is sent
out in the exhaust of the fuel cell. This hydrogen is used to fire the turbomachinery, but may also
be recirculated to help the reformation process of steam. Pressurization of the SOFC component
may help the reformation reaction, but more tests need to be conducted.
The de-coupled arrangement proposed is more compatible with existing gas turbines as a
retro-fit technology. Maintaining the surge margin and removing the thermal inertia of the SOFC
system should retain the transient capability of a peaking generator. The fuel cell is
independently controllable since the oxygen flux to the fuel cell can be independently controlled
by changing the back pressure of the OTM. The de-coupled system can operate as a classic gas
turbine or an advanced hybrid system as demands change.
2.6. Economics

As stated previously, the world is at a crossroads of cost and technology. Energy prices are
rising yet improved technologies costs continue to fall. This dichotomy stems from the everevolving manufacturing processes of power systems and energy storage devices, and our
insatiable desire for more and more energy. Nowhere is this clash more apparent than in
California. The duck-curve [33], shown in Figure 10 shows the projection of energy need versus
ramp up capabilities of classic gas turbine power plants in California. The cheaper prices of solar
PV technology have made it a staple in the residential and commercial sectors but create deeper
troughs for traditional coal and natural gas plants to ramp up in order to meet peak load demands
[34,35].
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Figure 10 California's "Duck Curve" [33]

The duck curve is one example that demonstrates the need to optimize our existing
infrastructure to handle the peak demands as we increase the unpredictable renewable
contribution to the grid. Peak demand loads are currently met through a combination of energy
storage i.e. batteries, and ‘peaking’ power plants [36]. ‘Peaker’ plants are fossil fuel gas turbine
plants that remain in idle, but ramp up quickly to meet peak demand if the grid can’t handle the
load. Capital investment and cost of implementing new technology hinders the development of
optimizing our energy infrastructure, therefore, the system proposed in this thesis looks to act
as a retro-fit technology to ‘peaking’ power plants. Retro-fit power systems add components to
an existing power generation device to improve either its efficiency and/or power.
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Retro-fitting the generation systems already in use today not only saves in costs, but also
paves a link between the fossil fuel past, and renewable fuel future. The dFC-GT demonstrates
this capability in three ways:
1) By acting as a retro fit system for optimization of existing power generating gas turbines.
2) Optimizing micro-turbine efficiency for residential and/or commercial applications.
3) Providing a hydrogen generation component to further expand hydrogen infrastructure.

27

3. Literature Review
This chapter will give an overview of current research into SOFC and FC-GT technology. The
aim of this chapter is to establish a base for which the following results and models of this thesis
may stand on. Descriptions of different modeling approaches of fuel cells and hybrid
configurations will help the reader understand this thesis’ final model.
3.1. Modeling Approaches

Modeling has become essential in evaluating the performance and feasibility of hybrid
systems. High cost of equipment and risk of destroying crucial pieces of the system have driven
researchers to develop many different models for analyzing proposed systems. The most difficult
model to create in a FC-GT hybrid is the SOFC. Differences in modeling rely on the desired output
and configuration of the system. Current fuel cell models are capable of single-cell or multi-cell
stack arrangements.
3.1.1.Fuel Cells

Bulk models (sometimes referred to as lumped models) were the first to be used in fuel cell
modeling [37]. Bulk models do not capture any spatial variation in gas concentrations or reaction
rates. Bulk models must be calibrated for a specific operating condition, and fail to capture
performance under changing conditions, such as in a design study.
More detailed models rely on spatial information, concentrations, heat transfer, or mass
transfer. For spatial models the fuel cell is often given a fixed size (in the design phase) or a known
cell’s dimensions are input to the model. Using the dimensions and breaking the cell into nodes
allows for the distribution of temperature, mass, or electric parameters such as voltage and
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current to be calculated along the length of a fuel cell. Palsson [40], McLarty [30], and others use
these detailed models to more accurately describe the thermodynamic phenomena occurring
across the fuel cell. This thesis will rely on a combination of detailed nodal model and bulk
models. The nodal model will be used for a single cell analysis, while the bulk will take the single
cell results and increase it to stack size for gas turbine integration.
3.1.2.Gas Turbines

Gas turbine modeling has been utilized to examine performance and efficiency of
turbomachinery. Because gas turbines are widely used machines the modeling techniques
governing them are relatively similar. Gas turbines operate on the Brayton thermodynamic cycle,
and thus thermodynamic relations can be used to model their behavior and overall efficiency.
Chinda et al [41] utilized isentropic relations to model gas turbine behavior by using design
pressure ratios and solving for outlet temperatures of the compressor and turbine. Solving for
changes in temperatures allows for the change in enthalpies and thus total power consumed by
the compressor and generated by the turbine can be calculated. Often time’s initial calculations
through thermodynamic relations are refined using real-world data and compressor efficiency
maps. McLarty et al [15], in their paper on FC-GT optimization used compressor maps and
normalized cathode air flow in a hybrid system to size and model optimal turbine size for a given
fuel cell. This thesis will rely on steady state analysis and constant air flow to the inlet of the
compressor. As such, isentropic relations will be employed to model gas turbine behavior and
optimal sizing for fuel cells.
3.2. FC-GT Hybrids
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Fuel cell gas turbine hybrids have been theorized by many throughout the latter part of the
1990’s and into the early 2000’s [42]. Since its inception, the hybrid FC-GT has been extensively
studied and repeatedly shown its promise as an ultra-high efficiency and near-zero emission
technology [14,15].

Investigations into FC-GT applications have ranged from locomotive

applications [43], to CO2 sequestration plants [37], all the way to energy production through
distributed generation systems [44], as well as plant scale systems [1]. Aerospace applications for
hybrid systems have also been investigated by NASA, Boeing, Airbus, and others [45,46]). FC-GT
hybrids have demonstrated efficiencies as high as 56% [47,48], while proposed systems could
achieve efficiencies as high as 75% [49].
An efficient hybrid must precisely balance both the energy and mass flow of the two systems.
Thermal energy given off by the SOFC and chemical energy entrained in the anode off gas must
meet turbine requirements. The mass flow of air driven by the turbine must maintain the thermal
tolerances of the SOFC [15,3]. Pre-heating is often required to operate the cell stack efficiently
otherwise degradation of the cell material can be expedited [3].
Many configurations of SOFC based hybrid systems have been investigated [41] [3,4] [49]
[1,3,4,37,41,49]. Different configurations of FC-GT’s depend mainly on the size of the system,
power generation needed, and capital cost [50,51,52]. The arrangement of topping cycles (fuel
cells placed before the turbine), bottoming cycles (cells placed after the turbine), or a
combination of both have presented a library of challenges for those who wish to design and
manufacture fuel cell gas turbine hybrids.
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McLarty et al investigated the sub-optimal performance of integrating SOFC’s with
turbomachinery in a topping cycle configuration. Hybridization introduced mismatched
dynamics, and off-design performance did not perform as expected. They found that the tightly
coupled thermal and mass integration hinders dynamic response, as the large thermal mass of
the fuel cell increases thermal inertia of the system, which then requires a larger surge margin in
the turbomachinery, and limits the time-scale of response [14]. Noriko [11] also cited the startup and turn-down times in topping cycle FC-GT’s to be a challenge. SOFC’s take significantly
longer time to reach operational temperature and/or shut down compared to a gas turbine. Gas
turbines, particularly ‘peaker’ plants are utilized in the energy market for their fast response to a
dynamic electric load [53]. Thus, fast responding topping cycle FC-GT’s require additional preheating for operation.
Traverso et al [54] attempted to model off-design turbine performance of a topping-cycle
hybrid while assuming fixed fuel cell performance parameters. In their publication, the authors
attempted to control the either the fuel flow rate to the turbine, or the electrical current of the
fuel cell. The efficiency of the system was near 60% FTE at nominal turbine and fuel cell sizing.
The authors noted, however, that this balance can only be achieved with appropriately sized
equipment (i.e. fuel cell and turbine) and at precisely one operating condition, a result found by
other authors as well [55]. The modeled hybrids were found to not be marketable for distributed
electric markets or cogeneration plants due to poor part-load and off-design performance.
Song et al [38] attempted to scale a small (<kW) FC-GT topping cycle hybrid to a multi-MW
class for large power generation. They incorporated off-design models of both the fuel cell and
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the gas turbines in their modeling study. Their research relied on modeling a varying fuel flow
rate to the fuel cell or gas turbine, or varying the incoming air to the GT system. It was found that
simultaneous control of two of the three variables resulted in increased efficiencies from 35% to
58%. The configuration was limited by high temperature gradients across the SOFC however.
Operational prototypes [56] have achieved system integration through the introduction of
multiple ancillary systems such as heat exchangers, combustors, and afterburners. These
prototypes have found that introducing more components to the system without a way to control
the parameters of the highly coupled system increased the risks of turbine failure and/or
decreases in the overall efficiency of the system. The resulting analyses become gross over
and/or under estimation of the design parameters and system performance.
3.2.1.

FC-GT Economics

The market for FC-GT hybrids is limited by high capital cost [52] – specifically in the SOFC
component. And continued problems in maintaining steady stack temperature while minimizing
degradation of the components [57]. With high risk and higher cost of power generating fuel
cells, the market for FC-GT’s has yet to become novel. These problems have slowed development
of FC-GT hybrids, and will continue to so long as novel system configurations and/or affordable
components continue to evade us.
3.3. System Pressurization

It is well noted in literature that higher pressures increase the open circuit potential of a fuel
cell. Winkler et al [37] proposed a topping cycle system where the fuel cell was taken out of the
working fluid of the gas turbine through a series of pumps and blowers. The system was still
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tightly coupled thermally and lacked sufficient controls to control the air flow directed to the
SOFC. Parasitic compression for the fuel cell operation decreased efficiency and increased cost
of the system as well.
The first tests of a pressurized FC-GT prototype were conducted at the University of
California, Irvine in 2001 [58]. The hybrid system used a tubular fuel cell system producing 180
kW and was paired with a 75-kW Ingersoll-Rand turbine. The system could produce 220 kW over
2900 hours of testing at the National Fuel Cell Research Center. The fuel cell remained
pressurized by being placed within the working fluid of the GT. Pressurization of the fuel cell stack
within the turbine introduced the problem of balancing the thermal energy of the SOFC
component. McLarty et al believed that control systems, such as bypass or recirculation, which
partially de-couple the air flow rate between the turbine and fuel cell were necessary to expand
the operating range with some trade-off in peak efficiency [59]. Others [52,60,61] have proposed
alternative configurations for the FC-GT hybrids where internal reformation of natural gas
provided the necessary thermal balance for the pressurized fuel cell. This proposal has shown
promise if the reaction kinetics of steam reformation can be properly modeled and controlled
within the pressurized cell stack.
Kuchonthara et al [62] investigated the effects of GT pressure ratios and turbine inlet
temperatures on total FC-GT system efficiencies. Their modeled SOFC-GT incorporated both heat
recovery and steam recovery to push the GT system of the hybrid to even higher efficiencies.
They concluded that low TIT’s required low pressure ratios to avoid excess fuel being consumed
in the GT and allow for reasonable heat and/or steam to be recuperated. They also concluded
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the corollary. High TIT’s gained additional efficiency points at high pressure ratios due to a
pressurized fuel cell and additional expansion power in the turbine. As such, this thesis will
maintain high TIT’s for dFC-GT modeling. Micro-turbine arrangements with low pressure ratios
will be given a constant TIT as well, albeit lower than the original dFC-GT’s TIT.
To summarize, literature and experimentation have unveiled common issues delaying the
advancement of FC-GT’s. These issues include:
1) The highly coupled nature of the hybrid system.
2) The mismatched dynamics during off-design operation, including increased surge/stall
risk.
3) Thermal balancing of a pressurized SOFC system.
4) High capital investment.
5) Dynamic response of the system.
This steady-state study will aim to address issues 1-4 by de-coupling the FC-GT hybrid. In decoupling the system, additional controls will be introduced to help account for mismatched
dynamics. Pressurization of the fuel cell in this study will be accomplished with a small parasitic
compressor, and thermal balance of the fuel cell will be accomplished through internal steam
reformation. This study aims to also reduce the high capital costs of FC-GT hybrids by envisioning
the proposed system as a retro-fit to existing GT systems. De-coupling the system could also allow
the gas turbine to maintain transient capability and not hinder dynamic response, but that is
beyond the scope of this study.
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4. Component Models
This chapter will describe the complete model that utilizes first-principles to analyze the
performance and designate a design space for the de-coupled FC-GT. It is assumed that internal
steam reformation is capable of thermally balancing the fuel cell, and thermal gradients are not
varying dynamically. Two engines are considered, a single-spool axial flow gas turbine and a
smaller radial flow micro-turbine with exhaust regeneration. Both engines contain
turbomachinery of a gas-turbine (compressor, turbine), a gas turbine combustor, SOFC, and OTM
modules. The micro-turbine system includes a built-in heat exchanger to recover thermal energy
from the turbine effluent. Advanced cycles with intercooling or heat recovery steam generators
are not considered in this preliminary analysis.
4.1. Compressor/Turbine Model:

The primary compressor which is driven by the turbine compresses ambient air to the
operating pressure of the turbine. A secondary compressor re-compresses the cooled oxygen
permeate back to the operating pressure of the fuel cell. The isentropic efficiency definition for
a compressor (29) is used in conjunction with an energy balance (30) and a property calculation
(29,30) to estimate the compression work and outlet temperature of each compressor. The net
power of the turbomachinery includes the efficiency of the turbine (27) as well. Efficiency of the
compressor was based on specifications of common gas turbines, and NIST’s tool REFPROP was
utilized for property calculations
ℎ𝑠 −ℎ𝑖𝑛

𝜂𝐶 = ℎ

(29)

𝑊̇ = 𝑚̇(ℎ𝑖𝑛 − ℎ𝑜𝑢𝑡 )

(30)

𝑜𝑢𝑡 −ℎ𝑖𝑛
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1−

1
𝛾

𝑇𝑠 = 𝑇𝐼𝑛 ∙ 𝑃𝑟𝑎𝑡𝑖𝑜

(31)

ℎ𝑠 = ℎ(𝑃𝑜𝑢𝑡 , 𝑠𝑖𝑛 )

(32)

𝜂𝑇 =

ℎ𝐼𝑛 −ℎ𝑜𝑢𝑡
ℎ𝑖𝑛 −ℎ𝑠

(33)

4.2. OTM MODEL:

OTM operation balances oxygen flux and degradation with typical operating temperatures
near 800°C. Operating conditions for the OTM will vary slightly with specific material properties
of the manufacturer, but generally accepted operating temperatures range from 700-900°C [21,
22, 26-28]. High compression ratios or exhaust heat recovery can raise the incoming air stream
to these temperatures, but some pre-heating via a pre-combustor may be required between the
OTM and compressor, determined by equation 28.
𝑄𝑃𝑟𝑒ℎ𝑒𝑎𝑡 = 𝑚̇(ℎ800°𝐶 − ℎ𝐶,𝑂𝑢𝑡 )

(34)

The actual oxygen flux through an OTM is highly dependent upon the material properties,
operating temperature, and oxygen partial pressures. To maintain generality this paper will
consider oxygen separation as a percent of maximum theoretical recovery, RT, defined as the
limiting case where partial pressures in the permeate and non-permeate streams are balanced.
Balancing these partial pressures results in (35) where 𝑋𝑓𝑒𝑒𝑑 is the inlet composition and 𝑃𝑂𝑇𝑀 is
the permeate pressure and PGT is the turbomachinery operating pressure. The actual molar flux
of oxygen separated from the compressed air stream is found by (36) where α is the ratio of
actual recovery to theoretical recovery.
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(1−𝑋𝑓𝑒𝑒𝑑 )∗𝑃𝑂𝑇𝑀

𝑅𝑇 = 1 − 𝑋

𝑓𝑒𝑒𝑑 (𝑃𝑖𝑛 −𝑃𝑂𝑇𝑀 )

𝑛̇ 𝑂2 = 𝛼𝑅𝑇 ∙ 𝑋𝑓𝑒𝑒𝑑 ∙

𝑚̇𝐶,𝑜𝑢𝑡
ℳ

(35)

(36)

Lower permeate pressures correspond to higher recovery rates (𝑅𝑇 ). Actual O2 recovery is
significantly less than RT, and is dependent upon the area specific flux. Larger surface areas of
OTM increases the net oxygen recovery with exponentially diminishing returns due to the lower
driving force of partial pressure difference. In practice 75% of theoretical recovery showed the
greatest potential for commercialization as an oxygen production system [63,64,65]. In a dFC-GT
arrangement a significantly lower recovery rate may be practical.
4.3. Fuel Cell Model:

A nodal electrochemical model captures the energy and mass balance of the fuel cell. The
nodal model allows for analysis of current density, electrochemical reactions, and voltages across
a design length of a fuel cell. At a constant ASR, the current density distribution can be plotted
along the length of the cell.
Given the operating conditions of the fuel cell several simplifications can be made. The
first assumes an indirect internal reformer which allows for complete conversion of methane
through steam reforming prior to the fuel stream reaching the anode flow channels. Thus, the
net flow out of the fuel cell can be found with (37), where 𝑛̇ 𝐶𝐻4 is the supply of natural gas. The
water gas shift reaction, CO + H2O  H2 + CO2, is given an effectiveness, εwgs. And has an energy
0
release of 𝛥ℎ𝑤𝑔𝑠
. Assuming 100% oxygen utilization allows the number of cells, N, to be directly
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correlated to the oxygen flux of the OTM and the average electrical current density, iavg, as
identified in (38).
𝑛̇ 𝑜𝑢𝑡 = 3𝑛̇ 𝐶𝐻4

(37)

𝑛̇ 𝑂2 ∙4𝐹

𝑁=

(38)

𝑖𝑎𝑣𝑔 ∙𝑤∙𝐿

The open circuit voltage, E(x), is calculated from the temperature, pressure, and reactant
concentrations of the anode and cathode as a function of position, x, in the anode flow direction
(39). The operating pressure of the fuel cell is assumed to be at or slightly above the turbine inlet
pressure, PGT.

𝐸(𝑥) =

−∆𝐺𝑟𝑥𝑛
2𝐹

−

𝑅𝑇

𝑋𝐻2 𝑂(𝑥)

ln (

1
𝑃𝐺𝑇 2
𝑋𝐻2 (𝑥)∙𝑋𝑂2 ∙(
)
100𝑘𝑃𝑎

𝐹

)

(39)

The concentrations of the steam and hydrogen, 𝑋𝐻2 𝑂 and 𝑋𝐻2 , are calculated as a function of
position, (40) and (41), with the oxygen concentration, 𝑋𝑂2 , equal to 1 across the entire cathode.
𝑋𝐻2 (𝑥) = 1 +
𝑋𝐻2 𝑂 (𝑥) =

𝜀𝑊𝐺𝑆
3

2𝑛̇ 𝑂2 ∙𝑟
3𝑛̇ 𝐶𝐻4

−

−

2𝑛̇ 𝑂2 ∙𝑟
3𝑛̇ 𝐶𝐻4

1+𝜀𝑊𝐺𝑆
3

𝑊(1−𝑟)

− 6𝐹∙𝑛̇

𝐶𝐻4

𝑊(1−𝑟)

+ 6𝐹∙𝑛̇

𝐶𝐻4

𝑥

∫0 𝑖(𝑥)𝑑𝑥

(40)

𝑥

∫0 𝑖(𝑥)𝑑𝑥

(41)

The percent of anode exhaust recirculation necessary to achieve sufficient steam to
carbon ratio, S2C, to avoid coking is represented by r.
𝑆2𝐶 =

𝑟
𝑛̇ 𝐶𝐻4

∙[

2∙𝑛̇ 𝑂2 − (1+𝜀𝑊𝐺𝑆 )∙𝑛̇ 𝐶𝐻4
(1−𝑟)

]

(42)

The current distribution, i(x), can then be solved iteratively using (43) subject to the average
current density constraint of (44) and steam to carbon ratio constraint of (42). The area-specificresistance, ASR, is assumed to be known and constant.
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𝑖(𝑥) =

𝐸(𝑥)−𝑉

(41)

𝐴𝑆𝑅

𝐿

∫0 𝑖(𝑥)𝑑𝑥 ∙ 𝑤 = 𝐽 = 𝑛̇ 𝑂2 ∙ 4𝐹

(42)

𝐽 = 𝑛̇ 𝑂2 ∙ 4𝐹

(43)

The fuel flow rate is calculated such that the stack achieves thermal equilibrium between
0
the heat released in the electrochemical reactions, 𝛥ℎ𝐻
, and the water-gas-shift, and the
2
0
endothermic cooling of the steam methane reforming, 𝛥ℎ𝑠𝑚𝑟
. Equation 38 is solved such that ΔE

= 0, in conjunction with equations 37 to 43. Hydrogen utilization within the stack is computed
from the current and the potential H2 supplied to the cell per equation 45. An energy balance can
then be derived to solve for the flow of 𝑛̇ 𝐶 𝐻4 required to balance the system. The energy balance
depends on the flow and specific enthalpies of the components entering the system, the flow
and energy leaving the system, and the reactions occurring within the cell (𝑄̇𝐺𝑒𝑛 ) as well as the
reactions in the reformer (𝑄̇𝑅𝑒𝑓𝑜𝑟𝑚 ).
Δ𝐸 = 𝑄̇𝐺𝑒𝑛 − 𝑄̇𝑅𝑒𝑓𝑜𝑟𝑚
0
−∆ℎ𝐻
2

𝑄̇𝐺𝑒𝑛 = (

(44)

− 𝑉) ∙ 𝐽 ∙ 𝑁

(45)

0
0
𝑄̇𝑅𝑒𝑓𝑜𝑟𝑚 = 𝑛̇ 𝐶𝐻4 ∙ [𝜀𝑊𝐺𝑆 ∙ ∆ℎ𝑤𝑔𝑠
+ ∆ℎ𝑠𝑚𝑟
]

(46)

4𝐹

𝐽∙𝑁

𝑈𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 = 8𝐹∙𝑛̇

𝐶𝐻4

(47)

The concentrations of carbon dioxide and carbon monoxide at the anode exit can be found using
(48) and (49).
𝑋𝐶𝑂2 (𝐿) =

𝜀𝑊𝐺𝑆 (1−𝑟)
3

𝑋𝐶𝑂 (𝐿) = 1 − 𝑋𝐶𝑂2 (𝐿) − 𝑋𝐻2 (𝑥)−𝑋𝐻2 𝑂
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(48)
(49)

Total power and efficiency of the cell stack based on the power out, and the energy of the fuel
supplied to the stack can finally be calculated as:
𝑊̇𝐹𝑢𝑒𝑙 𝐶𝑒𝑙𝑙 = 𝑉 ∙ 𝐽 ∙ 𝑁
𝜂𝐹𝑢𝑒𝑙 𝐶𝑒𝑙𝑙 = 𝑛̇

𝑊̇𝐹𝑢𝑒𝑙 𝐶𝑒𝑙𝑙
𝐶𝐻4 ∗𝐿𝐻𝑉𝐶𝐻4

(50)
(51)

4.4. Combustor Model

The pre-combustor raises the temperature of the compressed air to the operating
temperature of the OTM, while the post-combustor raises the temperature further to that of the
turbine inlet temperature. The working fluid of the turbine- oxygen depleted air – is heated by
burning either natural gas or the anode exhaust products of the fuel cell. Turbine inlet
0
0
temperatures are found solving the energy balance of (48) and reaction enthalpies: ∆ℎ𝐶𝐻
, ∆ℎ𝐶𝑂
,
4
0
∆ℎ𝐻
, corresponding to the combustion of CH4, CO, and H2 respectively. Under some operating
2

conditions the fuel cell exhaust contains insufficient chemical energy to raise the products to the
desired turbine inlet temperature. Under these conditions, make-up fuel is provided. Under
different conditions there is excess hydrogen in the anode exhaust which must be extracted prior
to combustion to prevent overheating the turbine. Under the ideal scenario, the wasted fuel of
the fuel cell provides precisely the energy desired by the turbine. A steady state analysis can
determine the relative size of the two components that results in this complementary integration
under different operating conditions i.e. current density, for the fuel cell.
0
0
Δ𝐸 = 𝑛̇ 𝑎𝑖𝑟 ℎ𝑎𝑖𝑟 + 𝑛̇ 𝐴𝑛𝑜𝑑𝑒 (ℎ𝐴𝑛𝑜𝑑𝑒 + 𝑋𝐶𝑂 (𝐿) ∙ ∆ℎ𝐶𝑂
+ 𝑋𝐻2 (𝐿) ∙ ∆ℎ𝐻
)
2

(52)

In situations where the anode exhaust does not contain sufficient energy to power the
turbomachinery, additional fuel balances the energy equation. The highly humidified combustor
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fuel burned in the low oxygen residual air likely decreases pollutant formation considerably.
System Integration

Hybrid system performance was calculated by summing the outputs of the two
generating components (equations 24, 46) and accounting for all heat addition steps. 𝑄𝑃𝑟𝑒𝐻𝑒𝑎𝑡
is the name given to the variable that accounts for the pre-heating need of the OTM. This value
increases the heat flow into the system and lowers the system efficiency, thus it is more
beneficial to arrange the dFC-GT in such a way that pre-heating can be reduced and greater
system efficiencies may be achieved.

𝜂𝑑𝐹𝐶−𝐺𝑇 =

𝑊̇𝑇 −𝑊̇𝐶1 −𝑊̇𝐶2 +𝑊̇𝐹𝑢𝑒𝑙 𝐶𝑒𝑙𝑙
(𝑛̇ 𝐶𝐻4 +𝑛̇ 𝑠𝑢𝑝 )∙𝐿𝐻𝑉𝐹𝑢𝑒𝑙

(53)

Equation 53 outlines the values governing the system performance of the dFC-GT. The
total power of the hybrid system is calculated from the power produced by both the fuel cell and
the gas turbine. The total power is reduced by a parasitic compressor needed to re-pressurized
oxidant flow to the fuel cell (see Figure 9). The energy of fuel input to the system is calculated
using lower heating values of the chemical components within the fuel. Combustor fuel is
assumed to be pure natural gas (𝐶𝐻4 ) while the anode fuel is combination of hydrogen (𝐻2 ),
carbon monoxide/dioxide (𝐶𝑂, 𝐶𝑂2), and water (𝐻2 𝑂). The LHV of each chemical component
present in the system is outlined in Table 2Table 1.
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Table 1 Lower Heating Values of Chemical Components

Molecule

Lower Heating
Value (LHV)

Unit

𝐶𝐻4
𝐶𝑂
𝐶𝑂2
𝐻2
𝐻2 𝑂
𝑂2
𝑁2

802,301.00
283,004.70
0.00
241,826.40
0.00
0.00
0.00

kJ/kmol
kJ/kmol
kJ/kmol
-
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5. Steady State Analysis
The primary thermodynamic difference between dFC-GT and other hybrid configurations
is that the dFC-GT recovers all the fuel cell waste heat as hydrogen which is then converted to
heat at higher temperature in the combustor. This arrangement thus enables intermediate and
low temperature SOFC technology to achieve the same thermal integration originally envisioned
for SOFC operating more than 1000°C. The primary mechanical difference is the removal of the
SOFC from the turbine working fluid, maintaining turbine stability during transient operation.
Pressurization of the SOFC improves performance and allows for direct use of the exhaust
without re-pressurization prior to the combustor. Figure 11 presents a high-level visualization of
the dFC-GT energy balance as a series of black boxes, represented by equations 54-56.

𝑚̇𝑓𝑢𝑒𝑙 ℎ𝑓𝑢𝑒𝑙

𝑚̇𝑎𝑛𝑜𝑑𝑒 ℎ𝑎𝑛𝑜𝑑𝑒

𝑚̇𝑜𝑥𝑖𝑑𝑎𝑛𝑡 ℎ𝑜𝑥𝑖𝑑𝑎𝑛𝑡
𝑄̇𝑃𝑟𝑒ℎ𝑒𝑎𝑡

𝑊̇𝐹𝐶

Fuel Cell
𝑚̇𝑂𝑇𝑀 ℎ𝑂𝑇𝑀

OTM

Combustor

𝑚̇𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑜𝑟 ℎ𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑜𝑟

𝑚̇𝑖𝑛 ℎ𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟
𝑚̇𝑖𝑛 ℎ𝑖𝑛

GT
Figure 11 Black box diagram of dFC-GT
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𝑚̇𝑜𝑢𝑡 ℎ𝑜𝑢𝑡
𝑊̇𝐺𝑇

For the gas turbine/OTM:
𝑚̇𝑖𝑛 ℎ𝑖𝑛 + 𝑚̇𝑎𝑛𝑜𝑑𝑒 ℎ𝑎𝑛𝑜𝑑𝑒 + 𝑄̇ 𝑃𝑟𝑒ℎ𝑒𝑎𝑡 = 𝑚̇𝑜𝑥𝑖𝑑𝑎𝑛𝑡 ℎ𝑜𝑥𝑖𝑑𝑎𝑛𝑡 + 𝑚̇𝑜𝑢𝑡 ℎ𝑜𝑢𝑡 + 𝑊̇𝐺𝑇

(54)

Where 𝑚̇𝑎𝑛𝑜𝑑𝑒 ℎ𝑎𝑛𝑜𝑑𝑒 and 𝑚̇𝑜𝑥𝑖𝑑𝑎𝑛𝑡 ℎ𝑜𝑥𝑖𝑑𝑎𝑛𝑡 connect to the fuel cell:

𝑚̇𝑜𝑥𝑖𝑑𝑎𝑛𝑡 ℎ𝑜𝑥𝑖𝑑𝑎𝑛𝑡 + 𝑚̇𝑓𝑢𝑒𝑙 ℎ𝑓𝑢𝑒𝑙 = 𝑚̇𝑎𝑛𝑜𝑑𝑒 ℎ𝑎𝑛𝑜𝑑𝑒 + 𝑊̇𝐹𝐶

(55)

The total system energy and mass balance then becomes:
𝑚̇𝑖𝑛 ℎ𝑖𝑛 + 𝑚̇𝑓𝑢𝑒𝑙 ℎ𝑓𝑢𝑒𝑙 + 𝑄̇ 𝑃𝑟𝑒ℎ𝑒𝑎𝑡 = 𝑚̇𝑜𝑢𝑡 ℎ𝑜𝑢𝑡 + 𝑊̇𝐹𝐶 + 𝑊̇𝐺𝑇

(56)

5.1. Design Space Investigation

To investigate the system performance of the dFC-GT a design space was conceptualized
based on previous hybrid models, commercial turbomachinery, and current SOFC technology.
Determining the design point for the dFC-GT system required assumptions of specific operating
conditions. Literature [56] states standard fuel cell current densities to be .5 A/cm2, with a
standard area specific resistance (ASR) of 0.25Ωcm2. The steam to carbon ratio (S2C) of 2.00 was
chosen to allow for sufficient humidification to avoid coking and promote water-gas shift
reactions (WGS).
Using these values as the basis for the design space investigation; the operating voltage
of the fuel cell can be determined using the nodal fuel cell model energy balance (equations 4447). Solving the energy balance at this current density provides a fuel cell operating voltage of
.936V. At this high of an operating voltage, less endothermic steam reformation is required and
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thus the fuel utilization in the fuel cell increases, up to 74%. The remaining 26% of hydrogen
available in the fuel cell is sent to the combustor of the gas turbine. At this percentage of
hydrogen exhaust, a 22MW fuel cell can drive a 5MW gas turbine with no additional fuel required
in the combustor.
Modeling the system at this current density conditions yielded a combined system
efficiency of 75.4%; a SOFC efficiency of 66.1% and a gas turbine efficiency of 35.4%. Parameters
were varied from initial conditions to model an overall design space shown in Figure 11.
Sensitivity of each varied parameter was investigated and shown in Figure 13. Additional design
point values and their respective modeling ranges are presented in Table 2.

Table 2 Nominal Design Parameters
Design Variable
Value Typical Ranges
Current Density
.5
.105-1.5
ASR
.25
.25-1.25
Steam to Carbon Ratio 2
Turbine PR
15
5-15
Permeate Pressure
50
50-250
Mass Flow
20
4-100
Turbine Inlet Temp
1200 1100-1300
80
75-85
ηC
88
82-92
ηT

Units
A/cm2

Ω𝑐𝑚2
~
~
kPa
kg/s
K
%
%

Commercial turbomachinery can be purchased with power outputs ranging from 30kW to
520MW (GE 9H) operating with pressure ratios from 3:1 up to 24:1 (Titan 250). The study
presented assumes a pressure ratio of 15:1 for power generation with a mass flow inlet of 20
kg/s, typical for engines in the 10-25 MW range. Smaller engines (<500kW) with pressures
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suitable for oxygen recovery, i.e. >10:1, are still under development. Operation at 1MPa or higher
is desirable to limit the vacuum which must be drawn on the permeate side of the OTM.
Table 3 Nominal dFC-GT Performance
Nominal Value Operating Range Unit
SOFC Voltage

0.936V

0.77-0.97

Volts

Hydrogen Utilization

74.0%

48.8-83.1

%

Anode Recirculation

59.6%

85.1-53.6

%

Oxygen Recovered

49.7% of RT

16.5-82.5

%

dFC-GT Efficiency

75.4%

55.0-82.1

%

Nominal operating conditions assume 1) Combustion of the anode-off products with the
depleted air raises the pressurized air’s temperature to the nominal turbine inlet temperature
(TIT), and 2) the fuel cell utilizes all recovered oxygen from OTM in the electrochemical reactions,
resulting in oxidant flow directly correlated to the net current. Table 3 details the calculated
utilization and recirculation of the fuel cell, recovery of the OTM, and efficiency of the system.
The performance of a SOFC is primarily defined by its operating voltage, current density,
and hydrogen utilization. Current density and voltage have an inverse relationship as defined by
equation 41. Since the dFC-GT is constrained to thermally balanced operation the hydrogen
utilization and voltage are linked through the energy balance of equation 44. Anode recirculation
is calculated through the design S2C and equation 38. Oxygen recovery is defined as percent of
theoretical and calculated through the design permeate pressure and equation 35.
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Design Point

0.75
0.44 0.46

0.49

0.58
0.61
0.64
0.67 0.73
0.52 0.55
Operating Voltage (V) Hydrogen Utilization (%)

·

0.78

0.97
0.81 0.83

·

Figure 12 Characteristic Curve of dFC-GT System

Figure 12 illustrates the design space generated for a dFC-GT operating at 1.5 MPa. The
operating voltage varies from 0.75V to 0.97V along the x-axis. The increase in voltage correlates
to a more efficient fuel cell system, thus the heat generation decreases, and the fuel utilization
increases from 44% to 83%. The percent of theoretical oxygen recovery along the y-axis
generates a larger fuel cell system in the model to utilize all incoming oxidant. The overlaying
contours denote the total system efficiency achievable in the model. The design point is at .936V
and 49.7% oxygen recovery. To understand this plot further, it is worthwhile to break it down
into its components.
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Figures 12 and 13 hold the compressor inlet flow rate, the turbomachinery efficiencies,
and OTM back pressure constant, while showing the “operating line” of the dFC-GT. The solid
line shown indicates a thermally balanced hybrid, where combustion of the anode exhaust
products results in the nominal turbine inlet temperature of 1200K. This line demonstrates that
a less efficient (lower voltage), smaller (lower oxygen recovery) fuel cell can power the same
turbomachinery as a larger, more efficient fuel cell system. The increased hydrogen utilization at
elevated voltage reduces the combustible energy of the anode exhaust. Therefore, a larger SOFC
is needed to sustain the turbomachinery as indicated by the upward trajectory of the dark solid
line. Lower voltages correspond to smaller SOFC systems paired to the same gas turbine,
requiring less oxygen and a smaller OTM.

Figure 13 Operating line of dFC-GT
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The solid red line demarks the boundary between two important regions. Below the line
corresponds to an undersized fuel cell which does not produce enough waste energy (i.e.
hydrogen) to drive the turbine at optimal conditions. Less oxygen recovery is necessary, but
additional fuel must be combusted to reach the nominal turbine inlet temperature. In this area
a greater portion of the power is derived from the less efficient turbine, thus lowering the net
efficiency of the hybrid. Above the solid red line represents an oversized fuel cell, the exhaust of
which contains excess combustible energy which must be rejected to avoid overpowering the
turbine. The unused anode exhaust products diminish the system efficiency in this region.
With the assumed ASR of 0.25 Ω·cm2, the current density corresponding to the voltage
range shown in the previous figures decreases from 1.5 A/cm2 to 0.105 A/cm2, assuming there
are negligible heat losses and a 60% conversion of CO to CO2. Table 4 gives details of average
current densities as well as their associated operating voltages and hydrogen utilization.
Table 4 Voltage and Utilization of Average Current Densities (Figure 12)
Average
Operating
Hydrogen
Current Density Voltage (V)
Utilization (%)
(A/cm2)
1.50
1.37
1.23
1.09
0.950
0.810
0.669
0.528
0.387
0.246
.105

.77
.791
.815
.840
.863
.887
.910
.936
.951
.965
.973

.488
.510
.536
.568
.603
.642
.685
.731
.777
.815
.831

By constraining the dFC-GT model by the energy balance in equation 44 the current
density of the fuel cell becomes intrinsically linked to the fuel utilization within the stack. This is
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demonstrated in Table 4, showing that as you move to a more efficient fuel cell, i.e. higher
operating voltage, less internal steam reformation is needed for cooling, and thus less fuel needs
to be input to
In this study, the net current, and thus the size of the SOFC, scales with the percent oxygen
recovered on the y-axis of Figure 12. The power output of the SOFC scales linearly with both the
oxygen recovery and the operating voltage. Thus, the ratio of power output between the SOFC
and the GT increases along the solid red line from 2:1 at a voltage of 0.80V, to 5:1 at the design
voltage of 0.93V, and to 8:1 at 0.96V. Figure 12 demonstrates that higher system efficiencies are
achieved by raising the fuel cell voltage and producing a greater portion of the power in the fuel
cell.
The design voltage of 0.936V is significantly higher than most existing systems. The
majority of this difference is due to the pressurization, a pure oxygen cathode, and lowered
hydrogen utilization. An SOFC with the same ASR operating at an equivalent current density,
typical atmospheric air conditions, and hydrogen utilization of 80% would produce a voltage of
0.83 V. This voltage would correspond to the operating conditions of most commercial SOFC
manufacturers.
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Figure 14 Fixed fuel cell size operating line

Figure 14 shows a the dotted line apparent in the middle of Figure 12 and indicates an
operating line for a fixed size SOFC with varying oxidant supplied to its cathode. This line
demonstrates the operating characteristics one would have if current densities of the fuel cell
change according to the V-I relationship of a cell. This line illustrates the off-design (i.e. not
balanced) performance of the hybrid system. Referencing back to Figure 12 it is apparent that
achieving greater than 75% FTE efficiency becomes a small operating envelope near the nominal
operating conditions, though efficiency remains above 60% for the majority of the operating
range, a significant improvement over existing combined-cycle gas turbines or fuel cell gas
turbine hybrids
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At part-load, the relative power outputs may change considerably as the FC becomes
more efficient and the turbine less. Achieving optimal integration over a range of outputs
requires adjusting the turbine flow rate through changes in speed or inlet guide vanes, possibly
firing the turbine with supplemental fuel, or extracting excess hydrogen from the anode exhaust
prior to the combustor. Unlike the standard FC-GT topping cycle, the air flow rate is not linked to
the temperature gradient in the SOFC, allowing for greater flexibility in the operation of the two
sub-systems.

Average Current Density (A/cm2)

Fuel Flow direction

Length
0

0.2L

0.4L

0.6L

Figure 15 Current density distribution in a spatially resolved fuel cell model
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The upper limit of 0.97V was not chosen arbitrarily. As the hydrogen utilization increases
at high voltages, the hydrogen concentration at the end of the anode channel is reduced.
Eventually the hydrogen concentration is low enough that the local Nernst potential is equal to
the operating voltage, and the local current drops to zero. This is illustrated in Figure 15, which
shows the current density profile along the centerline of the cell at different operating conditions
and the local current density at the end of the anode channel. At the design pressure of 1.5MPa,
the critical voltage when this occurs is 0.97V (the bottom-most line of Figure 15), corresponding
to a hydrogen utilization of 83.1%. Higher voltage operation is not possible, unless utilization is
reduced and some pre-reforming of the fuel is accomplished.
5.2. Sensitivity Study

To investigate the governing variables in the dFC-GT model, a sensitivity analysis can be
conducted. This study showed which variables influenced the steady state model the most and
is shown in Figure 14. It was found that the three most important factors in the current model
were the fuel cell current density within the stack (illustrated in Figure 11), the back pressure
controlling the oxidant flow exiting the OTM, and the pressure ratio of turbomachinery. OTM
back pressure controlled the oxidant flow to the OTM, as well as determined how much repressurization was needed before being sent to the SOFC. The pressure ratio of the gas turbine
affects both the gas turbine performance as well as the fuel cell open circuit voltage.
Current density was varied between 0.105 A/cm2 and 1.50 A/cm2. At constant ASR, this
corresponded to the voltage range of 0.77V to 0.970V at 1.5MPa shown in Figure 11. At higher
voltages, the dFC-GT achieves a fuel-to-electric efficiency of 82.6% by reducing the heat
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generated in the fuel cell and thus requiring less fuel for endothermic reformation. Low voltage
operation is then the corollary, increasing the heat generated by the fuel cell and thus requiring
additional steam reformation is needed to thermally balance the system. This is achieved with
additional excess fuel, lowering the overall efficiency of the system to 55%.
The total current is linked to the oxidant flow rate of the OTM by equation 38. This flow
rate can be adjusted by either a) adjusting the OTM back pressure, or b) changing the OTM
module surface area. This sensitivity analysis maintained constant oxygen flux, thus a decrease
in the OTM back pressure corresponds to a significant decrease in the OTM surface area. The
result is an increase in the parasitic compression work and decrease in available oxidant to the
fuel cell, lowering the overall system efficiency.

Figure 16 Sensitivity Study of dFC-GT System

The operating pressure and isentropic efficiencies of the turbine equipment both have a
significant impact on overall performance as the turbine produces 20% of the system power.
Similarly, the turbine inlet temperature has a significant impact on the overall efficiency. Higher
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turbine temperatures imply that a greater portion of the power is produced from the
turbomachinery. Since this power relies on combustion, it is less efficient than producing the
power in the fuel cell. Relying on the fuel cell to generate more power in the systems improves
the overall efficiency. This is beneficial, as achieving ideal turbine inlet temperatures at off-design
conditions may prove difficult.
5.3. Fuel Cell and OTM Relationship

Assuming the SOFC and turbine are perfectly sized for each other, and that 100% of the
recovered oxygen is utilized within the SOFC, then the recovery coefficient becomes directly
linked to the design current density. A lower design current density raises the efficiency by
operating at higher voltages, but at the cost of requiring additional SOFC active area. The trend
illustrated in Figure 14 is a nearly linear relationship between system efficiency and the SOFC
active area relative to the nominal design condition. Net efficiency rises from 62.0% to 78.0% as
the active area is increased 200%. This corresponds to a current density reduction from .250 to
1.00 A·cm-2.
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Figure 17 Relative Size of Fuel Cell and OTM Components to System Efficiency

Figure 18 shows that a similar range of OTM surface area has a much smaller impact on
efficiency. Increasing the surface area within the OTM module corresponds to increasing the
permeate pressure, thus lowering the parasitic load of re-compression at the expense of
additional capital cost for the larger OTM module. The performance impact of increasing the
permeate pressure is a net efficiency gain from 72.0% to 73.0% as the active membrane area is
increased 200%.
5.4. System Pressurization

The operating pressure of the system affects efficiency through both the gas turbine and the
open-circuit-voltage of the fuel cell. Net system efficiency, shown in Figure 19, increases from
68% to 73% as the system pressure is increased from 0.5Mpa to 2.5MPa with diminishing returns
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beyond 1.5MPa. Heat recovery with a recuperated engine enables higher efficiency at lower
operating pressure and will be discussed in later sections.
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Figure 18 Pressure Ratio of GT vs Total System Efficiency and % Oxygen Recovered

Lower system pressures increase the heating required to achieve the same inlet
temperature, thus requiring a larger fuel cell to drive the same mass flow through the lower
efficiency turbine. Lower operating pressure also reduces the fuel cell voltage and limits the
theoretical oxygen recovery in the OTM. Figure 19 illustrates how these impacts combine to
lower efficiency and increase the percent of theoretical oxygen recovery that would be required
at a current density of 0.5A·cm-2, assuming a permeate pressure of 50kPa. The high oxygen
recovery at low operating pressure may be impractical, as the surface area of the oxygen
membrane increases exponentially as it approaches the theoretical recovery limit.
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5.5. Micro-turbines

Large SOFC (>20 MW) units are currently not in production and thus it is beneficial to
examine the opportunities the dFC-GT presents for smaller sub MW systems. A smaller SOFC
system could pair well with current micro-turbines produced today. Micro-Turbines typically
operate at pressures between 300kPa and 500kPa and pressure ratios <5:1. At these lowpressure ratios the OTM preheating would increase significantly and the system efficiency would
decline, as per Figure 19.
At lower pressure ratios, however, the outlet temperature of the turbine air is considerably
higher than the air out of the compressor, enabling some heat recovery to be implemented to
reduce, or even replace, pre-heating of the OTM. Table 5 shows the relationship of exit
temperature versus compressor outlet temp.
By utilizing a heat exchanger that links the outlet turbine air to the outlet compressor air,
pre-heating can be accomplished so much so that the pre-combustor of the dFC-GT can be
removed. Figure 20 illustrates a schematic of the dFC-GT with the addition of exhaust heat
recovery to pre-heat the compressed air to the 800°C. The recuperated cycle with a pressure
ratio of 5:1, and mass flow of 6 kg/s can achieve a net fuel-to-electric efficiency of 77%. With an
𝐴

OTM pressure ratio of 25:1, the operating current density is limited to be above 0.4 𝑐𝑚2 to allow
for a reasonable oxygen recovery.
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Table 5 Outlet Temps of Compressor and Turbine at Varying GT Pressure Ratio

GT Pressure Ratio

Compressor Outlet Temp (K)

Turbine Outlet Temp (K)

1:15

720.69

694.81

1:12

674.96

727.27

1:9

619.08

771.06

1:6

546.15

837.32

1:3

437.01

955.02

Figure 19 Schematic Drawing of de-coupled Hybrid with Heat Recuperation

Removing the pre-combustor and allowing OTM preheating to be accomplished by turbine
waste heat significantly improves operating efficiency. The lower gas turbine size means lower
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turbine inlet temperature would be necessary in the design. This enables more power generation
in the fuel cell improving FTE even further. As the pressure ratio approaches 3:1 the back pressure
of the OTM must be lowered further than 25:1 to allow for ample oxidant recovery. This would
decrease system efficiency as the re-pressurization load increased.
The de-coupled nature of the dFC-GT would also benefit micro-turbines. Stable power
generation via combustion in the gas turbine can be achieved during start up sequences;
preheating of the OTM and SOFC would take place during this start up sequence. Once ideal
temperatures have been met, control of the OTM permeate flow would be engaged, decoupling
the system and allowing anode exhaust to continue powering the gas turbine. The micro-turbine
configuration of the dFC-GT could provide a new CHP system for distributed generation systems
and micro-grids, helping to reduce reliance on grid power.
5.6. Hydrogen Co-Production

A final benefit of the dFC-GT (in both large-scale and micro-scale) is the possibility for
hydrogen co-production. Investigation of the hydrogen recovery technologies available is beyond
the scope of this study, but some simple estimations can be made. Low hydrogen utilization in
the SOFC provides a large hydrogen concentration in the anode exhaust, up to >50% at low
operating voltages. The high hydrogen content is sufficient to power large-scale gas turbine
engines as shown in the previous sections. Alternatively, the anode exhaust could be captured,
filtered, and hydrogen byproduct could be obtained instead of supplying the mixing chamber of
a gas turbine. In envisioning the dFC-GT as a retro-fit technology, specifically for ‘peaker’ plants,
this hydrogen capture could be accomplished during non-peak hours. Then, when load demand

60

spikes, the hydrogen capture would end and the anode exhaust would be redirected to the
combustor of the gas turbine.
Table 6 Anode exhaust H2 content at varying voltage

SOFC Operating Voltage (Volts) SOFC Exhaust H2 Concentration (%)
0.972
9.10
0.951
16.4
0.910
28.7
0.863
39.7
0.815
48.4
0.770
55.0
Table 6 shows the SOFC’s exhaust hydrogen concentration at varying operating voltage. At
the dFC-GT’s nominal design condition (.936V) the anode exhaust hydrogen concentration is
21.3%. Several membrane and adsorption technologies are available that can capture a
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significant portion of this hydrogen with minimal parasitic losses ( [12]). Operation at 0.77V for
the same sized fuel cell produces a 55.0% concentration of hydrogen in the anode exhaust.
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Figure 20 Characteristic curve of dFC-GT w/ H2 recovery

Figure 21 illustrates the additional energy recovery possible through hydrogen capture.
The same regions, operating line, and design point all exist within Figure 21 as Figure 12. Fuel
must be input below the solid operating line to reach a thermally balanced dFC-GT system.
Above the operating line, however, no longer exists a region where a larger SOFC system
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exhaust contains excess energy which must be rejected. Instead, hydrogen gas can be pulled off
from the excess energy of the fuel cell exhaust and stored, raising the overall system efficiency.
This allows the dFC-GT to work as both a fuel source and an energy production device.
Figure 22 provides additional detail around the design point of Figure 12. The original
efficiency contours remain, with dotted overlaying contours showing the additional coproduction efficiency if hydrogen recovery is considered. The dotted line passing from the
upper left to lower right represents a fixed-size system operating at different power outputs. A
lower voltage corresponds to a higher current, i.e. greater oxygen use, and an increase in net
power output. The lower voltage increases the heat production, requiring additional fuel to
maintain the temperature. The excess heat generation is captured in the form of extra
hydrogen in the anode exhaust. 100% of this additional hydrogen is recoverable, since the
unrecoverable hydrogen will still be used to drive the turbine. The additional energy
recoverable as hydrogen exceeds the reduction in SOFC efficiency. Thus, as the FTE efficiency
drops from 75% to 65%, the co-production efficiency would rise to 83% at a voltage of 0.90V.
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Figure 21 Detail of characteristic curve w/ hydrogen recovery at design point

A lateral translation where voltage drops with the current remaining fixed is representative
of how the dFC-GT performs as the fuel cell degrades over time. The response to degradation is
either a) a small increase in current to maintain nominal power, or b) a corresponding decrease
in current to maintain operation on the solid red line representing the balanced operating
condition. Option (a) further lowers the voltage, and thus the FTE efficiency, increasing the heat
generation vented or recovered in the form of hydrogen. If the ASR were to degrade to
0.375Ωcm2, a 50% increase, voltage would decrease to 0.83 and the current would increase 13%
to maintain the same power output. This would lower FTE efficiency to 57%, but allow for coproduction efficiencies up to 85%.
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Option (b) avoids the challenge of capturing excess H2, and maintains the highest FTE
efficiency possible, but the simultaneous reduction in voltage and current significantly decreases
the power output of the hybrid. For the same rise in ASR, thermally balanced operation would
be achieved with a 20% reduction in current. At these conditions, the voltage would be 0.915V
and the FTE efficiency would still be an impressive 71%, but the power output would have
dropped by 22%.
Parasitic compression of hydrogen for storage would introduce another cost to the system.
Compression of the hydrogen may use 2.2 to 3.3 kWh of energy to compress each kilogram. This
corresponds to about 15-20% of the hydrogen energy recovered. At the current value of
hydrogen, $3/kg [66], this represents a 10x increase in value using 3kWh of electricity valued at
0.1$/kWh to recover $3 of fuel. Thus, co-production of hydrogen can lead to continued profits
through storage and resale of hydrogen gas.
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6. Economic Analysis
This chapter presents a brief analysis of the cost and emissions trade-offs for a dFC-GT hybrid.
The economics of electricity generation plants are immensely complex with continuous
participation in evolving energy markets that seek to balance the ever-shifting demand and
supply of electricity. Precisely forecasting the value of generated electricity over the 20 to 30year lifespan of a power plant is impossible, thus broad assumptions will be made to compare a
dFC-GT to its existing alternatives. The pricing trends in the electric sector continue to favor both
responsive and energy efficient generation technologies, though few systems would be
categorized as both.
Power markets favor high efficiency baseload generators with quick, “push-button” start-up
capabilities to meet demand peaks. Technologies meeting both criteria has thus far been elusive
at a price amenable to the market. Competitive power producers must find a niche of being
efficient enough in base generation, or flexible enough in load changing to compete within the
market. The dFC-GT, as envisioned, addresses both criteria. As a retro-fit to responsive ‘peaking’
turbines, the dFC-GT has the capability to efficiently produce electricity while the turbine system
is idling, while retaining the rapid response capability to balance the electric grid.
This analysis compares the dFC-GT to a simple-cycle GT, a high efficiency combined cycle
base-load generator reliant on the grid for transient response, and complete dependence upon
the existing electric grid under the cost assumptions of Table 7. Fuel costs represent the US
national average for natural gas. Electricity costs comprise energy use and peak demand charges.
Applied to this demand profile the annual average cost of energy, including demand charges, is
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equivalent to the average US retail electricity price of $0.1041 per kWh [67]. Emissions of CO2
from grid sources is also representative of the current US average, though it is expected this
emission factor will continue to decline as coal plants are taken off-line. Capacity costs of the
CCGT and Peaker plants were taken from standard capacity pricing [68], while the dFC-GT was
assumed based on GT and SOFC pricing available from EIA and NREL data and literature [69].

Table 7 Economic Assumptions

[67]

Economic Assumptions
Variable

Value

Unit

Fuel Costs

4.50

$/MMbtu

Grid Electric Costs

0.050

$/kWh

Peak Demand Costs

3.00

$/kW

Grid Emissions Factor

879.00

lb/MWh

Fuel Emissions Factor

116.39

lb/MMbtu

CCGT Capacity Capital

1500.00

$/kW

Peaker Capacity Capital

750

$/kW

dFC-GT Capacity Capital

2500

$/kW

Figure 25 illustrates the efficiency during off-design operation of a hypothetical 20MW dFCGT and a 20MW turbine. The off-design performance was calculated from the nominal operating
point of the steady-state model presented in Chapter 5. The different technology options will be
evaluated for their capability to meet a demand profile representing a large university campus
shown in Figure 23. Figure 24 shows a histogram of the demand profile with an overlaid line plot
showing the percentage of time a generator of the designated size (10MW, 12MW, etc.) could
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meet the demand profile. For this study, the turbine and dFC-GT were sized to 20MW, capable
of meeting 98.9%% of the electric demand of Figure 30.

Figure 22 Univ. California Irvine demand profile 2011 (McLarty)
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6.1. Comparative Analysis
The standard method for a campus to meet its electric needs is to connect and purchase
electricity from the grid. The capital costs of this approach would be common to all 4 approaches,
and will therefore not be considered. The total cost of electricity is calculated by Equation 49,
with equation 50 representing the grid related emissions. Demand charges are calculated from
the monthly peak demand. Tables 8 and 9 outline the costs and carbon emissions for all 4
approaches.
$

$𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐 = 𝑘𝑊ℎ𝐺𝑟𝑖𝑑 ∙ (𝑘𝑊ℎ

𝐺𝑟𝑖𝑑

) + (𝑘𝑊ℎ

$

𝐷𝑒𝑚𝑎𝑛𝑑

𝑙𝑏𝑠

𝑇𝑜𝑛𝑠

𝑇𝑜𝑛𝑠 𝐺𝑟𝑖𝑑
𝐶𝑂2 = 𝑀𝑊ℎ𝐺𝑟𝑖𝑑 ∙ 𝑀𝑊ℎ ∙ 2000𝑙𝑏𝑠
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) ∙ 𝑀𝑎𝑥(𝑘𝑊ℎ𝐺𝑟𝑖𝑑 )𝑀𝑜𝑛𝑡ℎ

(57)

(58)

Table 8 Summary of costs and emissions for meeting demand profile

Technology
Grid dependent
Base-load CC + grid
‘Peaker’ GT
dFC-GT

Capital
Financing Costs
$953,825
$1,192,281
$2,384,563

On-Site Fuel
Costs

Grid energy &
demand costs

$2,249,604
$5,685,589
$3,236,865

$7,059,206
$2,666,855
-

Total annual
costs
$7,059,206
$5,870,285
$6,877,871
$5,621,428

Table 9 Summary of Emissions for meeting demand profile

Technology

On-Site Emissions
of CO2 (tons)

Grid related
Emissions (tons)

Total Emissions
(tons)

Grid dependent

-

55,336

55,336

Base-load CC + grid

29,254

19,888

49,142

‘Peaker’ GT
dFC-GT

73,879
42,079

-

73,879
42,079

Baseload power plants operate for long periods of time to meet a constant (base) load.
They do not can respond to changes in demand, but have been optimized for high efficiency
steady operation. This analysis assumed 55% FTE efficiency for a combined-cycle gas turbine
(CCGT) at the 10MW scale. More efficient plants using H-class turbines are available at the
500MW scale. A cost of $1500/kW was assumed from available EIA data. This cost was amortized
as a twenty-year investment with a 2.5% financing interest rate. The total monthly payment can
be calculated per equation 59.
𝑀𝑜𝑟𝑡𝑔𝑎𝑔𝑒 =

𝐼𝑛𝑡𝑒𝑟𝑒𝑠𝑡
𝑚𝑜𝑛𝑡ℎ

∙

𝑆𝑦𝑠𝑡𝑒𝑚 𝑆𝑖𝑧𝑒
1−(1+

𝐼𝑛𝑡𝑒𝑟𝑒𝑠𝑡 # 𝑚𝑜𝑛𝑡ℎ𝑠
)
𝑚𝑜𝑛𝑡ℎ

∙ #𝑌𝑒𝑎𝑟𝑠

(59)

For the given demand profile, a continuous load of 10MW could be met by this type of
generator, with the balance met by the electric grid. The fuel costs needed to run the 10 MW
CCGT utilized equation 60 and an assumed fuel price of $4.50 per MMbtu:
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$𝑓𝑢𝑒𝑙 =

(𝑀𝑊𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 ∙𝐻𝑜𝑢𝑟𝑠) 293.297𝑀𝑀𝑏𝑡𝑢𝑓𝑢𝑒𝑙
𝜂𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐

∙

𝑀𝑊ℎ𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐

∙

$
𝑀𝑀𝑏𝑡𝑢𝑓𝑢𝑒𝑙

(60)

Emissions were calculated separately for CCGT and the grid imports using the grid
emissions factor and fuel emissions factor from Table 7:
𝑇𝑜𝑛𝑠 𝐹𝑢𝑒𝑙
𝐶𝑂2 = 𝑀𝑊ℎ𝐺𝑒𝑛 /(

293.297𝑀𝑀𝑏𝑡𝑢
𝑀𝑊ℎ𝐺𝑒𝑛

𝑙𝑏𝑠

𝑇𝑜𝑛𝑠

∙
)
𝑀𝑀𝑏𝑡𝑢 2000𝑙𝑏𝑠

(561)

Peaker plants are fast ramping generators that often idled until such time that the demand
exceeds the baseload and other generation devices. Because they are “turned on” sparingly, the
price per kW or MW is significantly higher than baseload generation [69]. Variability in both peak
demand and local utility rates make the efficiency of peaking plants an afterthought to most
power suppliers. Peaking plants are often simple cycle gas turbines as they are easy to build,
maintain, and can respond to load changes rapidly.
Current models of gas turbines used in ‘peaker’ configurations are listed as having ramp-up
times of approximately 10 minutes and operate for an average of 15 minutes [70] to a few hours.
The system cost of the peaker plant listed in Table 7 is $750/kW, significantly less expensive than
the higher efficiency CCGT generator. The ‘peaker’ can meet the demand profile with 28% lower
cost than utilizing a CCGT and the grid. The low efficiency operation produces an additional 33%
CO2 emissions.
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Figure 24 Simple Cycle 'Peaker' and dFC-GT Efficiency Curves

Figure 25 shows the efficiency curve of a 20 MW ‘peaker’ that operates between 27-38%
efficiency combined with the generated efficiency curve of the dFC-GT which operates between
50% and 76%. Depending on the system output and efficiency, a range of possible carbon
emissions and power costs is possible. Over the course of its operating range, the dFC-GT can
meet the demand profile of Figure 23 above 65% FTE efficiency. That is a significant improvement
over current heat engine generation systems.
The dFC-GT configuration is envisioned as a retro-fit to existing gas turbine engines. In this
sense, the system could act as a replacement for ‘peaking’ plant configurations, albeit with
considerably higher FTE efficiency as shown in Figure 22. Using the pricing for the CCGT, the
‘peaker’ generator, and standard pricing for fuel cells from the DOE [69], the system cost is
assumed to be $2500/kW. The dFC-GT capacity pricing is higher than both the CCGT and peaker
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plant, but operating at much higher efficiencies keeps the annual costs lower than both. With the
ability to co-produce hydrogen, this cost could be lowered even further by supplying a new
revenue stream for power suppliers.
6.2. Distributed Generation
The dFC-GT may also excel in distributed generation for micro-grid arrangements such as
college campuses, office parks etc. Distributed generation (DG) is the implementation of power
generating technologies by consumers to reduce their grid load and demand charges [70]. Peak
load times allow customers to generate their power needs through their own systems, while offpeak times allow the customer to send energy back to their local utility, reducing the load on the
utility and providing compensation for the consumer [71]. Large DG systems are usually linked in
such a fashion that they become known as Micro-Grids. Micro-Grids are discrete energy systems
consisting of DG systems and separate from the utilities grid. Implementation of a Micro-Grid can
occur anywhere from a college campus, to hospitals, to whole city blocks.
Current micro-grids rely on a combination of demand management, energy storage, and
some form of generation on site – usually a CHP system [53]. These systems are meant to operate
independently, if not parallel to the existing utility grid. Analysis and optimization of micro-grids
factor in building type, climate, utility costs, and desired generation and/or storage.
Micro-Turbines (pressure ratios < 5) have traditionally been applied to micro-grids as CHP
systems, generating power from the turbine and using excess heat to boilers, heating elements
etc. [7]. From the design study conducted in Chapter 6, the dFC-GT could be applied to DG
systems as a power generating device. Although it loses the ability as a CHP system - recycling its
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own waste heat for turbine operation - the benefits of increased efficiency could potentially save
in both cost and environmental impact. The micro-dFC-GT would maintain the load response of
a classic micro-GT and integrate into DG systems as one as well.
6.3. Economic Conclusions
Expanding the renewable and green energy movement requires first that current power
generating systems optimize their efficiency and generation. The dFC-GT begins that movement
by acting as a retro-fit technology. By retro-fitting existing energy devices (gas turbines) the
dFC-GT moves our energy producing industry away from fossil fuels and towards cleaner energy
such as hydrogen. Although the dFC-GT does not completely reduce our reliance on “dirty
energy,” it takes some of the first steps, benefitting consumers, utilities, and the economy.
Coupled with the ability to act as a distributed generation system for micro-grids, and the
ability to expand the hydrogen economy, the dFC-GT has a bright outlook should researchers
and companies continue to push the technology forward.
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Figure 25 Total Costs of Generation Systems

Figure 26 shows the total costs of each generator annually. Although the mortgage payment
for the dFC-GT is higher than both the baseload generator and peaker, the costs are offset by low
annual operating costs. Figure 27 shows the monthly emissions by each generator in meeting
the UCI demand profile. The dFC-GT can outperform the ‘peaker’ generator in meeting the
demand profile at reduced carbon emissions. The dFC-GT also outperforms baseload generation
at 55% efficiency in emissions. Current FC-GT hybrid costs are more expensive than the
assumptions taken in this thesis. The goal of this study is to show that in the relative short-term
if the trends of cheaper manufacturing continue the dFC-GT is a cost-effective system that will
be competitive in the power sector.
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Figure 26 Emissions Comparison of Generation Systems
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7. Outlook
The analysis of a dFC-GT relied on two unproven elements of the technology, specifically
operation of an SOFC in a thermally sustaining mode, and operation with a pure oxygen cathode.
Studies for undersea warfare have evaluated pure oxygen cathodes, but results are not publicly
available. Public validation of these two technology elements can be conducted using the
pressurized SOFC test stand recently constructed at the Clean Energy Systems Integration lab
(CESI) at Washington State University. The test stand is equipped to obtain data from a variety of
fuel cell manufacturers under different pressure and temperatures, and oxygen partial pressures.
The experimental validation should consider at a minimum the following:
1) Validation of oxygen partial pressure impacts on cell performance

The dependence of voltage on operating pressure is well documented for small SOFC button
cells, and for tubular SOFC, though significant deviation exists between experiments. Providing
analysis of operating voltage for commercial scale planar SOFC at pressure ranges of 1-10bar and
oxygen concentrations of 5%-100% can significantly contribute to the public understanding of
SOFC pressurization. Initial tests with a “simulated” air-mixture of oxygen and nitrogen will
provide a baseline operating condition at a temperature range of 600-800K. Subsequent tests at
elevated pressure and oxygen concentration will isolate the impact of reactant concentration and
partial pressure.
2) Validation of thermally balanced pressurized SOFC operation

Previous experiments cite engineering challenges in maintaining stack temperature in
pressurized environments. Utilizing cold-air bypass and/or a series of heat exchangers and other
ancillary equipment has been used to maintain thermal stability in FC-GT systems. The system
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proposed in this study utilizes endothermic steam reformation internally to balance the thermal
energy of the SOFC stack. Investigation and analysis of fuel cell stack thermal gradients can
contribute to a greater understanding of thermal energy in fuel cell systems. Research and
experiments into pressurized steam reformation can open more opportunities as to how to
balance thermal energy in fuel cell systems.
In addition to experimentation being conducted at Washington State University, the dFC-GT
introduced a new component to the typical FC-GT arrangement. The Oxygen Transport
Membrane (OTM) de-coupled the inlet air stream to the system to direct a pure oxygen
feedstock to the cathode of the SOFC. OTM’s have been used by manufacturers such as Praxair
and Air Products to produce and sell pure oxygen gas. Integration of these components into gas
turbine systems has only been conceptualized in design phases thus real-world
experimentation can have significant impact on FC-GT research. Experimentation of OTM’s
should – at minimum – validate the mechanism for oxygen separation. This separation relies on
pressure gradients as described in Equations __ and __. Operation at low and intermediate
pressures has the potential to limit the oxygen permeability of the OTM. This makes integration
with smaller GT or FC-GT systems infeasible.
Finally, the transient response of the system must be investigated. Current FC-GT studies
cite slow start-up and/or turn down times in systems. The steady state model presented in this
study demonstrated the system’s ability to act as a hybrid system while not affecting the turbine
mass flow response. This defining characteristic of the dFC-GT should be investigated to validate
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the steady state model and continue dFC-GT development. A small (sub-MW) gas turbine may
need to be purchased for experiments.
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8. Conclusions
This study introduced an alternative fuel cell gas turbine hybrid (FC-GT)
arrangement, called a de-coupled fuel cell gas turbine hybrid. The objectives in
characterizing the dFC-GT hybrid were met with the following conclusions.
1) The steady-state performance of a dFC-GT was analyzed using first principle mass and
energy balances of each component.
2) Nominal operating efficiency was determined to be 75.4%. This nominal operating
condition was identified by specifying a nominal current density, 0.5 A/cm2, and
nominal area-specific resistance of the fuel cell, .25 A/cm2 The operating envelope
spanned from a minimum current density of 0.105A/cm2 to a maximum of 1.5 A/cm2.
The lower current density limit was determined to be a limiting variable of these
operating conditions because the local Nernst potential at the end of the anode
channel would equal the operating voltage. Thus no further reductions in current
would be made under the thermally balanced operating constraint of the Oxy-FC.
Recovering 50% of the system’s incoming oxidant allowed SOFC operation at a voltage
of .936 Volts. A nodal fuel cell model showed 74% of hydrogen was utilized in the fuel
cell at nominal conditions. The remaining hydrogen expelled from the fuel cell
contained sufficient thermal energy to hybridize with a gas turbine with turbine inlet
temperature (TIT) of 1200K. The hybrid system retained greater than 60% efficiency
down to 53% of nominal power.
3) De-coupling the fuel cell from the working fluid of the gas turbine allows for greater
flexibility in operating conditions. Benefits of de-coupling the system include
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additional controls through the back pressure of the OTM, enabling the system to be
envisioned as a retrofit technology. Additional benefits include reduced risk of
turbomachinery stall, pressurization of the Oxy-FC. Internally reforming a
hydrocarbon fuel in the Oxy-FC presents the opportunity for hydrogen recovery.
Significant concentrations of hydrogen in the anode exhaust creates the possibility for
hydrogen co-production. A 20% reduction in SOFC operating voltage increased
hydrogen concentrations 40% in the anode exhaust. The introduction of heat
recuperation allowed the system to be scaled to micro-turbine scale. Recuperated
dFC-GT micro-turbines recover waste heat and can achieve similar efficiencies of their
large-scale counterparts. Challenges still exist in the balancing of thermal energy, and
maintaining the thermal tolerances of the Oxy-FC through endothermic steam
reforming.
4) Varying nominal design parameters identified critical design trade-offs, namely, the
Oxy-FC component driving system power and efficiency. Current density of the fuel
cell remained strongly linked with total system efficiency. Back pressure of the OTM
described the operating envelope available for a fixed size fuel cell, but greater
efficiency was achieved with larger SOFC’s. The pressure ratio of the turbine affected
the efficiency of the gas turbine, but also changed the open circuit voltage of the fuel
cell driving system efficiency as well.
5) Using EIA and other sources, economic assumptions for fuel costs, demand charges,
and generator investment were used to determine the competitiveness of the dFCGT. This study assumed the steady state model presented functioned in the real world
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as-is. As a retro-fit, the design captures the capital of existing infrastructure reducing
costs and avoiding early de-commissioning. Operation at 75% efficiency is a significant
improvement over current generation devices and reduces fuel costs. The system
showed a 34% reduction in fuel costs over a 10MW baseload CCGT with supplemental
grid purchases along with a 14% reduction in carbon emissions. A reduction of 43% in
both fuel costs and carbon emissions over a simple cycle ‘peaker’ gas turbine was
found as well. Amortizing equipment investment as a twenty year 2.5% financing
interest rate showed the dFC-GT system was 5% cheaper annually than a baseload
generator and nearly 20% cheaper than the simple cycle ‘peaker’ annually.
Overall, the design study presented warrants further investigation and experimentation.
The dFC-GT’s combination of a gas turbine and solid oxide fuel cell connects the past, present,
and future in power production. This system will be one step in a long process towards an
environmentally friendly, sustaining, energy economy.
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10. Appendices
10.1.

MatLab© Code

The following is the code used to generate the dFC-GT system:
10.1.1.

Steady State system

function
[Efficiency,Eff_FC,Eff_GT,W_net,Wfc_vec,W_gt,Wc2,T_out,FCFlowOut,FC_Fuel_vec,combustorCH4,ReactMix,V_ve
c,Utilization,R_actual,Rt,recovery,Qextra,i_array,recirc_vec,nO2] = dFC_GT(varargin)
Tin = varargin{1};
%Temp, Composition, Flow in to system
Pr = varargin{2};
%Pressure Ratio across turbomachinary
P_ITMperm = varargin{3};
%Back pressure of OTM
TIT = varargin{4};
%Ideal Turbine Inlet Temp
M_air = varargin{5};
%Mass Flow Rate of GT In
iDen = varargin{6};
%Total Current Density of FC
Air.O2 = .21; %Oxygen concentration of air
Air.N2 = .79; %Nitrogen concentration of air
if length(varargin)>6
recovery = varargin{7};
%run at constant value of recovery
else recovery = ones(length(Tin),1).*.51; %Intial value of recovery
end
Cogen = 0;
%Decide whether hydrogen will be generated
S2C = linspace(2,2,length(Pr))'; %Design steam to carbon ratio
TurbEff = linspace(.88,.88,length(Pr))'; %Turbine Efficiency
CompEff = linspace(.8,.8,length(Pr))'; %Compressor Efficiency
LHVH2 = 240420;
%Lower Heating Value of H2
vectorLength = max([length(Pr), length(P_ITMperm),length(TIT)]);
LHVfuel = zeros(vectorLength,1)+802301; %Lower heating value of CH4
TIT = zeros(length(TIT),1)+TIT;
%% Compressor
MMass = MassFlow(Air)/NetFlow(Air); %MolarMass flow of air
spec = fieldnames(Air);
for i = 1:1:length(spec)
CompFlow.(spec{i}) = Air.(spec{i})*M_air/MMass; %Molar inlet flow to system
end
CompFlow.T = Tin; %Inlet flow temp
T1 = Tin;
n = length(T1);
Pin = ones(n,1).*101; %Inlet pressure
[Wc1,T2,P2] = compress_struc(CompFlow,CompEff,Pr,Pin); %Compressor Model
CompFlow.T = T2; %Temperature out of compressor
error = 100;
while max(abs(error))> 1e-4 %loop to solve for TIT by varying the recovery percentage of o2
B = find(recovery>.99); %Don't allow recovery over 100%
if ~isempty(B)
recovery(B) = 1;
end
%% OTM for Oxygen Separation
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[NonPerm,O2Flow,Q_preheat,R_actual,Rt] = ITM_struc(CompFlow,P2,P_ITMperm,recovery); %ITM Model
%% Parasitic Compressor
Pr2 = (Pr.*Pin+25)./P_ITMperm; %Initialization for parasitic compressor to FC
O2Flow.T = 320;
%cooling back to near ambient conditions
[Wc2,T5,P5] = compress_struc(O2Flow,CompEff,Pr2,P_ITMperm); %Compressor2 Model
%% Initialization to Fuel Cell
L = 10; %Length of cells
W = 10; %Width of cells
nodes = 10; %Nodes to analyze
F = 96485;
%Initialize output matrices
i_array = zeros(nodes,n);
recirc_vec = zeros(n,1);
FC_Fuel_vec = zeros(n,1);
V_vec = zeros(n,1);
Wfc_vec = zeros(n,1);
Utilization = zeros(n,1);
FCFlowOut=[];
Q_HVanodeOut = zeros(n,1);
FCFlowOut.T = zeros(n,1);
FCFlowOut.H2 = zeros(n,1);
FCFlowOut.H2O = zeros(n,1);
FCFlowOut.CO = zeros(n,1);
FCFlowOut.CO2 = zeros(n,1);
FCFlowOut.CH4 = zeros(n,1);
%% Fuel Cell Model
for k = 1:1:n
Supply.O2 = O2Flow.O2(k); %Inlet oxidant to FC
%# of cells will determine current density and thus voltage !!
Cells = O2Flow.O2(k)./(iDen(k)*L*W/(4000*F));
%Cells = [510000]; %Constant Cell size
Cells_vec(k,:) = Cells;
[i,recirc,FC_Fuel,FlowOut,V,W_fc,U] = FuelCell_struc(1023,.25,.6,S2C(k),Supply,L,W,nodes,Cells,Pr(k)); %FC model
i_array(:,k) = i;
recirc_vec(k) = recirc;
FC_Fuel_vec(k) = FC_Fuel;
V_vec(k) = V;
Wfc_vec(k) = W_fc;
Utilization(k) = U;
FCFlowOut.T(k) = FlowOut.T;
FCFlowOut.H2(k) = FlowOut.H2;
FCFlowOut.H2O(k) = FlowOut.H2O;
FCFlowOut.CO(k) = FlowOut.CO;
FCFlowOut.CO2(k) = FlowOut.CO2;
FCFlowOut.CH4(k) = FlowOut.CH4;
Q_HVanodeOut(k) = FlowOut.H2*241826.4 + FlowOut.CO*283004.7 + FlowOut.CH4*802301;%LHV of anode off
products
end
%% Combustor Model
[ReactMix, Qextra] = combust_struc(NonPerm,FCFlowOut,Q_preheat,TIT);
combustorCH4 = Qextra./LHVfuel; %If excess fuel is needed
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combustorCH4(combustorCH4<0) = 0;
H2co_produced = -Qextra./LHVH2; %If H2 produced
H2co_produced(H2co_produced<0) = 0;
if length(varargin)<7 %% Adjust recovery to meet TIT
a = .25;
error = Qextra./(FC_Fuel*LHVfuel);
newrecov = (1-a)*recovery + a*(recovery + error);
recovery = min(newrecov,1);
error(newrecov>=1) = 0;
else %% Run at constant recovery
error = 0;
end
end
%% Turbine Model
[Wt,T_out,TurbFlow] = turbine_struc(ReactMix,TurbEff, 1./Pr);
%% Results
nO2 = O2Flow.O2;
W_gt = Wt-Wc1;
%Gas turbine power minus compression%
Eff_FC = Wfc_vec./(FC_Fuel_vec.*LHVfuel);
Eff_GT = (Wt-Wc1)./(Q_HVanodeOut + combustorCH4.*LHVfuel H2co_produced.*LHVH2); %Efficiency of Gas
Turbine
W_net = Wfc_vec + W_gt - Wc2; %Net power output of hybrid
%% Decide whether cogeneration of h2 is wanted
if Cogen == 0
Efficiency = (W_net)./((FC_Fuel_vec + combustorCH4).*LHVfuel); %Hybrid Efficiency without cogeneration
else
Efficiency = (W_net+H2co_produced*LHVH2)./((FC_Fuel_vec + combustorCH4).*LHVfuel);%hybrid efficiency
with cogeneration
end

91

10.1.2.

Compressor/Turbine

function [Wc, Tout, P2] = compress_struc(Flow, eff, Pr, Pin)
%% Inlet Conditions
Ru = 8.314;
P2 = Pr.*Pin;
[~,Hin] = enthalpy2(Flow);
Tin = Flow.T;
Tavg = (Tin+Pr.^(1-1/1.4).*Tin)/2;
Flow.T = Tavg;
Cp = SpecHeat2(Flow);
gam = Cp./(Cp-Ru);
FlowS = Flow;
FlowS.T = Pr.^(1-(1./gam)).*Tin; %Isnetropic Temperature Change
[~,Hs] = enthalpy2(FlowS); %Isentropic Enthalpy change
%% Actual Enthalpy Change
Hout = Hin + 1./eff.*(Hs-Hin);
Tout = Tin + 1./eff.*(FlowS.T-Tin);
T_error = Tin*0+ 100;
%% Solve for Temp out
while min(abs(T_error)) > .1
Flow.T = Tout;
[~,Hguess] = enthalpy2(Flow);
T_error = (Hout - Hguess)./(Cp.*NetFlow(Flow));
Tout = Tout + T_error; %Reiteration to calculate temperature out
end
%% Power Out
Wc = Hout - Hin; %power taken for compression
function [Wt,Tout,Flow] = turbine_struc(Flow,EffTurb, Pr)
%% Inlet Conditions
Ru = 8.314;
Tin = Flow.T;
[~,Hin] = enthalpy2(Flow);
Tavg = (Tin+Pr.^(1-1/1.4).*Tin)/2;
Flow.T = Tavg;
Cp = SpecHeat2(Flow);
gam = Cp./(Cp-Ru);
FlowS = Flow;
FlowS.T = Pr.^((gam-1)./gam).*Tin; %Isentropic Expansion Temperature
[~,Hs] = enthalpy2(FlowS); %Isentropic enthaplpy out
%% Actual Enthalpy Change
Hout = Hin-EffTurb.*(Hin-Hs);
%Actual enthalpy out
Tout = Tin - EffTurb.*(FlowS.T - Tin);
T_error = Tin*0 +100;
%% Solve for Temp Out
while min(abs(T_error)) > .1 %Reiteration to calculate temperature out
Flow.T = Tout;
[~,H_guess] = enthalpy2(Flow);
T_error = (H_guess-Hout)./(Cp.*NetFlow(Flow));
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Tout = Tout - T_error;
end
%% Power Out
Wt = Hin - Hout;
%Isentropic expansion power generation
Flow.T = Tout;

10.1.3.

Oxygen Transport Membrane

function [NonPermeate,Permeate,Q_preheat,R_actual,Rt] = ITM_struc(Flow,Pin,P_ITMperm,recovery)
%% Inputs to OTM
T = Flow.T;
Hin = enthalpy2(Flow);
%Enthalpy in from compressor
%% Required Preheating
T_preheated = max(T,1073);
Flow.T = T_preheated;
Hheated = enthalpy2(Flow);
Q_preheat = (Hheated)-(Hin);
%% Output Conditions
Tout = T_preheated;
TO2 = T_preheated;
Permeate.T = TO2;
NonPermeate.T = Tout;
X_O2 = Flow.O2./NetFlow(Flow);
%% Recovery of Oxygen
Rt = 1-(1-X_O2).*P_ITMperm./(X_O2.*(Pin-P_ITMperm));%Theoretcial O2 recovery(Air Prod)
R_actual = max(0,(recovery) .* Rt); %(Actual O2 Recovery)
NO2 = (R_actual).*Flow.O2; %Molar Flow O2
Permeate.O2 = NO2;
%% Non-permeate to Combustor
NonPermeate.O2 = Flow.O2-NO2; %Molar flow of Non-Permeate
NonPermeate.N2 = Flow.N2;
NonPermeate.T = T_preheated;
end
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10.1.4.

Combustor

function [ReactMix, Qextra] = combust_struc(Air,Fuel,Q,TIT)
NetIn =[];
Hair = enthalpy2(Air);
Hanode = enthalpy2(Fuel);
spec = fieldnames(Air);
spec = spec(~strcmp(spec,'T'));
for i = 1:1:length(spec)
NetIn.(spec{i}) = Air.(spec{i});
end
spec2 = fieldnames(Fuel);
spec2 = spec2(~strcmp(spec2,'T'));
spec = unique([spec;spec2]);
for i = 1:1:length(spec2)
if ~isfield(NetIn,spec2{i})
NetIn.(spec2{i}) = Fuel.(spec2{i});
else NetIn.(spec2{i}) = NetIn.(spec2{i}) + Fuel.(spec2{i});
end
end
%% 3 reaction:
% CH4 + 1.5O2 --> CO + 2H2O
% CO + .5O2 --> CO2
% H2 + .5O2 --> H2O
R.CH4 = NetIn.CH4;
R.CO = (NetIn.CO+R.CH4);
R.H2 = NetIn.H2;
sumR = 1.5*R.CH4 + 0.5*R.CO + 0.5*R.H2;
r = fieldnames(R);
phi = sumR/NetIn.O2;
if phi>1 %rich combustion
for i = 1:1:length(r)
R.(r{i}) = R.(r{i})/phi; %rich combustion limited by O2
end
end
for i = 1:1:length(spec)
if strcmp(spec{i},'CH4')
ReactMix.CH4 = NetIn.CH4 - R.CH4;
elseif strcmp(spec{i},'CO')
ReactMix.CO = NetIn.CO + R.CH4- R.CO;
elseif strcmp(spec{i},'CO2')
ReactMix.CO2 = NetIn.CO2 + R.CO;
elseif strcmp(spec{i},'H2')
ReactMix.H2 = NetIn.H2 - R.H2;
elseif strcmp(spec{i},'H2O')
ReactMix.H2O = NetIn.H2O + 2*R.CH4 + R.H2;
elseif strcmp(spec{i},'O2')
ReactMix.O2 = NetIn.O2 - 1.5*R.CH4 - .5*R.CO - .5*R.H2;
else
ReactMix.(spec{i}) = NetIn.(spec{i});
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end
end
Qextra = zeros(length(TIT),1);
if ~isempty(TIT)
ReactMix.T=TIT;
Hout = enthalpy2(ReactMix);
Qextra = Hout - Hair - (Hanode - Q);
else
ReactMix.T = zeros(length(Air.T),1)+1000;
T_error = 100;
while min(abs(T_error) > .001)
Hout = enthalpy2(ReactMix);
Cp = SpecHeat2(ReactMix);
T_error = (Hair + (Hanode - Q) - Hout)./(Cp.*NetFlow(ReactMix));
ReactMix.T = ReactMix.T+T_error;
end
end
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10.1.5.

Fuel Cell

function [i,r,FuelFlow,FlowOut,V,P,Utilization] = FuelCell_struc(T,ASR,e2,S2C,Oxidant,L,W,n,Cells,Pr)
Ru = 8.314;
F = 96485; %Faraday constant C/mol
Oxidant.O2 = Oxidant.O2./Cells;
Oxidant.T = T;
J = 4000*F*Oxidant.O2; % total current in A/cell
V = .85;
%%Initial guesses
r = .5;
h = enthalpy2(298);
hrxn1 = 2*h.H2O-2*h.H2-h.O2; %2H2 + O2 --> 2H2O
hrxn2 = h.CO2+h.H2-h.CO-h.H2O; %CO + H20 --> CO2 + H2
hrxn3 = 3*h.H2+h.CO-h.CH4-h.H2O; %CH4+H2O --> CO + 3H2
Qgen = -hrxn1*Oxidant.O2 - J*V/1000; %total heat released in kW/cell
Qcool = hrxn3 + e2*hrxn2; %cooling in kJ/kmol of CH4
Fuel.CH4 = Qgen./Qcool; %flow rate in kmol/sec-cell
h = enthalpy2(T);
s = entropy2(T);
E0 = -((h.H2O-s.H2O.*T)-(h.H2-s.H2.*T)-.5*(h.O2-s.O2.*T))/(2*F); %reference voltage
%solve for distribution
i = (ones(n,1)).*(J./(L.*W)); %Initial current distribution per cell
J_int = zeros(n,1);
error = 1;
while abs(error)>1e-3
r = S2C/((.5*S2C-1)*(1+e2)+2*Oxidant.O2/Fuel.CH4);
for k=1:1:n
J_int(k) = sum(i(1:k))*(W*L/n); %integral of current density as function of length, total current thus far
end
X_H2 = 1+e2/3-2*Oxidant.O2*r/(3*Fuel.CH4)-(1-r)/(6000*F*Fuel.CH4)*J_int;
X_H2O = 2*Oxidant.O2*r/(3*Fuel.CH4) - (1+e2)/3 + (1-r)/(6000*F*Fuel.CH4)*J_int;
X_CO_L = (1-e2)/3;
X_CO2_L = 1 - X_CO_L - X_H2(end) - X_H2O(end);
SteamRatio = X_H2O(end)*3*Fuel.CH4*r/(1-r)/(Fuel.CH4+0.5*X_CO_L*3*Fuel.CH4*r/(1-r));
E = E0 + Ru*T/(2*F)*log(X_H2./X_H2O.*Pr.^.5);%Nernst Potential
error2 = 1;
count=0;
if error == 1
V = mean(E - i*ASR);
end
while abs(mean(error2))>(J*1e-6) || count < 2
i = max(0,(E-V)/ASR);%new current distribution
error2 = (sum(i)/n*L*W) - J;%error in total current
V = V + .5*(error2/(L*W)*ASR) ;
count = count + 1;
end
Qgen = -J/(4000*F)*hrxn1 - V*J/1000;%heat release from electrochemistry
NewFuel = Qgen/(e2*hrxn2+hrxn3); %energy balance heat generated = reformer cooling
error = (Fuel.CH4-NewFuel)/Fuel.CH4; %change in fuel estimation on this iteration
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Fuel.CH4 = .8*Fuel.CH4+.2*NewFuel;
end
FuelFlow = Fuel.CH4*Cells;
FlowOut.T = T;
FlowOut.H2 = X_H2(end)*3*Fuel.CH4*Cells;
FlowOut.H2O = X_H2O(end)*3*Fuel.CH4*Cells;
FlowOut.CO = X_CO_L*3*Fuel.CH4*Cells;
FlowOut.CO2 = X_CO2_L*3*Fuel.CH4*Cells;
FlowOut.CH4 = 0;
Utilization = J/(2000*F)/(4*Fuel.CH4); %actual H2 use in kmol/s divided by ideal H2 production in kmol/s
P = (V*J)/1000*Cells;
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10.2.

Derivations of Nodal FC Mode Equations

The following are derivations used to obtain equations 31-45 in the Fuel Cell model
Variable
Total Current
Molar Flow Rate
Faraday’s Constant
Current Density
Width of Fuel Cell
Length of Fuel Cell
Total Molar Flow
Recirculation
Water-Gas Shift Effectiveness
Concentration
Area
Voltage
Heat of Reaction

Symbol

Units

J
ṅ
F
I
W
L
Ṅ
r
εWGS
X
A
V
∆ℎ𝑓0

amps
mol/sec
Joule/Mol
amp/cm2
cm
cm
mol/sec
cm2
Volts
J/mol

Total Current in FC:
J = ṅ O2 ∙ 4F
Total current density along length of cell:
L

∫ i(x) ∙ W ∙ dx
0

Mass balance:
Ṅanode,in = Ṅanode,out =
x

ṅ H2 (x) = (ṅ H2 )in − ∫

0

3ṄCH4
(1 − r)

i(x)
∙ Wdx
2F

(ṅ H2 )in = (3 + εWGS )ṄCH4 + ṅ H2 (L) ∙ r
ṅ H2 (L) = (ṅ H2 )in −

W L
J
∫ i(x)dx = (ṅ H2 )in −
= (ṅ H2 )in − 2ṅ O2
2F 0
2F

(ṅ H2 )in = (3 + εWGS )ṄCH4 + [(ṅ H2 )in − 2ṅ O2 ] ∙ r
(ṅ H2 )in =

(3 + εWGS )ṄCH4 − 2ṅ O2 ∙ r
(1 − r)
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ṅ H2 (x) =

(3 + εWGS )ṄCH4 − 2ṅ O2 ∙ r W L
− ∫ i(x)dx
(1 − r)
2F 0

𝑋𝐻2 (𝑥) = 1 +

εWGS 2ṅ O2 ∙ r 𝑊(1 − 𝑟) x
−
−
∫ i(x)dx
3
3ṄCH4
6𝐹ṄCH4 0

(ṅ H2 O )in = ṅ H2 O (L) ∙ r − (1 + εWGS )ṄCH4
ṅ H2 O (L) = (ṅ H2 O )in +

W L
∫ i(x)dx = (ṅ H2 O )in + 2ṅ O2
2F 0

(ṅ H2 O )in = ((ṅ H2 O )in + 2ṅ O2 )r − (1 + εWGS )ṄCH4
(ṅ H2 O )in =

2ṅ O2 r − (1 + εWGS )ṄCH4
(1 − r)

ṅ H2 O (x) = (ṅ H2 O )in +
ṅ H2 O (x) =
X H2 O (x) =

W x
∫ i(x)dx
2F 0

2ṅ O2 r − (1 + εWGS )ṄCH4 W x
+ ∫ i(x)dx
(1 − r)
2F 0

2ṅ O2 r (1 + εWGS ) 𝑊(1 − 𝑟) x
−
+
∫ i(x)dx
3
3ṄCH
6𝐹ṄCH 0
4

4

ṅ CO (L) = εWGS ∙ ṄCH4
X CO (L) =

εWGS (1 − r)
3

X CO2 (L) = 1 − X CO (L) − X H2 O (L) − 𝑋𝐻2 (𝐿)

Recirculation and Steam to Carbon Ratio:
S2C =

ṅ H2 O (L) ∙ r
ṄCH
4

2ṅ O2 r − (1 + εWGS )ṄCH4
[
+ 2ṅ O2 ] r
(1 − r)
S2C =
ṄCH
4

Energy Balance:
𝑄̇𝐺𝑒𝑛 =

−𝑖𝐴
(∆ℎ𝑓0 )2𝐻2 +𝑂2 →2𝐻2 𝑂 − 𝑉 ∙ ṅ O2 ∙ 4F
4𝐹

𝑄̇𝑅𝑒𝑓𝑜𝑟𝑚 = ṄCH4 ∙ (∆ℎ𝑓0 )𝐶𝐻4 +𝐻2 𝑂→3𝐻2 +𝐶𝑂 + ṄCH4 εWGS ∙ (∆ℎ𝑓0 )𝐶𝑂+𝐻2 𝑂→𝐻2 +𝐶𝑂2
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10.3.

Spreadsheet example for economic calculations

The following is an example of the spreadsheet used to calculate the costs from Chapter 6.
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