SOLID-OXIDE FUEL CELLS FOR
UNCONVENTIONAL OIL AND
GAS PRODUCTION

by

Gladys A. Anyenya



© Copyright by Gladys A. Anyenya, 2017
All Rights Reserved



A thesis submitted to the Faculty and the Board of Trustees of the Colorado School
of Mines in partial fulfillment of the requirements for the degree of Doctor of Philosophy

(Mechanical Engineering).

Golden, Colorado

Date

Signed:
Gladys A. Anyenya
Signed:
Dr. Neal P. Sullivan
Thesis Advisor
Signed:
Dr. Alexandra Newman
Thesis Advisor
Golden, Colorado
Date
Signed:

Dr. Gregory Jackson
Professor and Head
Department of Mechanical Engineering

1



ABSTRACT

This dissertation presents a novel, cost — effective, environmentally sustainable
method for converting United States’ vast oil shale reserves into crude oil. Geothermic Fuel
Cells (GFC) are designed for in-situ oil-shale processing. When implemented, the GFC is
placed underground within an oil-shale formation; the heat released by the high-temperature
solid oxide fuel cells within the GFC during electricity generation is used to upgrade oil shale
into sweet crude oil. The world’s first Geothermic Fuel Cell prototypes were designed and
built by Delphi Powertrain Systems; their performance was characterized at the Colorado
Fuel Cell Center (Golden, CO, USA). Following indoor, laboratory operation and validation
of two GFC modules, three multi-stack modules were assembled into a nine-stack GFC that
was integrated with a natural gas fuel processor and ancillary components, and operated
underground within the geology at the Colorado School of Mines campus.

Extensive experimental data collected during GFC testing was used to calibrate a steady-
state system model in Aspen Plus™ to predict the GFC stacks’ electrochemical performance
and the heat-rejection from the module. Following model validation, further simulations are
performed for different values of current, fuel and air utilization to study their influence on
system electrical and heating performance. The model is used to explore a wider range of
operating conditions than can be experimentally tested, and provides insight into competing
physical processes during Geothermic Fuel Cell operation. Results show that the operating
conditions can be tuned to generate desired heat-flux conditions as needed across applica-
tions. A maximum combined-heat-and-power-efficiency of 90% is recorded in the parametric
study.  Using simulation data from the GFC model, a continuous, non-convex nonlinear
multi-objective optimization model is developed in AMPL to optimize the design and dis-
patch of a single GFC heater well. The optimization model seeks to maximize the system

heating and electrical efficiencies while minimizing costs. The optimal design and dispatch
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strategy obtained using the KNITRO 12.2.0 solver yielded a well-head cost of 37 $/bbl for
the oil and gas produced using the GFC technology and a maximum combined-heat-and-

power-efficiency of 79%.
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CHAPTER 1
INTRODUCTION

IEP Technologies Inc., Delphi Powertrain Systems, and the Colorado School of Mines
(CSM) have partnered to develop the world’s first Geothermic Fuel Cells (GFCs). In the
Geothermic Fuel Cell concept, the heat that is generated by high-temperature solid-oxide
fuel cells is harnessed and utilized for the liberation of oil and gas from oil shale (Figure 1.1).
When deployed, a network of Geothermic Fuel Cells is placed within oil-shale formations
hundreds of meters below the earth’s surface. The heat released during GFC operation
is harnessed to heat oil shale to the temperatures required for conversion of kerogen fuel
trapped within the shale into liquid oil. Once formed, the oil is withdrawn from the for-
mation using collector wells. The electricity generated during GFC operation can be used
to serve plant processes at the surface [1]. The GFC system requires higher heating de-
mands, resulting in lower electrical efficiencies and higher thermal efficiencies [2, 3]. This
new combined heat and power application of SOFC technology in unconventional oil and gas
processing presents a potentially transformative technology for accessing the world’s vast oil
shale reserves, estimated at 4.8 trillion barrels worldwide, while offering a large, high-volume
market opportunity for SOFCs.

The first complete GFC prototype, designed and built by Delphi Automotive, LLC.
(Fenton, MI, USA) for IEP Technology, Inc. (Parker, CO, USA), is comprised of three 1.5-
kW, SOFC stack-and-combustor units packaged within a stainless-steel casing (Figure 3.1).
The stacks are placed in a 0.3-m-diameter cylindrical housing for ease of installation within a
circular bore hole drilled into the geological formation. The stacks are vertically distributed
within the 1.8-m-tall housing to promote uniform surface temperatures and heat rejection.
Reactive gases feed the three stacks in a parallel configuration. A portion of these reactants

is electrochemically converted to electricity and products within the SOFC stacks. Anode
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Figure 1.1: Illustration of the Geothermic Fuel Cell concept, solid-oxide fuel cells provide
the thermal energy to heat the formation.

exhaust gases can vent to the atmosphere through anode-return plumbing (not shown) or
mix with cathode exhaust and burn within combustors located below stacks. These hot
exhaust gases from the combustors are then directed upwards through the annular space
between the two stainless steel housings, rejecting heat to the surroundings before being
exhausted above ground.

This dissertation describes a series of physical and computational experiments regarding
the Geothermic Fuel Cell modules and its effectiveness for providing combined heat and

power for unconventional oil and gas recovery.
1.1 Background Information on Oil Shale Processing

The U.S. Geological survey estimates that over four trillion barrels of oil are trapped in
the Piceance Basin of northwestern Colorado, the Uinta Basin of northeastern Utah and the
Greater Green River Basin of southwestern Wyoming [4, 5]. Total resources of a selected
group of oil shale deposits in 33 countries are estimated at 409 billion tons of in-situ shale
oil [6]. At this time, no cost-effective and environmentally sustainable method for accessing
these vast oil reserves exists. In contrast to liquid shale oil (or “tight oil”) trapped within
porous geology [7], oil shale is a sedimentary rock that contains organic matter called kerogen

[8]. When pyrolysed to approximately 350 °C [9], this kerogen decomposes into a mixture of
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Figure 1.2: Delphi’s design concept for the 3-stack Geothermic Fuel Cell assembly.



oil, hydrocarbon gas and carbon-rich shale coke [10]. These oil-rich kerogen beds are buried
below 250-600 m (800-1900 ft) of overburden, and can extend over 900 m (3,000 ft) below the
surface at the center of the basins. This study focuses on a novel in-situ oil shale processing
method that utilizes the Combined Heat and Power (CHP) capabilities of Solid Oxide Fuel
Cells (SOFC) for the liberation of oil and gas from oil shale.

Traditionally, extraction of oil from oil shale has been via ex situ methods whereby the
shale rock is mined from the earth then processed above ground. These processes lead to
significant environmental impacts including surface disturbance, large water requirements,
and waste management of char and other unwanted materials [11]. In situ oil shale processing
techniques are being developed in which the formation is heated to retort the oil shale without
mining. These methods help alleviate the adverse environmental impacts of ex situ processing
[12]. Studies also show that in situ processing leads to a significant increase in the energy
yield, as greater volumes of shale can be processed at a time [13].

Significant oil-shale retorts have been in operation for decades in Estonia, China, Brazil,
and other sites. An estimated 930,000 metric tonnes (17,700 barrels per day) of shale oil was
produced from these operations in 2008 [14]. Figure 1.3 shows data from several countries
that processed oil shale between the years 1880-2000. World oil shale production peaked at
47 million tons in 1980 when most of it was mined in Estonia as fuel for several large electric
power plants [6]. However, the cost of oil from unconventional oil-shale processing is not
competitive when compared to oil from Middle East sources that average about $25-$30 per

barrel.
1.1.1 Overview of Ex-situ Oil Shale Processing Methods

Internal combustion: The heat required to pyrolyze the oil shale is supplied by burn-
ing materials (typically char and oil shale gas) within a vertical shaft. Raw oil shale particles
are fed into the top of the retort and are heated by the rising hot gases, which pass through

the descending oil shale, thereby causing decomposition of the kerogen [14].



50 T T T L] T T T T T T

Germa iy
Meaoming
Fisghun
Begal
Seodand
Kashpir
Leningrad
Eswinia

EOONEE@D M

METRIC TONS, MILLIONS
T

1880 1880 1500 1810 1820 18530 1840 1850 1860 1570 1580 1940 2000

Figure 1.3: Production of oil shale in millions of metric tons from Estonia (Estonia deposit),
Russia (Leningrad and Kashpir deposits), United Kingdom (Scotland, Lothians), Brazil
(Irat Formation), China (Maoming and Fushun deposits), and Germany (Dotternhausen)
from 1880 to 2000 [6].

Hot recycled solids: Heat is delivered to the oil shale by recycling hot solid particles
(typically oil shale ash). The recycled particles are heated in a separate chamber and then
mixed with the raw oil shale to cause the shale to decompose. The TOSCO II process uses

ceramic balls instead of shale ash as the hot recycled solids [14].

Conduction through a wall: Heat is conducted through a retort wall to the oil shale.
An example of this is the Combustion Resources Process whereby hot gas from a hydrogen-
fired rotating kiln is circulated through an outer annulus [15]. The Red Leaf Resources
EcoShale In-capsule Process combines surface mining with a lower-temperature heating
method whereby the shale is partly mined then a hot gas is circulated through parallel

pipes through the oil shale rubble [16].

Externally generated hot gas: The oil shale is heated by hot gases generated outside

the retort vessel, thereby keeping the combustion exhaust and the retort vapors separate [14].



Reactive fluids: Extraction of oil from oil shale using reactive fluids has been tested
[17]. The IGT Hytort process employs high pressure hydrogen as the donor solvent while the
Chattanooga process uses a fluidized bed reactor and an associated hydrogen-fired heater

for oil shale thermal cracking and hydrogenation [14].

1.1.2 Overview of In-situ Oil Shale Processing Methods

Conduction through a wall: Heat is supplied to the geology via heating elements or
heating pipes placed within the oil shale formation. Shell Oil’s “InSitu Conversion Process”
(ICP) uses resistive heaters to supply heat to the shale. Each production well is surrounded
by six heater wells forming a hexagonal pattern. To avoid groundwater contamination,
coolants are circulated underground to form a freeze wall around the extraction zone [10].
This process was tested and 1700 barrels of shale oil was extracted at the Mahogany test
site in the Piceance basin in 2004 [14]. The “Conduction, Convection, Reflux” process by
American Shale Oil proposes flowing superheated steam through horizontal wells under the
oil shale formation. The steam is expected to heat the oil shale from below, then rely on
the hot shale to propagate the heat upwards to the rest of the formation through refluxing

of the converted shale [11, 14].

Externally generated hot gas: This method involves injecting hot gases generated
above-ground into the oil shale formation. Vertical wells are drilled to transport the gas
to the oil shale formation where they are distributed throughout the geology via horizon-
tal fractures. Mountain West Energy’s “In-Situ Vapor Extraction Technology” uses high-
temperature methane while Chevron’s “CRUSH Process” uses heated carbon dioxide to heat

the shale [14].

Volumetric heating: Illinois Institute of Technology’s “Volumetric heating” method

proposes the use of radio waves via electrode arrays to heat the formation [18]. Microwave



heating technology is also being studied as another option for volumetric oil shale processing,
though it is believed that radio wave energy can penetrate much further into the formation.
Electro-Petroleum proposes the application of joule resistive heating by passing current be-

tween anode and cathode rods in wells [14].

ExxonMobil Electrofrac: Hydraulic fractures are created in the formation, then filled
with an electrically conductive material such as calcined petroleum coke [19] to form resistive
heating elements. The electrical continuity of the fracture elements remains unaffected by

the geological transformations that occur during kerogen conversion [20)].

1.2 Overview of Solid Oxide Fuel Cell Technology

Fuel cells are galvanic cells, in which the free energy of a chemical reaction is converted
into electrical energy by means of an electric current [21]. Solid oxide fuel cell technology
entails the high-efficiency conversion of hydrocarbon fuels to electric energy. SOFCs are
currently considered a viable power source for stationary or distributed power plants [22, 23].
During SOFC operation, oxygen ions (O3 ) are formed from the oxidant (usually air) on the
cathode side of the cell then these ions pass through the electrolyte to the anode-electrolyte
interface where they react with the hydrogen and carbon monoxide contained in the fuel,
generally derived from reformed hydrocarbons. This electrochemical reaction results in the
production of carbon dioxide, water and electrons that flow through an external circuit to
the cathode-electrolyte interface [24, 25]. The Colorado Fuel Cell Center does a lot of work
on ceramic proton conductors. These are “solid oxide,” but transport hydrogen ions (H™)
rather than oxygen ions. The fuel cells in the GFCs are based around ceramic oxygen-ion
conductors, specifically yttria-stabilized zirconia.

The high operating temperatures required for SOFCs (700 —1000 °C), make them suit-
able for CHP applications when coupled with heat recovery systems. Studies show that a

combined heat and electric work efficiency value greater than 85% is possible in SOFC-CHP



systems [26-31]. In the context of commercial and residential building design, optimized
SOFC-CHP systems have been shown to result in an energy-efficient and low-COs-emitting
alternative power and thermal energy co-generation technology [32-36]. In most SOFC sys-
tem designs, a burner is added downstream of the SOFC exhaust to combust excess fuel
for heat to drive endothermic fuel processing. To further increase the system efficiency, the
hot burner exhaust can be expanded through a gas turbine (GT), then passed through heat
exchangers to utilize as much of the remaining thermal energy as possible. These hybrid sys-
tems (SOFC-GT) containing SOFCs and GTs have been shown to produce tens to hundreds
of electrical kilowatts (kW,) at high efficiencies and low emissions [37-39].

Additionally, SOFC systems can to operate under a wide range of fuel compositions
such as natural gas, LPG, methanol, or coal gasified gas that are internally reformed on
the anode side of the cell [24]. Biogas’ high levels of carbon dioxide make it undesirable for
conventional power-generation systems, but SOFC’s insensitivity to fuel composition present
a potential solution. This increasing interest in utilizing carbon-based fuels for distributed
power generation at low emissions have made SOFC-GT systems a promising technology in
renewable energy research and development [32, 37, 40-42].

Unlike most SOFC-CHP applications, the GFC application places higher value on high-
grade thermal-energy generation at the expense of electricity generation. The objective of
the system is to reject high-grade heat from the GFC assembly at temperatures greater than

500 °C to the surrounding geology. This use of heat from SOFCs to make oil is novel.

1.3 Dissertation Outline

This dissertation is comprised of four chapters that study the design, testing, model-
ing and optimization of the Geothermic Fuel Cell technology as a novel combined heat and
power application of solid-oxide fuel cells for in situ oil shale production. In chapter 2, we
describe experimental testing and performance characteristics of two Geothermic Fuel Cell
prototypes. Delphi Powertrain systems designed and built two GFC prototypes comprised

of three 1.5-kW, solid oxide fuel cell (SOFC) stack-and-combustor units packaged within a



0.3 m-diameter, 1.8 m-tall, stainless-steel housing. A test stand was built at the Colorado
Fuel Cell Center to monitor operation and performance of the GFC modules in a controlled
setting. Thermocouple and flow data was converted into thermodynamically meaningful
metrics such as the system heating and electrical efficiency and the heat flux to the sur-
roundings. We explored different operating state points and categorized them into energy
flows into and out of the system, thereby obtaining a first-law analysis of GFC operation
and the trade-offs between electricity generation and heating. We identified sensor data
necessary for the calibration and validation of computational models developed to simulate
GFC performance.

In Chapter 3, we describe experimental testing and performance characteristics of a
Geothermic Fuel Cell assembly installed in the earth and continuously operated for ~ 600
hours. Three cylindrical GFC modules, each containing three 1.5 kWe solid-oxide fuel
cell stacks, were mechanically and electrically coupled and joined to a gas-preheater/heat-
exchanger assembly. The 9-m-long assembly was placed within the earth, integrated with
extensive balance-of-plant components, controls, and diagnostics, then continuously oper-
ated over a period of approximately 600 hours. Experimental data was gathered, and the
effectiveness of the GFCs in heating the surrounding geology while simultaneously generating
electricity was demonstrated. We suggest ways to improve the system performance by study-
ing the Geothermic Fuel Cell in these conditions and its interaction with the natural-gas fuel
processor, reactive-gas preheater, and ancillary balance-of-plant and diagnostic components.

In Chapter 4, we describe a steady-state system model that simulates the electrochemical
performance and thermal-energy generation of the GFC assembly. During its application,
GFC modules will be buried under approximately 250-600 m (800-1900 ft) of overburden,
making it challenging to monitor performance using sensors; hence, there is a need for a model
to simulate GFC performance. We utilized user-defined subroutines in a steady-state Aspen
Plus system model to predict the GFC-stack electrochemical performance and the heat-

rejection from the module. The model is used to explore a wider range of operating conditions



than can be experimentally tested, and provides insight into the competing physical processes
at play during Geothermic Fuel Cell operation.

In Chapter 5, we describe a nonlinear multi-objective optimization model for the de-
sign and dispatch of a single GFC heater well. The goal of the model is to appropriately
size, configure and operate the GFC system and its auxiliary components at low costs and
high thermo-electric efficiencies. A key result of the optimization study is calculation of
the production cost per barrel of oil at the wellhead, for the crude oil produced using the
Geothermic Fuel Cell technology. The model contains an extensive set of mathematical
equations and expressions that represent the economic, physical and operational constraints
on the system. The electrochemical and thermal performance of the GFC modules is based
on previous modeling work presented in Chapter 4, while the performance of other balance of
plant components that make up the system is based on literature sources. The geology heat
requirements as well as oil and gas production rate data was obtained from a comprehensive
simulation model of kerogen pyrolysis for the in-situ upgrading of oil shale developed by Dr.
Kyung Jae Lee at Berkeley National laboratory [43-46]. Economic data is collected from
component manufacturers and literature for use in the cost minimization objective and to
arrive at an optimal $/barrel value. The objective of the design problem is to maximize the
length and number of SOFC stacks for a single GFC heater well, while ensuring the electric
power from the SOFCs is enough to power the compressor and pumps at maximum reactant
flow rate conditions. Note that this objective function results in a thermally self-supporting
GFC system. Once the GFC heater length and number of stacks per well is established,
the dispatch model adjusts the system operating current, fuel and air utilizations to meet
the geology heating requirements and compressor and pump electric power demands at low-
est costs and highest efficiencies. The thermo-electrical portion of the dispatch model will
generate component sizing information that includes; the required reactant flow rates, the
compressor and pump power demands, the heat-exchanger size and effectiveness, and the

fuel requirements for reformer sizing.
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Chapter 6 summarizes our contributions and suggest ideas for future work.
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CHAPTER 2
EXPERIMENTAL TESTING OF A NOVEL KILOWATT-SCALE MULTISTACK
SOLID-OXIDE FUEL CELL ASSEMBLY FOR COMBINED HEAT AND POWER

This chapter describes experimental testing and performance characteristics of two
“Geothermic Fuel Cell” module prototypes. The results of this demonstration were

submitted and accepted for publication [47].
2.1 Introduction

The world’s first Geothermic Fuel Cell prototypes were designed and built by Delphi
Powertrain Systems (Fenton, MI, USA) [48-59]; their performance was characterized at the
Colorado Fuel Cell Center (Golden, CO, USA). Following indoor, laboratory operation and
validation of two GFC modules, three (3) three-stack modules were assembled into a single
nine-stack GFC assembly. The assembly was integrated with a natural gas fuel processor
and ancillary components, and operated underground within the geology at the Colorado
School of Mines campus. A fairly narrow operating range was explored for these in-ground
tests, as presented in Sullivan et al. [60].

This chapter focuses on indoor laboratory testing of the single three-stack Geothermic
Fuel Cell module shown in Figure 2.1. Unlike the in-ground report, a more-detailed descrip-
tion of GFC module design is provided, while balancing the intellectual-property concerns of
the GFC developers. In contrast with the outdoor testing, GFC operation is explored over
a far-wider range of conditions within the indoor laboratory environment. Fuel composition
is varied between hydrogen and reformed natural gas. Electric current draw spans 30 - 45
A (1.84 - 3.01 kW,). While fuel utilization is held nearly constant at 63%, the effects of
combusting the unspent fuel within the GFC assembly is explored. For all conditions tested,
GFC performance is presented from the perspectives of electricity generation and heat lib-

eration to the surrounding environment. Control strategies and potential failure modes are

12



discussed.
2.2 Experimental

Two Geothermic Fuel Cell module prototypes were tested at the Colorado Fuel Cell
Center laboratory. GFC operation was explored over a wide range of conditions within the
indoor laboratory environment. In this section the GFC laboratory experimental setup is

described.
2.2.1 Geothermic Fuel Cell module

The Geothermic Fuel Cell module is comprised of three 1.5-kW, SOFC
stack-and-combustor assemblies packaged within a 0.3-m-diameter stainless-steel housing
(Figure 2.1). This 2.5-m-tall housing promotes ease of installation within a circular bore
hole drilled into a geological formation. The stacks are vertically distributed to promote
uniform housing surface temperatures and balanced heat rejection to the geology.

Delphi’s “Gen3” SOFC stacks are used within the GFC module. The membrane-electrode
assembly within each stack repeat unit consists of a nickel-yttria-stabilized zirconia (Ni-YSZ)
“cermet” anode support, a YSZ electrolyte, and a lanthanum strontium cobalt ferrite (LSCF)
cathode. Each cell has an active area of 105 cm?, and a total thickness of 550 pum. Stacks
utilize stamped metallic interconnects and laser-welded repeat units. Additional cell and
stack details are presented in Mukerjee et al. [61, 62].

The Gen3 stack technology was originally developed with support from the U.S. Depart-
ment of Energy Solid State Energy Conversion Alliance (SECA). Target applications included
use as auxiliary power units (APU) for long-haul, diesel-fueled tractor tailors. Challenges
for the APU application include high-performance operation on diesel reformate under sig-
nificant vibration over hundreds of thermal cycles. The Geothermic Fuel Cell application
presents a potentially less-challenging environment, where steady, stationary operation on

reformed natural gas is required.
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Figure 2.1: Schematic of the Geothermic Fuel Cell module.
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As shown in Figure 2.1, reactive gases are supplied to the GFC module through the top
of the housing, and feed three stack-and-combustor assemblies in a parallel configuration. A
portion of the reactants fed to each assembly is electrochemically converted to electricity and
products within the SOFC stack. Following electrochemical oxidation, anode and cathode
exhaust gases can mix and burn within a combustor located below the stack. Alternately, the
anode exhaust can vent to the atmosphere through “anode-return” plumbing (not shown).
The flow of unconverted fuel between the combustors and the anode return is regulated with
mechanical valving. The return of unreacted fuel to module exhaust provides operational
flexibility, enabling alteration in heat release without overly impacting electricity generation.
Hot product gases exit the combustors and flow upwards through an annular space between
two stainless steel housings, rejecting heat to the surroundings before being exhausted above
ground. While gas plumbing utilizes a parallel architecture, the three SOFC stacks are
connected in electrical series, with connections at the top of the module.

The Geothermic Fuel Cell module includes a fourth main combustor located in the base
of the unit. This combuster is fed with reactants supplied in parallel with the three stack-
combustor assemblies. As with the stack-combustor assemblies, hot exhaust products from
the main combustor are vented to the GFC annulus, providing a high-temperature jacket
around the module that promotes thermal uniformity. The GFC module shown in Figure 2.1
includes a coupling unit to mechanically and electrically connect the first stack-combustor
assembly to the assemblies below it. This hardware enables joining of a string of GFC
modules as desired for the application. Four electric-resistance heaters are distributed within
the assembly for use in startup. The module base is sealed to prevent convective air flow
into the module interior. Further detail of the GFC design can be found in Delphi’s GFC

patent portfolio [48-59].
2.2.2 GFC test stand and experimentation

A Geothermic Fuel Cell test stand was designed and built at the Colorado Fuel Cell

Center to characterize GFC operation and performance, and provide insight on potential
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design improvements. A process-flow diagram of the Geothermic Fuel Cell test bench is
shown in Figure 2.2. The GFC module is fueled from either of two sources. One stream is
comprised of a Hy-Ny mixture that can be widely varied using mass flow controllers (MFC).

This fuel stream is humidified using precision water pumps.
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Figure 2.2: Process flow diagram of Geothermic Fuel Cell test bench (top) and test stand
image (bottom).

Alternately, the GFC module can be fueled from reformate produced by a natural gas fuel

processor designed and built by Precision Combustion, Inc. (Northaven, Connecticut, USA)
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[63]. The fuel processor generates reformate by desulfurizing municipal natural gas (NG),
mixing with steam and air, and flowing the mixture over a proprietary catalyst held at high
temperature. A compressor is used to pressurize the natural gas to 310 kPa upstream of the
fuel processor. A wide range of steam-to-carbon (S/C) and oxygen-to-carbon (O/C) ratios
can be fed to this “authothermal” (ATR) fuel reformer to modify reformate composition for
meeting GFC operational needs. The reformer can continuously generate between 9 and 35
kW, of hydrogen, based on Hy lower heating value (LHV). Reformate composition matches
chemical-equilibrium predictions, as confirmed using gas chromatography.

Reactant gases are preheated by routing through alumina-coated inconel tubing housed
within a 25-kW electric furnace. The GFC is housed within two 25-kW electrical furnaces to
maintain a temperature-controlled environment. Following initial experimentation, the GFC
modules demonstrated thermally self-sustained operation. Following these initial tests, the
heating elements for the electric furnaces were not, in fact, powered. Exhaust gases exiting
the GFC are directed upwards into a fume hood.

The experiment is controlled and diagnostics collected using National Instruments com-
pactRIO hardware and LabView software. GFC electricity generation is regulated using
Kikusui electronic load banks. The Geothermic Fuel Cell assembly has extensive instru-
mentation for monitoring GFC operation and performance, with 123 parameters that are
periodically logged during operation.

The Geothermic Fuel Cell module operates within a set of fixed constraints; these include:

1. Minimum stack temperature: 700 °C;
2. Inlet gas temperature: 600 - 750 °C;

3. Maximum temperature difference between the cathode and anode inlet streams: 100

OC;

4. Maximum temperature difference between cathode inlet and outlet streams: 125 °C;
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5. Fuel utilization: 40 - 70 %;

6. Fuel composition: 30 % < Hy < 50%; S/C > 2;

The GFC module is gradually brought to operating temperature by flowing a Hy-Nj
mixture to the assembly, and then igniting the combustors. This releases significant heat
within the GFC interior that gradually increases the stack temperatures to the minimum
level for electricity generation. This heat can be supplemented by the electric-resistance
heaters housed within the GFC module. Approximately 12 hours is required to heat the
module to operating temperature. Following startup, the fuel source can be switched from

H>-N5 to reformate using mechanical valving.
2.3 Thermodynamic model

The performance of the Geothermic Fuel Cell module is analyzed using Engineering
Equation Solver (EES). EES is used to capture the gross transport of chemical, thermal and
electrical energy to and from the GFC. The model converts experimental data regarding gas
flow rates and temperatures into thermodynamic system metrics. Gross system performance,
including heat loss to the surroundings Quuss, is quantified using mass and energy balances,

chemical equilibrium, and reaction kinetics [29]:
Eiotal = Etuel + Bair = Qloss + Eann + Ear + Welec. (2.1)
In this energy balance, the fuel and air streams bring energy Eioa into the GFC module:
Efuel = Efuel,sens + Efuel,chem (2.2)

where Epq is the sum of the sensible and chemical energy of the preheated fuel stream

Efyel sens and Elyel chem flowing at temperature Th,e and molar flow rate ngye:

Efuel,sens = hfuel Z Xj : [Bj(Tfuel) - FL]<TO)] (23)

J

Efuel,chem = 7;quel Z Xj ' LHVj (24)

J
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E.;; is the sensible energy of the preheated air stream entering at temperature T,;, and molar

flow rate 7,
Eair - hair ZX] . [Bj(Tair) - ]TL‘](TO)} . (25)
J

Energy outputs include the sensible energy in the exhaust products exiting the GFC

annulus F,,, at temperature Ty,,:
Eann - hann ZX] : [l_l] (Tann) - BJ(TO)] . (26)
J

Ear is the sum of the sensible and chemical energy in the anode return Ear,sens and Ear chem

exiting at temperature 7,, molar flow rate 7,,, and mole fractions X ,,:

Ear = I ar,sens + Ear,chem (27>
Ear,sens = 7;Lar ZXj,ar . [}_Lj (Tar) - FLJ<TO)} (28)
J
Ear,chem = har Z Xj,ar : LHVy (29)
J

The total sensible energy leaving the GFC module is Esens,outi
Esens,out = Eann + Ear,sens (21())

The electric power output is Welec, and the heat loss to the surroundings is Qloss. Note
that Qloss is a heat flow due to the temperature difference between the GFC outer casing
and the surroundings. This heat loss to the surroundings is not explicitly measured. Rather,
it is inferred from the differences in chemical and sensible energy entering and exiting the
module (Eq. 2.1).

The mole fractions, molar enthalpy and lower heating values of each species j in the fuel
and air streams are given by X}, Bj and LHV}, respectively. The sensible energy is defined as
the amount of energy that can be harnessed by cooling the hot inlet and outlet gases back to
ambient temperature (298 K). This is represented by the difference in species enthalpy at the
respective stream temperature (T') and the ambient temperature (Ty), i.e., [h;(T) — h;(Tp)].

The inclusion of LHV; in the E,, calculation reflects the presence of unconsumed H, in the
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anode return stream. The quantity of Hy remaining following electrochemical conversion
is determined based on the current being generated by the stacks, assuming 100% faradaic

efficiency:
. I
NH, , utilized = TL_F * Neells (211)

NHy, unutilized = TVHy fuel — TVHa,utilized - (2.12)

The values are used to determine the mole fractions in the anode exhaust stream following
electrochemical oxidation X ,,.

The molar flow rates into the fuel and air feed streams are regulated using mass flow
controllers (Figure 2.2). Fuel flow rates are set to meet fuel utilization (U, ) constraints:

__ THj,utlized

Upget = —Dzautlized (2.13)
an,fuel
This results in a total anode flow rate of
. thz fuel
ol = ——— 2.14
Ntyel XH2 ( )

where Xy, is the mole fraction of Hy in the fuel feed stream. Similarly, cathode flow rate is
set to achieve the desired stoics of excess air () as given by the ratio of moles of Oy supplied

to the moles of Oy consumed by the stacks during electrochemical oxidation of Ha:

) = _Ozair (2.15)

N0y, utilized

This results in a total cathode flow rate of:

. 71)‘02 air
Tair = —. 2.16
o8 (216)

As described earlier, gas flow out the anode return can be shut off using mechanical
valving. This directs unburned fuel to the stack combustors. As such, molar flow rate
through the anode return is either 7, = 74, or 0 with the anode return valve open or

closed, respectively.
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The GFC electrical efficiency €. is calculated as the ratio of electric power output to

the chemical energy in the fuel feed [64-68]:

Welec

elec — pe— 2.17
Celee = i - LHVi, (2.17)
The system heating efficiency is based on the chemical and sensible energy contained in the

fuel and air inlet streams (Efuel and Eair).

- Qloss
€heat = :

o Closs (2.18)
Efuel + Eair

The net combined heat-and-power efficiency ecyp is given by the sum of the heating and

electrical efficiencies:

€ECHP = €elec T €heat (219)

The linear heat flux is the rate of heat transferred to the surrounding geology (QIOSS) per

unit length of the GFC module:

Qloss

) = clos 2.2
Qloss GFC length (2:20)

2.4 Results and discussion

Geothermic Fuel Cell module performance is described at seven operational state points
listed in Table 2.1. Key inputs and observables include reactant-gas compositions, flow
rates and inlet temperatures, product-gas outlet temperatures, anode return state (open or
closed), and electronic load. The values shown represent conditions after a minimum of
four hours of steady-state operation at each condition. These raw data are converted to
chemical, sensible, and electrical energy entering and exiting the Geothermic Fuel Cell, and
overall GFC efficiencies.

Statepoint 2 serves as an example. For this condition, the fuel feed is the Hyo-Ny mixture,
the anode return is open, and 35 A of current are drawn from the GFC module. There
is Eioal = 15.5 kW of chemical and sensible energy delivered to the GFC through the hot

reactant gas streams. The reactant-gas inlet temperatures Ty, and T,; differ by 67 °C,
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Table 2.1: Operational state points and performance of the Geothermic Fuel Cell module.

State Point

Parameter Unit 1 2 3 4 5) 6 7
Fuel type Hy/Ny | Ho/Ny | Ho/Ny | Hy/Ny | Ho/Ny | Hy/No | NG
Current A 30 35 45 30 35 45 30
Voltage \Y 68.3 69.1 66.0 70.0 70.0 66.9 61.3
Anode return Open | Open | Open | Closed | Closed | Closed | Closed
Fuel flow rate | SLPM 88.4 103.2 132.6 88.4 103.2 132.6 122.0
Air flow rate SLPM 360 360 375 350 315 550 350
Utyel % 63.3 63.1 62.7 63.0 63.0 62.7 62.5
Treel °C 676 692 611 640 662 575 600
Tir °C 762 759 611 678 697 524 633
Tistack °C 769 784 801 768 785 801 744
T °C 647 668 654 652 669 662 N/A
Toann °C 571 600 610 634 648 664 561
Thousing °C 562 593 605 628 642 662 547
Woee kW 205 | 242 | 297 | 210 | 245 | 301 | 1.84
_E.’fuehchem kW 7.27 8.50 10.93 7.30 8.51 10.93 7.32
Efuel’sens kW 1.22 1.46 1.64 1.14 1.39 1.53 1.55
Efue] kW 8.49 9.96 12.57 8.44 9.90 12.46 8.87
B kW 561 | 559 | 459 | 480 | 4.46 | 5.68 | 4.44
Eotal kW 141 | 1555 | 17.16 | 13.24 | 14.36 | 18.14 | 13.31
B chem kW 191 | 225 | 292 | 000 | 0.00 | 0.00 | 0.00
Ear,sens kW 0.95 1.15 1.44 0.00 0.00 0.00 0.00
E.. kW 2.86 3.40 4.36 0.00 0.00 0.00 0.00
Eann kW 425 | 451 | 484 | 552 | 539 | 9.06 | 6.21
Esens,out kW 5.20 5.66 6.28 5.52 5.39 9.06 6.21
Qloss KW 494 | 521 | 498 | 561 | 652 | 607 | 526
€elec % 28.2 28.5 27.2 28.8 28.8 27.5 25.2
€heat % 35.0 33.5 29.0 42.4 45.4 33.5 39.5
ECHP % 63.2 62.0 56.2 71.2 74.2 61.0 64.7
Qo KWm™'| 202 | 214 | 204 | 230 | 267 | 249 | 216
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Figure 2.3: Surface temperatures and energy flows into and out of the Geothermic Fuel Cell
module. Values are shown for the 35-A quasi-steady-state condition. Arrows are scaled to
reflect the relative magnitude of energy flow entering and exiting the GFC module.
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revealing a limitation in the experimental test bench. While uniform, well-controlled inlet
temperatures are desired, some variability is found due to dissimilar heat transfer within the
preheat furnace.

Module surface temperatures at State Point 2 are shown in Figure 2.3, ranging from
573 to 595 °C, a difference of only 22 °C. These temperatures are near the 600 °C target
for in-ground GFC operation and in-situ oil-shale processing [60]. The average housing
temperatures Thousing are listed in Table 2.1. The bulk flows of energy entering and exiting
the module are also shown in this figure; the arrows are scaled to represent the relative
magnitudes of these energy flows. GFC electric power output reaches Welec = 2.42 kW, well
below the rated output of 4.5 kW,. This is in keeping with the unique GFC application;
as the primary objective is to heat the surroundings, lower levels of electricity are generally
desired. This is also reflected in the fairly low fuel utilization of 63.1%, resulting in a modest
electric efficiency of €qec = 28.5%.

With Quss = 5.21 kW of thermal energy released to the GFC surroundings, the combined
heat-and-power efficiency reaches ecyp = 62%. This fairly low value is attributed to the
considerable unconverted chemical energy exiting the GFC through the anode return (Ear,chem
= 2.25 kW). At this condition, the GFC linear heat flux reaches 2.1 kW m~!. This value
exceeds initial targets of 1.6 kW m™! [60].

The distribution of energy outputs from the GFC is shown in Figure 2.4. Heat loss
to the surroundings is a large fraction of the total, while again, electric power output is
comparatively modest. The pie chart highlights the large fraction of thermal energy exiting

in hot exhaust gases (Esensout = 5.66 kW), and the significant chemical energy remaining in
the unreacted fuel flowing out of the anode return (Ear,chem). Indeed, the effect of the anode
return on GFC performance is pronounced.

Referring back to Table 2.1, State Points 1-6 explore the effects of current draw and

anode return on operational performance under Ho-Ns fuel. In general, higher current draws

lead to overall higher module temperatures. This is a result of the increase in irreversible

24



15.55 kW

2.42 kW
Electric

Release
Qioss

Exhaust
Esens,out

Figure 2.4: Distribution of energy outputs from the Geothermic Fuel Cell module at State
Point 2 (35 A).
heat generation within SOFCs at higher currents.

Heating efficiencies €0, are found to drop at the highest electric-power conditions (45
A). These unexpected results can be traced to limitations of the test stand. Specifically, the
higher-power condition necessitates increased reactant flow rates. These, in turn, put strain
on the gas-preheat equipment that results in lower reactant-gas inlet temperatures. Thus, a
larger fraction of the heat generated by the GFC module is transferred to the cooler reactant
gas streams within the GFC interior. Indeed, the energy carried away in the exhaust gases
(Esens,out) is maximized at these high-power, high-flow-rate, low-residence-time conditions.

The closed anode return at State Points 4, 5, and 6 activates the stack combustors,
leading to much higher heat release, heating efficiency, and CHP efficiency. Linear heat flux

is increased by over 30% from the low-power, open-anode-return conditions, demonstrating

the flexibility of the GFC module for meeting operational requirements.
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Figure 2.5: Distribution of energy outputs from the Geothermic Fuel Cell module under
Hy-N, fuel. The size of each pie is scaled to reflect the total energy output at each state

point.
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Close inspection of the data in Table 2.1 yields insight on the coupled nature of the
GFC components and test stand. For example, the current draw increases from 30 to 35 A
between State Points 4 and 5, respectively. However, the module voltage (70 V) is identical
for the two conditions. This counter-intuitive result is traced to the slight increase in average
stack temperature Ty,q for the two conditions. The higher stack temperature of State Point
5 reduces overpotentials and improves electrochemical performance, albeit at potentially
higher degradation rates than those found at lower operating temperatures. The increase
in Tyt is due to the higher electrochemical output, and the higher inlet gas temperatures
caused by increasing heat-transfer coefficients found at higher flow rates. Many additional
examples of such thermal-electrochemical coupling could be presented.

The gross distributions of energy outputs for the six Hyo-N, State Points are shown in
Figure 2.5. For the lower electric current conditions (30 and 35 A), heat transfer to the
surroundings Qloss is found to increase substantially with the anode return closed, while the
heat loss to the exhaust Esens,out increases only slightly. Increased heat loss is also found at
the high-current condition (45 A), but a much-larger fraction of the heat generated by the
stack combustors is carried out in the exhaust stream in comparison to the lower-current
conditions.

State Point 7 reflects performance under natural-gas reformate fuel at the 30-A condi-
tion. Reformer operation was held at a steam-to-carbon ratio of 1.0 and a oxygen-to-carbon
ratio of 1.2, producing a reformate composition of 23.7% Hy, 10.4% CO, 2.4% CO,, 0.2%
CH,, and 29% H,O and 33.7% N,. Noticably lower terminal voltage and module power is
observed, reflecting the significantly higher steam content and lower hydrogen partial pres-
sure found in the reformate in comparison to the Hy-Ny fuel (3% steam). Generally lower
module temperatures (Titack, Zanns Lhousing) are observed in comparison to the two other 30-A
State Points (1 and 4), though the anode return is closed, and all reformate is converted to
products within the GFC. Despite some compromises in electrochemical performance, overall

module performance under reformate remains comparable to the Hy-Ny conditions, with the
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combined heat-and-power efficiency reaching ecyp = 64.7%. Linear heating remains strong
at 2.16 kW m~1.

This modest CHP efficiency can be improved through GFC system-design changes. For
example, the hot exhaust gases exiting the GFC can be used to preheat the cool reactants,
decreasing the sensible energy load. In practice, the reactant and exhaust plumbing will
be co-located within a single bore hole, as performed in Sullivan et al. [60]. This makes
for efficient transfer of heat between these fluid streams. Additionally, there is significant
chemical energy in the unreacted fuel of the anode return. This energy can also be harnessed
through combustion to preheat reactants, further decreasing the sensible energy load. Such
measures were beyond the experimental scope of the present work.

It is important to note that the Geothermic Fuel Cell reported in this work was placed
within a furnace containing refractory insulation. While the furnace elements were never
activated and the GFC was not subjected to external heating, the furnace insulation served
to keep heat within the GFC. During down-hole GFC operation within the geology, significant
heat would be transported into the surrounding oil shale, decreasing GFC temperature, as
found in Sullivan et al. [60]. As such, the measured GFC temperatures reported here are
likely higher than those found during operation within the geology. Operating conditions

that result in higher heat output would likely be necessary during down-hole operation.
2.5 Conclusions

This paper describes laboratory testing of a “Geothermic Fuel Cell,” a novel application
of solid-oxide fuel cells for combined heat and power. The Geothermic Fuel Cell is designed
for operation within an underground oil-shale deposit, where it transfers heat into the geology
to process oil shale into crude oil while generating electricity. The GFC module presented
here is comprised of three 1.5-kW, SOFC stack-and-combustor assemblies packaged within
a stainless-steel housing that is 0.3 m in diameter and 2.5 m tall. A fourth, larger combustor
is placed in the base of the module to promote thermal uniformity across the assembly.

The module is fueled by either a humidified hydrogen-nitrogen mixture, or the products
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of a natural-gas autothermal reformer. Exhaust products flow through an outer annulus,
transferring heat to the surroundings. A number of operating conditions are explored and
presented. One 35-A quasi steady-state condition resulted in 2.42 kW of electric power, a
heat flux of 2.14 kW m™~! and a combined heat-and-power (CHP) efficiency of 62.0%. This
operating point favors heat generation over electric power. Other operating conditions are
presented; significant variations in efficiency and heat release are observed, with peak CHP
efficiency reaching 74.2%.

The results of this experimental study of a single GFC module lead to the following

inferences:

1. The GFC module can provide a substantial range of heat and electric-power outputs

for meeting the requirements of in-situ oil-shale processing;

2. The GFC module design results in fairly uniform GFC surface temperatures, and

consequently uniform geology heating;

3. GFC module heating can be regulated through variations of operating current and

anode-return exhaust flow;

4. The anode-return plumbing enables a substantial turn down in GFC heat output while

maintaining relatively high electric-power output;

5. In comparison to operation under enriched hydrogen fuel, CHP efficiency decreases by

8% under reformate fuel.

The experimental data set collected through this study is used to validate a computa-
tional model that simulates GFC performance and provides insight on the underlying physics

behind GFC operation.
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CHAPTER 3
IN-GROUND OPERATION OF GEOTHERMIC FUEL CELLS FOR
UNCONVENTIONAL OIL AND GAS RECOVERY

This chapter describes the operating and performance characteristics of a Geothermic
Fuel Cell assembly installed in the earth and continuously operated for ~ 600 hours. The

results of this demonstration were submitted and accepted for publication [60].
3.1 Introduction

The demonstration presented in this chapter involves a near-surface installation of nine
(9) 1.5-kW, fuel cell stacks into a clay formation at the Colorado School of Mines campus.
Fueled by municipal natural gas, this Geothermic Fuel Cell is integrated with a natural-gas
fuel processor, a reactive-gas preheater, and ancillary balance-of-plant and diagnostic com-
ponents at an outdoor test site. The Geothermic Fuel Cell was continuously operated within
the earth for a period of 25 days. This chapter presents the results of this demonstration.

The U.S. Geological Survey estimates that over four trillion barrels of oil are trapped in
the Piceance Basin of northwestern Colorado, the Uinta Basin of northeastern Utah, and the
Greater Green River Basin of southwestern Wyoming [4, 5]. In contrast to liquid shale oil (or
“tight 0il”) trapped within porous geology [7], oil shale is a sedimentary rock that contains
organic matter called kerogen [8]. When pyrolysed to ~ 350 °C [9], this kerogen decomposes
into a mixture of oil, hydrocarbon gas and carbon-rich shale coke [10]. These oil-rich kerogen
beds are buried below 250-600 m (800-1900 ft) of overburden, and can extend over 900 m
(3,000 ft) below the surface at the center of the basins.

The processing of oil shale into oil is well established [6]. Traditionally, the shale rock is
mined from the earth and then retorted above ground. Significant oil-shale retorts have been
in operation for decades in Estonia, China, Russia, and other sites. Conventional oil-shale

processing is not cost competitive with Middle East sources. Environmental impacts - surface
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disturbance, water requirements, waste management - also present significant concerns [11].
Despite the enormity of this resource, its impact on the world energy portfolio remains
modest [6].

Developers are turning to in-situ oil-shale processing to address these cost and environ-
mental challenges. During in-situ processing, the oil-shale resource is retorted directly within
the formation; this eliminates mining processes and minimizes surface operations [12]. Stud-
ies also show that in-situ processing leads to a significant increase in the energy yield, as
greater volumes of oil shale can be processed at a time [13].

In-situ oil-shale processing is being pursued through a number of novel technologies,

including:

e The “In-Situ Conversion Process” (ICP) led by Royal Dutch Shell; resistive heaters
are inserted within the formation and driven with electric current to supply heat to

the oil shale [10];

e The “Electrofrac Process” led by Exxon-Mobil; hydraulic fractures created in the for-
mation are filled with an electrically conductive material to form resistive heating

elements that are then driven with electric current to heat the oil shale [20];

e The “Volumetric Heating” method developed by Illinois Institute of Technology; radio

waves generated by electrode arrays heat the formation [18];

e The “In-Situ Vapor Extraction Technology” pursued by Mountain West Energy;
methane gas is heated above ground and injected into the oil-shale formation. A
similar process is being developed by Chevron with carbon dioxide serving as the

working fluid [14].

Geothermic Fuel Cells differ from these approaches in that electricity is generated
throughout in-situ processing. This presents a unique Combined Heat and Power (CHP)

application. In previous work, SOFC systems achieved CHP efficiencies approaching 85%
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(2, 2629, 69]. Unlike most CHP applications, in-situ oil-shale processing places higher
value on down-hole thermal-energy release, at the expense of electricity generation.
Addressing such operational tradeoffs and learning of the engineering challenges associated

with underground SOFC operation motivate the current study.
3.2 Experiment

In this demonstration, a Geothermic Fuel Cell assembly was installed in the earth and
continuously operated for ~ 600 hours. The GFC was fueled with natural gas that was passed
through a fuel processor and converted into syngas. An extensive data set was acquired and

used to quantify important performance metrics.
3.2.1 Geothermic Fuel Cell modules

A schematic of a single Geothermic Fuel Cell module is shown in Figure 3.1 This assembly
is centered on three 1.5-kW, solid-oxide fuel cell stacks that are packaged and distributed
within a cylindrical stainless steel housing. The housing is approximately 0.3 m (1 ft.) in
diameter and 1.8 m (6 ft.) in height. Reactants are fed to the stacks in a parallel arrangement,
while the stacks are connected in electrical series.

During operation, the fuel and air reactants fed to the stacks are electrochemically con-
verted to products and electricity. Electrochemical oxidation occurs at ~ 750 °C (£ 70 °C)
resulting in significant heat generation. This heat is liberated to the surrounding environ-
ment.

Prior to in-ground installation, Geothermic Fuel Cell prototypes were first tested in the
Colorado Fuel Cell Center laboratory. These GFC modules included extensive instrumen-
tation for monitoring GFC operation and performance. Indoor testing provided important
insight to the unique operating characteristics of the GFC modules, and led to design mod-
ifications to improve performance and robustness.

For the in-ground demonstration, three GFC modules are joined using mechanical cou-

pling. While the stacks within each module are connected in electrical series, the three
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Figure 3.1: Schematic of a single Geothermic Fuel Cell module. Three such modules were
joined and placed within the earth as part of this demonstration.
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modules are connected in electrical parallel. The assembly contains a total of nine fuel cell

stacks, extends 6 m in length, and has an electric power rating of 13.5 kW..

3.2.2 Outdoor test site description

The in-ground Geothermic Fuel Cell architecture is shown in Figure 5.1 Key elements

include:

Water
A D%:E Autothermal :i,—l
r < reformer
Hydrogen = 4—?83,Natural gas

Nitrogen > > DAQ Above ground

e

| Concrete Pad
Wellhead

Under ground

Casing

Geothermic Fuel
Cell module 3 9.14m

(30 ft.)

Geothermic Fuel
Cell module 2

Geothermic Fuel
Cell module 1

Bottom
Plate

Figure 3.2: Geothermic Fuel Cell system architecture.

1. Three mechanically and electrically coupled Geothermic Fuel Cell modules;

2. A reactive-gas preheater attached to the top of the GFCs to heat the reactant gases

that feed the GFC assembly;
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3. A fuel reformer that converts natural gas supplied from the local municipality into

syngas;
4. Control systems and diagnostics.

The GFC modules and preheat assembly are placed within a 0.76 m-diameter (2.5 ft.)
steel casing that separates the assembly from the surrounding geology. The casing sits
within a 9.14 m-deep (30 ft.) bore hole. The in-ground assembly hangs nine meters into
the ground and is secured from above at the wellhead. A 1.2 m-tall (4 ft.) wellhead module
secures the entire assembly to a 0.1 m-thick concrete pad from which the GFC-preheater
assembly is suspended. The wellhead also serves as the interface for gas plumbing, the
extensive diagnostic sensors, and electric power. As in the laboratory setting, the in-ground
Geothermic Fuel Cell is fueled using a natural gas fuel reformer, with optional fueling using
compressed hydrogen and nitrogen.

An illustration of the outdoor test site is provided in Figure 3.3 along with a photograph
taken during GFC installation. The site consists of extensive materials and equipment for

in-ground GFC operation and characterization including:
e Equipment trailer for housing of control and diagnostics hardware;

Nearly 400 m? (14,000 scf) of compressed hydrogen for use in startup operations;

Liquid nitrogen dewar (1500-L);

Air compressor, backup air compressor, and air-storage tank;

20-kW backup electric generator;

480-V, 208-V, and 120-V electrical circuits.
3.2.3 Natural gas fuel reformer

An autothermal fuel reformer supplied by Precision Combustion, Inc. (PCI, North Haven,

CT, USA) is used to convert the natural gas supplied from the municipality into a hydrogen
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Figure 3.3: Layout of in-ground Geothermic Fuel Cell outdoor test site (left); photograph
taken during GFC installation (right).

and carbon-monoxide syngas mixture. In addition to Hy and CO, the reformate contains
water vapor, carbon dioxide, nitrogen, and trace amounts of methane. The syngas generated
by the reformer is used to fuel the GFCs.

Autothermal (ATR) reforming combines endothermic steam reforming (SR) and exother-
mic partial oxidation (POX) to create a near-thermoneutral chemical reaction. The natural
gas is combined with air and water vapor oxidizers and passed over a catalyst at elevated
temperature (800 °C); the oxygen-to-carbon and steam-to-carbon ratios can be altered to
vary the reformate composition [70, 71]. Autothermal reforming reduces the need for an ex-
ternal heat source to drive the chemical reaction. Additionally, the reformer offers favorable

start-up and response characteristics [72]. The range of operation for the PCI reformer is:

e 8-36 kW, input energy based on the Lower Heating Value (LHV) and flow rate of

natural gas;
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e Variable oxygen-to-carbon (O/C) molar ratio: 0.8 < O/C < 1.2 based on oxygen

present in air supplied to the reformer;
e Constant steam-to-carbon (S/C) molar ratio: S/C = 1.0;

e Supplemental steam addition downstream of the reactor.

The supplemental steam addition enables modification of the reformate steam-to-carbon
ratio and lower heating value. Measurement of reformate composition over a range of re-
former operating conditions indicates that reformer chemistry is quite close to equilibrium

predictions.
3.2.4 Reactive gas preheater

An integrated reactive-gas preheater and heat exchanger is used to heat the reactants
upstream of the Geothermic Fuel Cell. An illustration of this preheater is shown in Fig-
ure 3.4 A counter-flow tube-in-shell architecture is utilized. This preheater/heat exchanger
was designed by Saridea Inspired Engineering, LLC (Denver, CO, USA), and assembled by
Deltech, Inc. (Denver, CO, USA).

Cool anode and cathode feed gases entering at the top of the preheat assembly are man-
ifolded to a series of narrow, oval-shaped stainless-steel tubes that form an outer annulus.
Heat is transferred to these cool reactants from hot exhaust gases exiting the preheat com-
bustor and the GFC from the bottom. The natural-gas-fueled preheat combustor provides
the bulk of the thermal power. A stainless steel inner shield forms the inner annulus of the
preheat assembly. Fuel-cell electric power, sensor diagnostics, and combustor gas feeds are
plumbed through this inner shield. The shield has fins welded to its outer diameter that
extend into the exhaust channel. These fins induce mixing and promote heat transfer from
the hot exhaust gases to the heat-exchanger tubing and cool reactant gases.

The burner operating conditions span:

e 8.3-16 kW, input energy based on the LHV and flow rate of natural gas;
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Figure 3.4: Saridea preheater/heat-exchanger assembly.
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e Fuel flow rate 0.20-0.68 g s™1;
e Air flow rate 5.5-17.6 g s7%.

The preheater assembly is packaged within a stainless-steel housing (not shown) that is
coupled to the top of the GFC modules within the bore-hole. The preheater is 3 m (10 ft)

in length.
3.2.5 Testing description

The Geothermic Fuel Cell system was operated during November and December of 2014.
The average air temperature during the ~ 600 hours of operation was 1.1 °C (34 °F), with
highs and lows of 17.8 and -7.2 °C (64 and 19 °C), respectively.

During startup, the SOFC stacks are brought to operating temperature using electric-
resistance heaters contained within the Geothermic Fuel Cell modules. The electric heaters
continuously provided 20 kW of thermal energy into the GFC during this start-up period.
During heat up, a non-explosive hydrogen-nitrogen mixture (5% Hy and 95% Nj) was fed to
the nine GFC stacks.

After reaching a minimum stack operating temperature, the fuel composition was
switched from the hydrogen-nitrogen mixture to reformate. Reformer performance was
confirmed through measurement of reformate composition using a gas chromatograph. The
reformate composition was: 23.7% Ha, 10.4% CO, 29% H,0, 2.4% COs, 33.7% Nj, and
0.19% CHy. This reformate composition was continuously monitored and found to remain
constant for the duration of testing.

The Geothermic Fuel Cell was continuously operated under natural gas reformate for
~ 190 hours. During the first 90 hours of reformate operation, the electric current drawn
from the GFC was varied between 0 and 90 A. Following this series of intermittent tests,
the current draw set to a constant value of 65 A for the remaining 100 hours of operation
under reformate. While “steady-state,” time-invariant conditions were never achieved, quasi-

steady operation was observed over 24 hours of reformate operation at the 65-A condition.
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The following section summarizes in-ground GFC system performance over this 24-hour

period.
3.3 Results and discussion

A number of state points were explored over the 600 hours of in-ground Geothermic Fuel
Cell operation. While this represents an important demonstration for the GFC technology,
this time period is relatively brief, comprising less than 2% of the four-year operating duration

for which the GFC is designed.
3.3.1 System performance

As expected, the high temperature of the solid-oxide fuel cell stacks and low temperature
of the surrounding geology led to high transfer of heat from the GFC to its surroundings.
This places higher demands on the GFC for production of heat, rather than generation
of electricity. As will be shown, the in-ground GFC was operated under conditions that
maximize heat output in order to meet these thermal demands. While this led to considerable
geological heating during the 600 hours of operation, the corresponding electricity generation
and the resulting electrical efficiency were comparatively modest.

The in-ground GFC was operated at the 65-A condition for 100 hours. The 24 hours
of quasi-steady operation at the 65-A condition provide a baseline operating point for GFC
performance analysis.

Because of the series/parallel interconnection of the in-ground GFC stacks and modules,
the 65 A of current is distributed across the three GFC modules, resulting in an average
of 21.7 A per module, and 21.7 A per stack. It is important to note that the electrical
architecture of the in-ground GFC is designed for higher-current operation, perhaps as high
as 150 A. Therefore, far-higher electricity generation is possible with the in-ground GFC
than was demonstrated during this 600-hour test.

Figure 3.5 presents a performance summary for the in-ground Geothermic Fuel Cell at

the 65-A condition. The values shown in this table are calculated using 24-hour averages of
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the temperatures and mass flow rates measured during operation. The sensible and chemical
energies of the gas streams are calculated from the measured temperatures (7') and mass

flow rates (1):

Sensible :  Qy =Y (1) T (3.1)

i
Chemical : Qe = Y _1iv; - LHV; (3.2)
i
where ¢ denotes the individual gaseous species contained in each stream and ¢, ; is the specific
heat capacity for species 1.

The heat loss from the in-ground assembly to the surroundings (Qheat) is determined by

evaluating the energy balance for a control volume around the components:

Qo+ Qun| = @+ Qen) = Wotee = Qe (3.3)

ut

where Welec is the electric power generated by the solid-oxide fuel cell stacks.
At the 65-A condition, the complete GFC system was fed with 60.8 kW of chemical

power. This chemical power comes from three inputs:
1. Natural gas fed to the fuel reformer;
2. Natural gas fed to the preheater combustor;
3. Supplemental hydrogen added to the reformate stream.

The chemical power was supplemented by 10.8 kW of heat supplied by the GFC’s internal
electrical-resistance heaters. This supplemental electric heating serves to maintain the target
stack temperatures (680 - 820 °C) during operation. An additional 1.7 kW of thermal power
is used to preheat the air that feeds the autothermal reformer. The total energy input to
the in-ground Geothermic Fuel Cell system is 73.3 kW.

At the 65-A condition, 4.4 kW of electric power was continuously generated by the
solid-oxide fuel cell stacks. As stated previously, this power draw is less than one third of

the rated capacity of the GFC stacks. Operating conditions yielding higher electric power
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Total chemical
power into system (kW)

(Power in NG to reformer) + (Power in NG into preheat combustor)

60.8 + (Power in supplemental Ho to GFC)

Total heat into system (kW) 12.5 | (Preheating of reactants at ATR) + (GFC internal electric heaters)

Stack electric power (kW) 4.4 (Electric current) * (GFC terminal voltage)

System electrical efficiency (%) | 7.2 (Stack electric power) / (Total chemical power into system)

(Moles of Ho consumed to produce electric current) /

Fuel utilization (%) 25.8 (Moles of fuel [Hy + CO + 3*CHa] fed to GFC)

[Total chemical and sensible energy in GFC inlet gases

GFC heat loss to geology (kW) | 18.8 - Total energy in GFC exhaust gases] - GFC electric power

Preheater heat loss to 104 [Total (chemical and sensible) energy in the preheater inlet
geology (kW) ' gas streams] - [Total energy in preheater outlet gas streams]
Total heat loss to geology (kW) | 29.1 (Heat loss from GFC) + (Heat loss from pre-heat unit)

(Total heat loss to surroundings) /

. - o
System heating efficiency (%) | 47.8 (Total chemical power into system)

Combined heat and power

efficiency (%) 55.0 (System electrical efficiency) + (System heating efficiency)
Heat loss per unit length of GFC 3.9 (Heat loss to geology) /
(KW/m) ' (6 m GFC length + 3 m of Pre-Heater length)
Reformer efficiency (%) 75.1 (Chemical power in reformate) / (Chemical power in NG fuel)

(Heat gained by GFC inlet gases) / [(Heat from NG combustion)

Tall 0,
Heat exchanger efficiency (%) | 65.1 + (Heat loss from GFC exhaust streams)]

Figure 3.5: Performance of the in-ground Geothermic Fuel Cell system at the 65-A operating
condition.

42



will be explored as our experience with GFC system operation grows. This results in a
modest electrical efficiency of 7.2%. The low efficiency is primarily attributed to the low fuel
utilization (25.9%) used for this series of tests.

Thermodynamic analyses reveal that the three Geothermic Fuel Cell modules liberated
18.8 kW of thermal power into the surrounding geology. In addition, the preheat unit drove
10.2 kW into the geology, increasing the total thermal power entering the geology to 29.1
kW. This resulted in a heat flux to the geology of 3.2 kW m~! across the 9-m length of GFC-
preheater assembly. This is clearly well above the electric power generated by the stacks,
as needed during initial startup conditions. The thermal efficiency for providing heat to the
geology was 47.8%; the combined heat-and-power efficiency reached 55.0%.

Figure 3.6 depicts the relative distribution of energy across system outputs. The fraction
of energy that represents the electrical power harnessed (4.4 kW) is small relative to the
heat lost to the geology (29.1 kW). This is due to the high heating demands placed on the
GFC, as opposed to electricity generation, during initial operation. It is expected that as the
geology grows warmer, more energy conversion can be directed towards electricity generation
rather than heat liberation.

Significant thermal energy is also lost in the hot exhaust gases exiting the GFC-preheat
assembly (8.4 kW). Such losses are signficant in this near-surface demonstration, but will
decrease as the Geothermic Fuel Cells are installed in deeper geological locations. Inefficiency
in the autothermal reformer is also considerable (9.2 kW).

The energy lost due to unreacted reformate gases exiting the GFC is most significant
(22.3 kW). While this unused fuel negatively impacts efficiency, the ability to pass reformate
through the GFC without conversion is an important design feature, as it provides a measure
of turndown in device operation. This enables a decrease in thermal and/or electrical output
from the GFCs as the geology grows warmer, preventing overheating.

For this demonstration, the unreacted reformate was simply flared above ground. It is

reasonable to consider that the unreacted fuel could be used in a number of ways to improve
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Figure 3.6: Distribution of energy across the Geothermic Fuel Cell system at the 65-A
operating point.
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system performance. Unreacted reformate gases could be routed to the preheat combus-
tor, reducing (perhaps even eliminating) the consumption of natural gas in this combustor.
Thermodynamic calculations indicate that such a change would increase the CHP efficiency
from 55.0% to 66.0% for the same conditions tested.

Alternatively, the anode exhaust could be “recycled” into the reformate fuel that feeds
the GFC. Anode recycle has been shown to markedly improve system performance [73-75].
This change would necessitate use of a high-temperature anode-recycle blower. Such a blower
would need to withstand the high temperatures of the anode exhaust gases (> 200 °C), and
require power and control hardware for proper operation [76, 77]. However, these unreacted
reformate gases exit the GFC at temperatures that are lower than those found in typical

SOFC systems, perhaps reducing the cost of this balance-of-plant component.
3.3.2 Component performance

This section presents the performance of the key components that comprise the Geother-
mic Fuel Cell System: the fuel reformer, the reactant preheater, and the Geothermic Fuel
Cell modules.

The reformer is equipped with an air heater upstream of the reactor, and two “supple-
mental” steam generators that provide superheated steam to the reformate downstream of
the reactor. The supplemental steam is provided in addition to the water that is injected
with the air and natural gas into the catalytic reactor body. Operating conditions for the
autothermal reformer were held constant throughout the 100 hours of operation at the 65-A

condition:

36 kW, chemical energy input;
e 1.0x1073 m3 s~ (60 slpm) natural gas flow rate;

e 3.1x1073 m3 s7! (183 slpm) air flow rate (1.16 O/C ratio);

8.1x107! g s7! steam flow rate (1.0 S/C ratio);
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e 7.1x107! g s7! supplemental steam flow rate.

As listed previously, the measured reformate composition was very close to chemical-
equilibrium predictions, with very little methane slip. The reformer efficiency (Eq.3.4) is
evaluated based on the LHVs of the natural gas supply and the hydrogen product [70]:

(ny, +nco) - LHVy,
hCH4 . LHVCH4

NATR = = 75.1% (3.4)

This definition assumes complete shifting of the carbon monoxide into CO, through the

water-gas shift reaction, yielding one mole of Hy for every mole of CO in the reformate:
CO + HQO — H2 + COQ

Before the reformed natural gas is fed to the GFC, additional hydrogen (20 slpm) is injected
to the fuel stream to increase its chemical power. This supplemental hydrogen is not included
in the ATR efficiency calculation.

The flow of energy through the preheater is shown pictorially in Figure 3.7. The preheater
is quite effective in increasing reactant-gas temperatures to SOFC-stack operating conditions.
The air and reformate gases exit the preheater at 697 and 748 °C, respectively. These
temperatures are quite well matched, and near the stack temperatures.

When operating at the 65-A condition, the reactant gases pick up 19.0 kW of thermal
power when passing through the preheater. There are two sources of this thermal energy: the
high-temperature gases exiting the natural gas combustor, and the hot exhaust gases exiting
the GFC modules. The combustor serves the primary heating role: 16.8 kW of thermal
power are released through combustion, while 12.6 kW are liberated by the hot exhaust (8.0
kW from the air, 4.6 kW from the anode exhaust).

Much of the heat generated by the combustor and liberated by the GFC exhaust is
transferred to the cool reactants (65%). However, heat transferred from the preheater to the
surrounding geology is also substantial (10.4 kW).

A similar thermodynamic analysis of the three Geothermic Fuel Cell modules reveals that

the GFCs drive 18.7 kW of thermal energy into the surrounding geology. The reactants bring
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Figure 3.7: Illustration of the heat and gas flows through the preheat assembly. The dashed
red line represents the physical boundaries of the preheater. Line thicknesses reflect the
magnitude of the heat and gas flows into and out of the preheater.
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nearly 52 kW of sensible and chemical energy into the GFC assemblies. The internal electric
heaters generate 10.8 kW of heat within the GFC modules. The SOFCs electrochemically
convert the chemical energy within the reactants into 4.4 kW of electricity, while 39.6 kW of
sensible and chemical energy exit the GFCs through the exhaust. The remainder (18.7 kW)

is released to the surrounding geology.
3.3.3 Geology heating

Temperatures in the surrounding geology were periodically measured over the course of
the in-ground Geothermic Fuel Cell testing. Figure 3.8a depicts the geology temperature
as a function of depth from the surface on two consecutive days of 65-A operation. These
measurements were taken within a bore hole located 1.2 m (3.9 ft.) from the GFC casing.
A substantial temperature difference is observed with depth below the surface; the highest
temperatures are observed at 3.7 m from the surface, nearly adjacent to the top-most stack.
The lowest temperatures and highest temperature gradients are found close to the surface.

At depths greater than 4 m, geology temperature gradually decreases with increasing
depth into the earth. This reflects the higher volume of geology that must be heated at the
bottom of the GFC. Heat transfer in the radial direction is dominant near the middle of the
GFC-preheater assembly (depth of 4.5 m); axial heat transfer is also significant at the ends
of the assembly. These fairly pronounced end effects result in the lower temperatures at the
extreme positions. Overall, the geology temperature is found to increase by over 3 °C in the
24-hour period between the two series of measurements.

Geology temperature as a function of radial position from the GFC casing is shown in
Figure 3.8b. This logarithmic temperature profile is consistent with the general solution for
one-dimensional radial heat conduction into an infinite homogeneous medium [78]. Such a

result may prove valuable for future modeling of the geology-heating process.
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3.4 Conclusions

This chapter reports on the design and performance of the world’s first Geothermic Fuel
Cells. Three cylinderical GFC modules, each containing three 1.5 kWe solid-oxide fuel
cell stacks, were mechanically and electrically coupled and joined to a gas-preheater/heat-
exchanger assembly. The 9-m-long assembly was placed within the earth, integrated with
extensive balance-of-plant components, controls, and diagnostics, then continuously operated
over a period of 600 hours. An initial data set was gathered, and the effectiveness of the
GFCs in heating the surrounding geology while simultaneously generating electricity was
demonstrated.

In an effort to establish a steady operating point, the Geothermic Fuel Cell system was
set at an electrical current output of 65 A while fueled with reformed natural gas. With the
SOFC stacks within the GFC assembly operating at temperatures as high as 800 °C, and
the surrounding geology at temperatures less than 100 °C, high heat transfer was observed
from the GFC assembly to the surroundings. This necessitated a Geothermic Fuel Cell
operating condition that favored generation of thermal energy over generation of electricity.

Key operating characteristics under this condition include:

e 4.4 kW of continuous electricity generation;

e 29.2 kW of heat transferred from the GFC-preheater assembly to the surrounding
geology, with 18.8 kW liberated by the GFCs, and 10.3 kW provided by the preheater;

e 55% combined heat-and-power efficiency:;

e 3.2 kW m™! of heat flux transferred to the geology across the 9 m length of the GFC-

preheater assembly.

The 22.4 kW of energy loss from the low fuel utilization and ensuing unreacted reformate

exiting the GFC is the primary source of the relatively low system electrical efficiency (7.2%).
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Considerable performance increases could be realized by harnessing the chemical and thermal
energy in the unreacted fuel exiting the GFC.

The use of Geothermic Fuel Cells in unconventional oil-and-gas recovery presents an
exciting new application for solid-oxide fuel cell technology. For the present study, the
primary resource to be accessed is the four-trillion barrels of oil trapped within U.S. oil-shale
reserves. Other potential applications include down-hole steam generation for accessing tight

oils and advanced conventional oil recovery.
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CHAPTER 4
MODELING AND SIMULATION OF A NOVEL 4.5 KW, MULTI-STACK
SOLID-OXIDE FUEL CELL PROTOTYPE ASSEMBLY FOR COMBINED HEAT AND
POWER

This chapter describes a steady-state system model developed in Aspen Plus’™ to predict
the GFC-stacks electrochemical performance and the heat-rejection from the module. The
model development and simulation results outlined herein were submitted and accepted for

publication [79].
4.1 Introduction

This chapter presents a steady-state system model that simulates the electrochemical
performance and thermal-energy generation of a multi-stack solid-oxide fuel cell assembly.
This novel assembly is termed a “Geothermic Fuel Cell” (GFC). As first presented in Sullivan,
et al. [60], the GFC concept entails placement of a network of GFC modules within oil-shale
formations hundreds of meters below the earth’s surface. The high-temperature solid oxide
fuel cells contained in the GFC release thermal energy to the surrounding geology, resulting in
conversion of the kerogen within the shale into liquid oil and natural gas at ~ 350 °C [1, 9].
Fueled by natural gas, the SOFCs contained in the GFC modules continuously generate
electricity that can be used to serve plant processes at the surface or be fed back to the
electrical grid.

The high operating temperatures required for SOFCs (700 — 1000 °C), make them suitable
for combined heat and power applications when coupled with heat-recovery systems. As
shown by Dodds et al. and Elmer et al. [80, 81|, SOFC-CHP systems can achieve efficiencies
of up to 90%, resulting in a low-COg-emitting alternative-power and thermal-energy co-
generation technology. Current residential and commercial SOFC-CHP systems are used

for electricity production and thermal-energy generation for space heating or domestic hot
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water [32, 33]. The primary objective of these systems is electricity generation to meet the
building consumer loads; this application results in intermittent part-load operation of the
SOFCs and consequently lower efficiencies [80]. These state-of-the-art SOFC-CHP systems
generate relatively low-quality heat. Unreacted fuel in the SOFC exhaust is burned within
a combustor located downstream of the stack. This high-quality heat is used for reactant-
gas processing and preheating. Following reactant heating, the remaining thermal energy
available for meeting building space heating or domestic hot water demands is typically of
low quality (< 350 °C) [34-36]. Studies show that the variations of the operating conditions
and thermal cycling of these SOFC-CHP systems cause an overall increase in the mechanical
and electrochemical degradation of the SOFC stacks during prolonged use [82].

In contrast, the Geothermic Fuel Cell technology presents critical improvements to the

current state-of-the-art oil-shale processing and SOFC-CHP technologies described above:

e The adverse environmental impacts and high costs of ex situ processing are alleviated
by placing the GFC modules directly within the geology and utilizing heat from the

SOFCs to upgrade the kerogen in situ;

e The high efficiency and lower COs-emissions of SOFC-CHP systems provide a po-
tentially efficient and environmentally sustainable alternative to current in situ shale
processing methods that rely on centrally generated power to operate buried resistive

heater elements:

— Brandt et al. estimate life-cycle carbon emissions for SOFC-based in situ oil-shale
upgrading processes to be 64% lower than Shell’s ICP process and 49% lower than

conventional oil [83];

— Cleveland et al. estimate the GFC energy ratio to be greater than 15:1 [84];

e Unlike most SOFC-CHP applications, the GFC application places higher value on

high-grade thermal-energy generation at the expense of electricity generation:

93



— The objective of the system is to reject high-grade heat from the GFC assembly

at temperatures greater than 500 °C to the surrounding geology;

e The GFC system is continuously operated over a four-year period, with the SOFCs
held at a single steady-state condition for months at a time. In this application, there
are no load-following or transient-demand constraints that necessitate dynamic-power
and thermal-cycling conditions. This extends stack lifetime and consequently reduces

system costs.

In this chapter, we present a model of the Geothermic Fuel Cell prototype shown in
Figure 4.1a. The module is designed and built by Delphi Powertrain Systems [50-52, 56, 59],
and consists of three 1.5 kW, SOFC stack-and-combustor assemblies packaged within a
stainless-steel casing. The stacks are placed in a 1.8 m tall, 0.3 m diameter cylindrical
housing and vertically distributed to promote uniform housing surface temperature and heat
rejection.

Fuel and air reactants are fed to the stacks in a parallel configuration, and are elec-
trochemically converted into electricity and product gases. Both products and unutilized
reactants can mix and burn within a combustor located below each stack. Alternately, the
anode exhaust can vent to the atmosphere through “anode-return” plumbing (not shown);
mechanical valving is used to regulate anode-return flow. This anode return enhances oper-
ational flexibility by reducing thermal-energy generation with only a modest impact to elec-
trochemical performance. Hot product gases exit the combustors and flow upwards through
an annular space between two stainless steel housings, rejecting heat to the surroundings
before being exhausted above ground.

The experimental testing and performance of this Geothermic Fuel Cell module is de-
scribed in Anyenya et al. [47], where electrochemical and thermal performance were quan-
tified over a wide range of operating conditions. In this paper, we present a computational
model that simulates GFC thermo-electrochemical behavior. The model is validated using

experimental data from laboratory testing presented in Anyenya et al. [47]. A thermal-
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resistive network simulates heat rejection from the stack and burner components to the sur-
rounding outer wall. Following validation, the model is exercised over a far-wider range of
conditions than could be demonstrated experimentally. The physics underlying the observed
experimental performance is presented, and GFC operational characteristics are reviewed.

The novel contributions of this modeling work include:

e The first detailed thermo-electrochemical model of a novel SOFC system architecture

that is designed to reject high-temperature / high-quality process heat;

e Model and simulate the thermally integrated design as a means to characterize the

stack-combustor units’ performance in this application;

e Explore operating conditions that favor thermal energy output to electricity produc-

tion, contrary to other SOFC-CHP applications.

4.2 Computational model development

Determine Vstack and
Welec using the stack
electrochemical

Select the simulation Determine Egjr, Efuel, model described in Determine Tann, Tar, Using Equations
operating conditions: Najr and g, e using Section 2.1 Eann and Ear from a 36 and 37,
I, Tst, P, Usyel, A, Tair, [ | Aspen’s property control volume energy [™>] calculate Eejec
Ttuel Tar Tann library and Equations i balance around the GFC and Eheat
30-31(See Section 3.1) \ Determine Qgeo and and Equations 32-33
Toh using the heat

transfer model described
in Section 2.3

Figure 4.2: Computational flow-chart of the simulation model.

A model of the GFC system is used to capture the gross transport of chemical, thermal
and electrical energy through the module. Developed in Aspen Plus” | the model utilizes
mass and energy balances, chemical equilibrium, and reaction kinetics to simulate thermo-
chemical system processes. As shown in Figure 4.2, the GFC operating condition to be
simulated is defined by nine input parameters: stack operating current 7, stack temperature

T, operating pressure P, fuel utilization Ug,, stoics of air A, air inlet temperature Ty, fuel
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inlet temperature T, and fuel composition. Using these inputs, the stack voltages and GFC
electric power are predicted through an electrochemical model configured as a user-defined
subroutine (Section 5.4.19).

The model uses gas stream temperatures, electric current, fuel composition and utiliza-
tion to predict the required reactant flow rates and the total energy in the inlet streams.
The composition of anode and cathode exhaust streams are determined from equilibrium
calculations. Energy and mass balances are solved for the chemical, thermal and electrical
energy flows into and out of the module as shown in Figure 4.1b. The heat to the surrounding
and the temperature of the module’s outer housing are predicted by a heat-transfer subrou-
tine descried in Section 4.2.3. Electrochemical and heating performance of the module is
calculated from the resulting electric power and heat loss. This model provides insight on
the physical phenomena underway during GFC operation, and guidance regarding operating

conditions for optimal CHP performance.
4.2.1 Electrochemical model

Following the approach of Trendewicz et al. [27], Leah et al. [85] and Keegan et al.
[86], a zero-dimensional computational model simulates the electrochemical performance of
an SOFC unit-cell. The single-cell performance is then extrapolated to a full 1.5 kW, stack
by assuming that the stack is comprised of identical repeating unit cells nges arranged in

electrical series
‘/stack = Ncells * ‘/cell' (41)

The model is used to predict the stack voltage V., and GFC electric power Wotee for a

given current I, stack temperature Ty and fuel utilization Upye
Welec = MNstacks * ‘/stack - I (42)
The single cell voltage V. is given as

V;:ell = V;)cv — Nohm — Mact — Tconc,a — Tleconc,c (43)
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with the open-circuit voltage V., the activation losses 7,., the ohmic losses 7onm, and the
concentration losses 7conc,a and 7eonc,c at the anode and cathode, respectively.

The Nernst potential F, is a function of the stack temperature Ty, the universal gas
constant R, Faraday’s constant F, number of electrons transfered in the reaction n, mole
fractions of steam Xj,0, hydrogen Xy, and oxygen Xo, at the stack outlets and the standard

electrode potential £°

RT, X
B, = g - sy 120 . (4.4)
nk’ XH2 ’ X02

The standard electrode potential is calculated using Equation 4.5 as used in Becker et al.

[37]
E° =1.2723 —2.7645 - 10~* - T},. (4.5)

An empirical leakage coefficient @ is used to account for the deviation of the observed open-

circuit voltage from the Nernst potential as in Bove et al. [88] and Lisbona et al. [29]
Voew = B, - 0. (4.6)

This leakage coefficient was determined from experiments executed on a similar Delphi 1.5
kW, stack, where 6 = 0.9827.

The activation, ohmic and concentration over-potentials are calculated using the “SOFC
spreadsheet-based unit-cell model” developed by Pacific Northwest National Laboratories
(PNNL) [89]. In this work, the original PNNL model is calibrated using experimental data
collected from early generation Delphi SOFC unit-cell tests under Hy /Ny fuels across a wide
range of temperatures. The model predicts ohmic losses through cell components, charge-
transfer overpotential at the electrodes, and losses due to diffusion of reactants into and
products out of the porous electrodes. The model also takes into account cell parameters
such as component thicknesses, porosities and tortuosities. These losses are dependent on
the current density ¢, fuel and air compositions, cell operating temperature Ty and pressure

P. These inputs are assumed to be homogeneous over a small electrochemically active area.
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The activation polarization 7, is given by an approximation of the Butler-Volmer equa-

_(RT4N  , _( i
Mact = <&F>8mh (2i0> (4.7)

where « is the symmetry factor, F'is Faraday’s constant. The exchange current density 4, is

tion

a function of the pressure-dependent pre-exponential term P,, the cell temperature T, the

universal gas constant R and the activation energy for charge transfer F,

E
io = P, - exp (— R;jt) . (4.8)
st

The adjustable Butler-Volmer parameters («, P,, E,.) are calibrated to fit experimental
data collected from single-stack electrochemical-performance measurements.

The ohmic polarization 71y, is given by
Tlohm = t-R (49)

where R is the sum of the charge-transfer resistances of the anode, cathode, electrolyte and

interconnect layers

tan tca te tic
R= 2yt g g e (4.10)
Oan Ocat O¢l Oic

The electronic conductivity values o are calculated using the porosity, cell temperature
and empirical constants from cell experiments. The thicknesses t; are obtained from the
cell manufacturer (Delphi Powertrain Systems). The formulation above assumes negligible
contact resistances, cross-plane charge flow and series connection of resistances, as discussed
in Aguiar et al. [25].

The cathode concentration polarization (feoncc) is given by

RT i
conc,e — 1 1—— 4.11
tonee =~ (1= (a11)

where 70, is the oxygen limiting current density

. _AFPDo,x, (P
02 RTsttcat P — P02

(4.12)
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and is a function of the cathode thickness t.., effective binary diffusion coefficient between
oxygen and nitrogen Do, n,, the partial pressure of oxygen in the bulk gas FPp,, the total
pressure in the cathode P and the cell operating temperature Ty. Similarly, the anode

concentration polarization 7conc.a 1S given by

o () e ()]
conc.a = — In{l—— | —In(1+- 4.13
Heons, 2F UH, 1H,0 (4.13)

where i, and ip,0 are the hydrogen and steam limiting current densities, respectively

_ 2Py, Dy, 1,0

— 4.14
ZH2 RTsttan ( )
. 2F Py,0Dw,—1,0
= 2 . 4.15
ZHQO Rnttan ( )

These are functions of the anode thickness t,,, effective binary diffusion coefficients of Hy
and H,0 in the anode Dy, _p,0, the partial pressures of hydrogen and steam in the bulk gas
of the anode Py, and Pj,0, and the cell operating temperature 7.

Table 4.1 lists the parameters used in calculating the cell performance through the set of
equations above. The anode, electrolyte, cathode and interconnect thicknesses (tan, fel, teat
and t., respectively), anode and cathode tortuosities and the anode and cathode porosity
are obtained from the cell manufacturer. The average cell temperature (Ty), pressure (P)
and fuel composition are experimental set points. The resulting values for activation and
concentration polarization are within the expected ranges outlined in Mogensen et al. [90]

for anode-supported thin-electrolyte SOFCs in the 650-850 °C temperature range.
4.2.2 Calibration and validation of electrochemical model

Figure 4.3 illustrates the model calibration to experimental results of stack voltage and
power density as a function of current, while holding reactant flow rates and stack tempera-
ture constant (~740 °C). For these experiments, in-cell fuel utilization ranged from 0-32%.
The model-to-experiment comparison at this operating condition resulted in R? values of

94.1% and 99.5% for the stack-voltage and power-density curves, respectively.
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Table 4.1: Top: Inputs to the electrochemical model, including cell geometry parameters.
Middle: Component conductivities derived from the model. Bottom: Tuned parameters
fitted to experimental data.

Input parameters Value Units
Cell active area 105.75 cm?
Anode thickness, t,, 500 pm
Cathode thickness, fat 50 pm
Electrolyte thickness, tq 10 pm
Interconnect thickness, t;. 500 pm
Average cell temperature, T 750 °C
Cell operating pressure, P 1 atm
Fuel composition 48.5% H,

48.5% No

3% H»0
Model-determined parameters Value Units
Anode conductivity, o, 2.44 - 102 Scem !
Cathode conductivity, oeat 6.88 Sem!
Electrolyte conductivity, o 2.99-1072 S em™!
Exchange current density, 7, 0.363 A cm—2
Cathode effective binary diffusion coefficients, Do, _x, 0.0215 cm? s71
Anode effective binary diffusion coefficients, Dy, _mn,0 0.144 cm? 571
Tuned parameters Calibrated value | Units
Symmetry factor, o S-Ty+C -

S=162-10"3 K1

C=-1.19

Pre-exponential, P, exp(L-Ty+ K) | Acm™2
L=—-6.54-1073 K-t

K =1975 -

Activation energy, F,. 1.26 - 10° J mol~!
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Figure 4.3: Comparison of model-predicted and experimentally measured polarization curves
for a 1.5 kW, stack at 743 °C under 48.5% H,y, 48.5% Ny and 3% H,O fuel. Experimental
data is shown as symbols, while model results are shown as lines.

This calibrated electrochemical model is then validated through experimental data from
GFC-module testing. As the GFC assembly contains three stacks operating at slightly dif-
ferent temperatures, module experimentation creates a wealth of data for model validation.
Figure 4.4 shows the comparison between simulation results and experimental stack volt-
age data at different stack temperatures and electric currents. The top stack (Stack 1,
Figure 4.1a) demonstrated the highest temperature, while the bottom stack (Stack 3, Fig-
ure 4.1a) was the coolest. Constant fuel utilization of Up = 63% was maintained across all
conditions shown in Figure 4.4. However, air flow rate was adjusted to maintain stack tem-
perature within constraints. Model predictions match experimental results within an error
of 4%. This result shows that the electrochemical model captures the voltage dependence

on stack operating temperature and current draw.
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4.2.3 Heat-transfer model development

A heat transfer model is used to predict the heat loss from the hot GFC components
to the cooler surroundings at steady-state operating conditions. The radial heat loss is
calculated using the equivalent thermal circuit for a single stack-combustor assembly shown
in Figure 4.5. In this network, heat transfer from the module to the surrounding geology is

driven by two mechanisms:

e Radiation heat transfer from the stack, combustor, and inner-housing surfaces;

e Convection heat transfer from the hot exhaust gases to the inner and outer housing;

Uniform/lumped surface temperatures are assumed for each of the components. Given the
stack, combustor, and outer-housing temperatures as inputs, the model predicts the heat flux
from the module to the surroundings. Values for these inputs are obtained from physical
measurements of the GFC module presented in a companion paper.

Several common heat transfer mechanisms are not included in the model. Convective
heat transfer within the cavity between the stack-combustor assembly and the inner hous-
ing is assumed negligible; no gas is fed through this space, and bouyant-convection heat
transfer is generally small in comparison to radiation and forced-convection heat transfer.
Conduction heat transfer between GFC components is also assumed negligible. Thermal
communication between the stack and the combustor is neglected as physical measurements
found the temperature difference between these two components to be below 10 °C. Conduc-
tion heat transfer from the gas plumbing to the inner shield is also ignored, as the thickness
of the sheet-metal components limits this heat conduction.

There are five thermal resistors shown in Figure 4.5 to simulate the following heat-transfer

mechanisms:

1. Radiation from the stack to the inner housing (hyaqst) ™

2. Radiation from the combustor to the inner housing (hyad.comb)
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3. Radiation from the inner to the outer housing (hyad.ann) '

4. Convection between the inner housing and hot exhaust gases (hy,)™";
5. Convection between the hot exhaust gases and the outer housing (hen) ™.

The radiation heat transfer coefficients hy.q are calculated using the engineering approxima-
tion formula from Nellis et al. [91] and Lai et al. [92]. The radiation heat transfer coefficient

between the stack and inner wall, is

hrad,st - 40—53t5ih(T13) (416)

where ¢4 and ey, are the stack and inner-housing emissivities, respectively. 7} is the film

temperature between the stack and inner-housing temperatures, Ty and T}, respectively

— 1
Ty = 5 (Ts + Tin). (4.17)

Similarly, the radiation heat transfer coefficient between the combustor and inner-housing is

given as

hrad,comb = 40—6C0mb5ih (TQP)) (418)

where €¢omp is the combustor emissivity and 75 is the film temperature between the combustor
Teomb and inner-housing temperatures. 75 is equal to T} because the combustor temperature
is assumed equal to the stack temperature. Finally, the radiation heat transfer coefficient

between the inner and outer housing is

Brad,ann = 4051h€oh(T§) (419>

where e, is the outer-housing emissivity and T} is the film temperature between the inner

and outer Ty, housing temperatures

Ts = = - (Tin + Ton)- (4.20)

N | —
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Convection heat transfer coefficients are calculated for the inner housing hin, and the

outer housing hon

- Nuih : k?air

Fip = — b * air 4.21
h D, (4.21)

- Nuh « Kair

Ry = ——on " Tair 4.29
h D, (4.22)

where the average Nusselt numbers Ny, and Nug, are derived for fully developed laminar flow
in a circular tube annulus from Table 8.3 in Bergman et al. [93]. The thermal conductivity
of the exhaust gas k,; is taken to be that of air at the exhaust temperature. The hydraulic

diameter D), is given by
Dy, = Don — Dip. (4.23)

The model assumes Ty = Teomp With negligible loss in model fidelity, resulting in an

equivalent heat transfer resistance Riyal

T = -1
Riotal = (hrad,stAst + hrad,combAcomb)

1 11
Bra annAi T T 4.24
* ( ¢ bt |:hihAih * hohth:| ) ( )

where Ay and A.omp, are the total stack and combustor surface areas exposed to the inner
housing, respectively. The inner and outer annulus wall surface areas are given by Aj;, and
Aon, respectively.

The heat flow due to the temperature difference between the GFC outer casing and the

stack-combustor assembly Qst_comb is given by

T‘st - Toh

4.25
Rtotal ( )

Qst—comb =

A fraction of Qst,comb is the thermal energy convected out of the module via hot exhaust
gases in the annular spacing ans with the remainder transfered to the geology via the outer

housing wall Qgeo

Qst—comb = Qgeo + ans- (426)
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As discussed in Braun et al. [94], an approximation of ans is formulated by assuming

equivalence to an empirical fraction 8 of the net heat flow Qs —comb
Qst—comb - Qgeo + B . Qst—comb- (427)

This results in the heat transfered to the geology via the outer housing wall Qgeo being

equivalent to

(4.28)

Qgeo: (1-2)- (M)

Table 4.2: Heat transfer model parameters and calculated heat transfer coefficient values
for different component temperatures and current conditions. [References]

Input parameters Values

Stack emissivity, eg 0.40

Combustor emissivity, €comb 0.58

Inner wall emissivity, &j, 0.88 [95]

Outer wall emissivity, eop 0.80 [95]

Nusselt number,Nuy, 8.66 [93]

Nusselt number,Nu,y, 7.90 [93]

Physical measurements Values Units
Current 30 35 45 A
Fuel flow rate 90.1 105.1 | 135.2 SLPM
Air flow rate 350 315 357 SLPM
Stoics of air, A 2.9 2.6 2.3 -
Stack temperature, Ty 775 786 794 °C
Inner housing temperature, T}, 633 611 612 °C
Outer housing temperature, Tyy 628 592 605 °C
Calculated heat transfer properties Values Units
Pyad st 74.9 73.8 749 | Wm 2 K!
Prad.comb 109 107 109 |Wm?2K!
Prad ann 117 107 109 | Wm™2 K}
hin 21.3 | 208 | 21.0 | Wm 2K
Ron 195 | 190 | 191 |Wm 2K
Riotal 0.0144 | 0.0149 | 0.0147 KWt

Ié] 0.64 0.61 0.62 -

Component and gas temperatures vary considerably across GFC operating conditions

and state points. This leads to changes in the heat-transfer properties described previously.
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Table 4.2 presents measurements of component temperatures and electric current at three
GFC operational state points, and the associated values of the calculated heat-transfer prop-
erties at these state points. Again, the physical measurements of component temperatures
and electric current are used as model inputs. The fractional term [ is tuned so that Qgeo
calculated from this heat transfer model is in agreement with heat loss Qgeo determined by
control-volume energy-conservation calculations. The observed decrease in inner and outer
annulus surface temperatures with increasing stack temperature is perhaps counterintuitive.
The observed behavior is tied to the increased air utilization. Higher air utilization leads
to less stack cooling, and higher stack temperature. The reduced air flow rates at high uti-
lization also lead to decreased convective heat transfer from the hot exhaust gases to the
outer housing. This reduces the housing temperature, though the stack temperature climbs.
During laboratory testing, reactant gases are preheated in a furnace that was operated at
a constant heat rate which resulted in the varying reactant temperatures with changing
flow rates. Following the tuning procedure, the R, and S values are found to deviate by
only 0.03% and 1.5% across the three state points, respectively. As a result, the values for

Riot21=0.015 and 5=0.62 are assumed to be constant.

Table 4.3: Comparison of model-predicted and experimentally measured outer housing
temperatures at different operating conditions.

Experimental state point data 1 2 3 4 Units
Current drawn, [ 25 30 35 45 A
Fuel flow rate 75.1 1 90.1 | 105.1 | 135.2 | SLPM
Air flow rate 350 | 350 | 315 375 | SLPM
Middle stack temperature, Ty 787 | 800 | 786 809 °C
Fuel inlet temperature, Tty 680 | 684 | 695 611 °C
Air inlet temperature, Ty, 700 | 699 | 761 611 °C
Annulus exhaust temperature, T,,, 694 | 690 | 637 602 °C
Anode exhaust temperature, T, 712 | 604 | 665 654 °C
Outer housing temperature, T;y, 674 | 671 | 590 605 °C
Model-predicted outer housing temperature, Ty, | 675 | 657 | 587 606 °C
% difference 0.1 | 21 | 05 0.2 %
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This model is validated by comparing the predicted outer-housing temperature T, cal-
culated by Equation 4.28 to physical measurements. Table 4.3 shows this comparison across
a range of operating currents. It should be noted that in addition to differences in electric-
current draw, the four state points shown in Table 4.3 also bear differences in stack tempera-
tures, inlet and outlet gas-stream temperatures, and flow rates. The combined effects of these
differences are well captured in the simulations; the model-predicted outer housing temper-
atures differ from measured values by about 2%, demonstrating close model-to-experiment
agreement. This 2% difference is comparable to the measurement error of 1.7% for the Type
K thermocouples used in the experiment [96].

Using ground temperature data from in-ground GFC testing presented in Sullivan et al.
[60], an empirical equivalent heat transfer resistance Rye, from the outer housing wall to the
geology is computed. As a result, given GFC stack temperature Ty, and geology (or ambient)
temperature Ty, the expected outer housing temperature 75, when the GFC is placed in

the ground, is computed by solving Equation 4.28 and Equation 4.29,
Toh = Tgeo + Rgeo : Qgem (429)
simultaneously.

4.3 Results and discussion

The model is used to simulate the electrochemical performance of the stacks and heat

loss from the GFC module at different operating conditions under a hydrogen fuel blend.
4.3.1 Performance evaluation

A “base case” GFC operating condition of 35 A current draw serves for a more-detailed
comparison of model predictions to experimental results. Table 4.4 presents the model inputs
used to analyze the performance of the three-stack Geothermic Fuel Cell module at a 35 A

operating state point.
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Table 4.4:
operating condition.

Summary of system performance simulation

inputs and results at the 35 A

Input parameters Input values Units
Stack temperature, T 785 °C
Current drawn, [ 35 A
Fuel utilization, Up 63 %
Stoics of air, A 3 -
Fuel composition 48.5% Hy

48.5% Ny

3% Hy0
Fuel inlet temperature, Tty 695 °C
Air inlet temperature, T;, 761 °C
Annulus exhaust temperature, T, 637 °C
Anode exhaust temperature, T, 665 °C
Control volume energy flows Calculated values | Units
Total flow of energy in reactant streams, Fpre + Fair 15.09 kW
Total flow of energy in product streams, Eann + Ear 7.51 kW
Chemical energy flow in fuel stream, Echem,in 8.45 kW
Chemical energy flow in anode exhaust stream, Echomput 2.13 kW
Radial heat loss, Qgeo 5.08 kW
Thermal-electrochemical model results Model | Experiment | Units
Total electric power, Welec 2.49 2.42 kW
Outer housing temperature, Tyy 584 589 °C
GFC module performance Values Units
GFC electrical efficiency, Eqec 41.14 %
GFC Heating efficiency, Epeat 33.67 %
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The flow of chemical and sensible energy in the streams are determined from thermody-
namic properties at measured gas temperatures and measured flow rates and composition

Efyel = Mgyl Z X - ([hj(Tte) — hi(To)] + LHV)) (4.30)

J

where Epe is the sum of the flow of sensible and chemical energy of the preheated fuel stream

flowing at temperature Ty, and molar flow rate nge. Fai is the flow of sensible energy of

the preheated air stream entering at temperature T,;, and molar flow rate 7n,;,
Eair == 7;Lair ZXj : |:77’j (Tair) - Bj (TO)} . (431)
J

Energy outputs include the flow of sensible energy in the exhaust products exiting the

GFC annulus Eann at temperature T},
Eunn = ftann Y X+ [ (Tann) — hj(To)] - (4.32)
J

E,. is the sum of the flow of sensible and chemical energy in the anode return exiting at

temperature 7,,, molar flow rate 7,,, and mole fractions X ,,
Euw = o Y Xjar - ([hj(Tar) = hj(To)] + LHV;). (4.33)
J

The mole fractions, molar enthalpy and lower heating values of each species j in the fuel
and air streams are given by X}, }_Lj and LHYVj, respectively. The sensible energy is defined as
the amount of energy that can be harnessed by cooling the hot inlet and outlet gases back to
ambient temperature (298 K). This is represented by the difference in species enthalpy at the
respective stream temperature (7) and the ambient temperature (Ty), i.e. [h;(T) — h;(Tp)].

The reactant flow rates are determined by the stack fuel utilization (Ug,er) and the desired

stoics of excess air (A) constraints

) TVH, utilized
Mol = 77— (4.34)
Ufuel : XH2

A N0y ,utilized

< (4.35)

Nair =

2
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The total energy into the three-stack assembly is 15.09 kW: 6.64 kW from the sensible
energy in the pre-heated inlet gases and 8.45 kW of chemical energy in the fuel mixture. At
this 35 A condition, the model predicts 2.49 kW of electric power is continuously generated
by the solid oxide fuel cell stacks at 63% fuel utilization and three stoics of air. The GFC
module electrical efficiency of 41.14% is calculated as the ratio of electric power output to

the chemical energy in the fuel stream

Welec

Echem,in

Eelec = (4.36)

The module heating efficiency of 33.67% is based on the flow of chemical and sensible energy
contained in the fuel and air inlet streams (Efuel and Eair)

Qgeo

. (4.37)
Efuel + Eair

5heat =

The heat flux to the geology Qloss is the heat transfered via the outer housing wall per unit
length of the GFC module

Qgeo
GFC length
Considerable energy (7.51 kW) exits the GFC module in the form of unreacted fuel and

Qloss = (438)

hot products. The GFC module liberates 5.08 kW to the surroundings at a wall temperature
of 579 °C at this condition. This results in a heat flux of 2.04 kW m~! and a combined heat
and power efficiency of 74.8%. The effect of the unconverted chemical energy flow exiting
the GFC through the anode return (Ear,chem = 2.13 kW) on the GFC module performance
is exemplified by the low CHP value at this condition. However, since the linear heat flux
value exceeds the 1.6 kW m™! target, activating the stack combustors by closing the anode
return would lead to higher heating rates. An increase in module performance could instead
be realized by increasing the fuel utilization from the modest 63% at this condition. The

high radiation heat transfer coefficients show that this is the dominant mode of heat transfer

and could be enhanced by increasing the temperature of the solid components.
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4.3.2 Parametric study

An important application of the computational model is to explore how choices of operat-
ing conditions can lead to trade-offs in electrochemical and thermal performance. Following
calibration and validation of the thermal-electrochemical model, the model is used to simulate
the impact of variations in electric current, fuel utilization and stoics of air on GFC-module
performance. As noted in Anyenya et al. [47], the Geothermic Fuel Cell was placed within
a furnace containing refractory insulation to simulate geology heating within the laboratory
setting. The GFC was not subjected to any external heating, as the furnace elements were
not activated. When placed within the geology, significant heat will be transported from the
module into the surrounding oil shale, resulting in decreased module-surface temperatures.

High-heat-output operating conditions are desirable during down-hole operations (for
example, 5.0 kW / m of GFC length). The numerical simulations carried out in this section
offer a direct insight into the critical control parameters that ensure that the geology-heating
demands are met. The heating requirements for in situ oil shale upgrading vary substantially
over the multi-year shale-processing period, as presented in Aouizerate et al. [97]. As geology
temperature increases over time, the GFC thermal load drops, and electricity generation
becomes more favorable. The objective of this study is to show that the GFC operating
window is extensible enough to meet these changing heat demands.

Practical operation and control of a GFC system requires reactant flow and current con-
trol, and critical process variable measurements, such as temperature and stack voltage.
Table 4.5 displays representative process variables of a GFC system. As described in Ogun-
naike et al. [98], the control parameters represent process variables which can be controlled
(e.g., through actuation of a valve) by a system operator. The stack operating current is
controlled using programmable load banks, while the reactant flow rates are varied using
mass flow controllers. Disturbance variables represent temperature inputs for which we do
not have active control but which can be measured. For example, the fuel (anode) and air

(cathode) inlet temperatures have been shown to vary with reactant flow rates in Table 4.3.
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Table 4.5: Process variables of the GFC system employed in the simulations

Inputs
Control parameters Measured disturbance variables
Current drawn, [ Fuel inlet temperature, Tty
Fuel utilization, Ug Air inlet temperature, Ty;,
(or fuel flow rate) Geology (or ambient) temperature, Tye,
Stoics of air, A
(or air flow rate)
Fuel composition
Outputs
Measured variables Unmeasured variables
Stack voltage, Viiack Radial heat flux, Qs
GFC electric power, Welec Reactant energy flows, Efuel, Eair
Stack temperature, T} Exhaust energy flows, Eann, Ear
Outer housing temperature, Tyy,
Annulus exhaust temperature, Ty,

These variables are measured but not controlled. Measured output variables, such as stack
temperature, can be verified by direct on-line measurements and can be used for active con-
trol purposes. Unmeasured output variables are those which are difficult to measure, but
can be calculated, such as heat loss from the system.

In system simulation, control inputs are more flexible in that air and fuel flow rate
control can be substituted with specification of (i.e., input) air stoics and fuel utilization, for
instance. Measured disturbance variables listed in Table 4.5 are inputted to the model. It is
important that the stack temperature remain elevated during in-ground operation whereby
the GFC will be losing a significant amount of heat to the surrounding geology. Thus,
supplying the SOFC stacks with the highest amount of sensible energy in the reactants is
desirable. These considerations have motivated our specification of inlet air (cathode) and
fuel (anode) temperatures to values of 761 °C and 695 °C, respectively, for the simulations.
These temperatures represent the highest reactant inlet temperatures recorded during GFC
testing and are indicative of feasible operating conditions. The stack voltage V., and

GFC electric power Welec are calculated using the electrochemical model described in Section
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5.4.19. The heat loss to the geology Qgeo is predicted using Equation 4.28 from the heat-
transfer subroutine described in Section 4.2.3.

Under nominal solid-oxide fuel cell system operations, the waste heat is transported out
of the stack by the cooling power of the cathode air. These systems assume near adiabatic
conditions around the stack as conduction and surface radiation play a minor role, Braun
et al. and Lisbona et al. both assign empirical percentage values (3-7%) to these thermal
losses [29, 99]. As such, conventional SOFC system models assume the stack temperature
is equal to either the cathode inlet, exhaust or average temperature depending on the flow
configuration [29, 87, 99, 100]. The unique design and application of the Geothermic Fuel
Cell modules result in significant heat loss from the stack via radiative heat transfer to the
inner housing. For this reason, the stack temperature in these simulations is estimated by
the average of the temperature at the cathode inlet to the module and a calculated adiabatic
flame temperature at the middle combustor exit. This modeling approach for estimating
SOFC stack temperature is in close agreement with measured values [47] for the operating
conditions simulated.

A centrally important operating condition is the choice in electric current draw. As
shown in Figure 4.6a, both heat flux and electric power output increase with increasing
current. Assuming constant fuel utilization and stoics of air, there is an increase in the
mass of reactants being fed to the stacks at higher currents. The power output increases
with increasing current as the electrochemical reaction rate is directly proportional to the
current. Though the stack voltage decreases by 5.2 volts over the range of current explored,
this still results in higher electrical power output at high currents. The observed increase in
heat flux to the periphery is credited to the increase in irreversible heat generation within
the SOFC stacks at higher currents. The increase in reactant flow rate also generates an
increase in the chemical energy of the unutilized fuel exiting the SOFC stack; this fuel is

burned in the combustor, releasing yet-more heat.
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The heat flux values calculated in this simulation represent the expected heat loss to
the periphery given a fixed GFC exhaust temperature of 500 °C. The actual heat flux to
the surrounding that is dependent on the temperature difference between the stack and the
ambient is also shown in Figure 4.6a. This result shows that for currents under 20 A, the
GFC cannot be operated at the given air and fuel utilization factors without running into
the risk of quenching. For instance at 10 A, the GFC would have to dispense 5.5 kW of
heat to the surrounding which would result in an exhaust stream temperature of -263 °C. As
such, the chemical and sensible energy in the reactant streams is not sufficient to meet GFC
heat demands at low current conditions when the geology temperature is at a minimum.
Consequently, the GFC should be operated at high current conditions during start up.

Another repercussion of the heightened joule heating is a slight increase in the stack
temperature by 29 °C (Figure 4.6b). This modest increase translates to a rise in radiative
heat flux to the geology. Additionally, the trend in heat-to-electric power ratio shown in
Figure 4.6b reveals that the fraction of energy directed towards heating the geology increases
substantially with increasing current. During initial start-up when the geology is at very
low temperatures (< 150 °C), the heating demands placed on the GFC are far higher than
that for electricity generation. In order to keep the SOFC stacks from quenching at these
cold-start conditions, a high-heat-flux operating condition is required.

Improved GFC electrical power and heat output does not translate to a significant in-
crease in the GFC heating and electrical efficiencies. As shown in Figure 4.6¢, the electric
efficiency decreases by 9.0% while the heating efficiency climbs modestly by 0.2% at higher
currents. The decreasing electrical efficiency is a result of the drop in stack voltage at high
currents caused by higher cell-level ohmic and activation polarization values (Equations 4.7
and 4.9). Despite the increase in heat flux to the geology, the modest increase in heating
efficiency is a result of the increase in the total sensible and chemical energy supplied to the
control volume from the higher reactant mass flow rates. The sizable drop in GFC electrical

efficiency compared to the modest increase in heating efficiency results in an overall drop
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in GFC combined heat and power efficiency. This result shows that the stack current draw
can be varied to alter the heat flux to the geology, with little to no overall change in GFC
performance.

Increasing the fuel utilization at constant current has the reverse effect on the heat and
power outputs. As shown in Figure 4.7a, both heat flux and electric power output decrease
with increasing fuel utilization. At higher fuel utilization and constant current, there is
a decrease in the mass of reactants being fed to the Geothermic Fuel Cell module. The
drop in stack voltage at higher fuel utilization leads to a modest decrease in power. The
maximum stack voltage is dictated by the Nernst potential calculated by Equation 4.4.
Higher utilization leads to increased steam and decreased hydrogen concentrations at the
stack outlet that cause a drop in the Nernst potential. The lower reactant flow rates at
higher utilization also lead to increased kinetic and mass-transport limitations that also
cause a drop in stack voltage. A slight drop in heat flux is observed due to the decreased
amount of energy into the control volume; a much-greater fraction of this energy is directed
towards electric-power production.

Figure 4.7b shows an increase in the stack temperature as a consequence of the reduced
reactant mass flow rates at higher fuel utilization. The amount of heat convected from the
stack surface by the flowing reactant gases is reduced at low mass flow rates resulting in
an increased risk of stack overheating at these conditions. Figure 4.7b also shows that the
fraction of energy directed towards heating the geology decreases slightly with increasing
fuel utilization. The heat demand on the GFC module is greatly reduced over the course
of operation, once geology temperatures start to exceed 300 °C. By increasing the fuel
utilization, the loads on the fuel and air compressors can be reduced due to the lower reactant
flow rates, without constraining the amount of heat required. At these low-heat-high-power
turn-down conditions, operating at high fuel utilization could potentially result in additional

revenue from the surplus electricity production due to the reduced compressor power loads.
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Varying fuel utilization has the same effect on both electrical and heating efficiency values.
The simulation shows a 17% rise in both heating and electrical efficiencies over the range of
utilization factors explored. Consequently, maximum combined heat and power efficiency is
achieved at high fuel utilization. This result shows that increasing the fuel utilization can
be used in improving the system’s CHP performance while decreasing the heat flux to the
geology during low-heat, high-power turn-down conditions.

Changing the flow rate of air into the system by varying the stoics of air has a modest
effect on the GFC electrical performance, as shown in Figure 4.8. Despite the change in flow
rate of air into the stack, there is very little fluctuation in the concentration of oxygen in the
cathode, resulting in little to no effect on the stack electrochemical performance. As shown
in Figure 4.8a, the GFC electric power production is near constant in the range of stoics of
air explored. Similarly, Figure 4.8c shows the GFC electrical efficiency also stays constant,
as neither the power production nor the amount of chemical energy into the system changes.
The rise in heat flux with stoics of air shown in Figure 4.8a is as a result of the increase
in sensible energy into the system from the increased air flow rates. This sensible energy
increase results in the 12% decrease in heating efficiency as seen in Figure 4.8c.

Contrary to the observations stated above, the flow of excess air is not a trivial operating
parameter, as it is used to moderate the temperature of the stack. Figure 4.8b shows a 111
°C drop in stack temperature when the stoics of air is increased from two to five. Raising
the flow of excess cooling air will reduce the risk of damage to the stacks from overheating
and degradation at high temperatures. By contrast, the analyses presented in Figure 4.6b
and Figure 4.7b show that increasing current and fuel utilization both result in high stack
temperatures. During field operation, the GFC modules will be buried over 200 m below
the ground surface. Consequently, significant energy demands will be placed on the fuel and
air compressors. The greatest impact of the excess air flow rate on the system is the electric
power required by the air compressor to drive the air down-hole. The increased flow of excess

air into the system during operating conditions that require stack cooling will result in high
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compressor electric-power demands. This condition could potentially result in the need for
an outside source of electric power to supplement GFC electricity generation.

The simulations carried out above depict GFC heating performance when exposed to
ambient temperature conditions (20 °C) as in the laboratory experiment. The model is
further exercised to characterize the effect of changing geology temperatures on the GFC
heat output as well as the outer housing temperature. As stated above, the flow of excess air
is used to moderate the temperature of the stack. In these simulations, the stack temperature

is held constant at the nominal 750 °C by varying the stoics of excess air.
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Figure 4.9: Effect of changing geology temperature on the GFC outer housing temperature
and heat flux to the geology: (a) and (b) as a function of current, (c) and (d) as a function
of fuel utilization. The flow of excess air needed to keep the stack temperature at 750 °C is
also shown.
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Figure 4.9a and Figure 4.9b show the effect of changing geology temperatures on the GFC
outer housing temperature and heat flux, respectively as a function of operating current.
Results for three different geology temperatures (35, 150, and 300 °C), which are reflective
of different thermal conditions expected in GFC applications throughout its operational life,
are shown. The increase in heat flux and surface temperature as a function of current is a
result of the increased joule heating and reactant flow rates explained in Figure 4.6 above.
The stoics of excess air flow increases with increasing current as more air is required to cool
the hotter stacks (see Figure 4.6b) at higher currents. The GFC outer housing temperature
increases while the heat flux values decrease with increasing geology temperature. The
resulting decrease in the temperature difference between the GFC outer housing and geology
causes the observed decrease in heat flux values as the geology temperature rises.

Figure 4.9c¢ and Figure 4.9d show the effect of changing geology temperatures on the
GFC outer housing temperature and heat flux, respectively as a function of fuel utilization.
Contrary to the observations made in simulations carried out in Figure 4.7 above, the heat
flux to the geology increases slightly as a function of fuel utilization in these simulations. This
is a result of the increased cooling air flow rates required to maintain the stack temperature
at 750 °C for higher fuel utilization factors. The increased flow rates raise the amount of
sensible energy introduced to the GFC control volume. Similarly, the resulting decrease in
the temperature difference between the GFC outer housing and geology causes the observed
decrease in heat flux values as the temperature of the ambient geology increases.

It is also useful to directly observe the relationship between geology temperature and
housing temperature and heat flux. Figure 4.10 shows the effect of varying geology temper-
ature on the outer housing temperature and the heat flux to the geology at a single GFC
operating condition. The GFC operating current, fuel utilization, stoics of air and stack
temperature are specified. As stated above, the flow of excess air is used to moderate the
temperature of the stack. In this simulation, the stack temperature is held constant at 750

°C by flowing 3.8 stoics of excess air. As expected, the GFC outer housing temperature
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Figure 4.10: Effect of varying geology temperature on the GFC outer housing temperature
and heat flux to the geology.

increases by 86 °C with increasing geology temperature. The resulting decrease in the tem-
perature difference between the GFC outer housing and geology causes the observed 0.89
kW m~! decrease in heat flux values at this operating condition.

Since the GFC application targets heat as the more valuable resource over electricity,
a high-heat-flux, low-electric-power operating condition is generally desirable. However, in

subsequent years of operation, the heat flux (kW m™!

value) from the GFC assembly to
the geology must be turned down significantly in order to increase the quality of the oil
produced. The simulation model and the subsequent parametric study will prove useful in

determining ideal operating conditions for start-up, steady-state and turn-down conditions.

4.4 Conclusions

Geothermic Fuel Cell technology entails the harnessing of heat that is generated by high-
temperature solid-oxide fuel cells during electricity generation for the liberation of crude oil
and natural gas from oil shale. This paper describes a thermal-electrochemical model of

a Geothermic Fuel Cell module containing three 1.5 kW, solid-oxide fuel cell stacks. The
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model is used to simulate the electrochemical performance of the stacks and heat loss from
the GFC module at different operating conditions under a hydrogen fuel blend. The heat
rejection from the GFC module is simulated using a thermal-resistive network from the
stack and burner components to the surrounding outer housing. The model is validated
against experimental data obtained from laboratory testing of a three-stack GFC module.
Simulation results serve as a tool to understanding the system combined-heat-and-power
efficiency and for developing strategies for varying the heat flux to the geology during GFC
operation.

A parametric study reveals:

e The electric current can be used to increase the module electric power and heat flux

while keeping the combined heat and power efficiency of the system nearly constant;

e The fuel utilization can be used to increase system efficiency and to decrease the heat

flux to the geology during turn-down conditions;

e The stack temperature can be controlled by varying the flow of excess cooling air.

However, increased air flow rates will result in high compressor electric power demands.

The Geothermic Fuel Cell thermal-electrochemical model can be used by in-situ oil-shale
developers to simulate a wide range of operating conditions during GFC operation, and
inform dispatch of the Geothermic Fuel Cell system in the field. Using the Aspen Plus
optimization tool, the current, fuel utilization and stoics of air were varied simultaneously
within the ranges explored above. The stack temperature is constrained to values below
800 °C to avoid overheating. The heat flux to the geology is constrained to values above

the required average of 1.5 kW m™1.

The objective is to maximize the system combined
heat and power efficiency. A maximum CHP efficiency of 79.3% is achieved at the following
operating conditions: I = 27.5 A, Wae = 1.9 kW, A = 3.1 and Up = 70%. However, this

elementary optimization is strictly energetic in nature and does not consider economical and

other operational constraints that will govern the system dispatch. A dispatch optimization
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model would require detailed cost equations, and economic and operational constraints with
an objective function that seeks to maximize the system heating and electrical efficiency

while minimizing costs. Such a model is the subject of future work.
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CHAPTER 5
DESIGN AND DISPATCH OPTIMIZATION OF A SOLID-OXIDE FUEL CELL
ASSEMBLY FOR UNCONVENTIONAL OIL AND GAS PRODUCTION.

This chapter describes a nonlinear multi-objective optimization model for the design and
dispatch of a single GFC heater well. The goal of the model is to appropriately size, configure
and operate the GFC system and its auxiliary components at low costs and high thermo-
electric efficiencies. The optimization model development and results will be submitted for

publication in Optimization and Engineering.
5.1 Abstract

This paper presents a multi-objective design and dispatch optimization model of a solid-
oxide fuel cell (SOFC) assembly for unconventional oil and gas production. The Geothermic
Fuel Cell (GFC) proposes the utilization of heat generated by fuel cells during electricity
generation, to provide thermal energy required to pyrolyze kerogen into a mixture of oil,
hydrocarbon gas and carbon-rich shale coke. Fuel cells are galvanic cells which chemically
convert hydrocarbon-based fuels to electricity. A continuous, non-convex nonlinear program-
ming (NLP) optimization model is formulated in A Mathematical Programming Language
(AMPL). The GFC system costs, heating and electrical efficiencies are optimized, subject to
geology heating demands, auxiliary component electric power demands and the GFC system
performance characteristics. Specifically, we model the maximum length of each heater well,
and consequently, the number of solid-oxide fuel cell stacks in each GFC assembly. The
dispatch problem varies the fuel-cell operating current, fuel and air utilizations to meet the
heat and power-demand constraints at each time period. Solutions to the NLP design and
dispatch problems are obtained using KNITRO 10.2.0 solver. A case study shows that the

optimal well-head cost of oil and gas produced using the GFC technology is about $37/bbl
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which is comparable to conventional crude oil extraction. The optimal dispatch strategy

resulted in a maximum combined-heat-and-power-efficiency of 79%.
5.2 Introduction

Over four trillion barrels of oil are trapped within oil shale formations found in the
Piceance Basin of northwestern Colorado, the Uinta Basin of northeastern Utah, and the
Greater Green River Basin of southwestern Wyoming as reported by the U.S. Geological Sur-
vey [4, 5]. Oil shale is a sedimentary rock that contains organic matter called kerogen, which
decomposes into a mixture of oil, hydrocarbon gas and carbon-rich shale coke when heated
to approximately 350 °C [8, 9]. Presently, no cost-effective or environmentally sustainable
method exists for accessing these vast oil reserves. Ex situ extraction methods entail mining
the shale rock from the earth and then retorting it above ground. These processes lead to
significant environmental impacts including surface disturbance, large water requirements,
and waste management of char and other unwanted materials [11]. In order to mitigate the
detrimental environmental impacts of ex situ processing, oil shale processing techniques are
being developed in which the formation is heated to retort the oil shale without mining. In
situ methods currently being pursued rely on resistive heaters, radio waves and hot gas injec-
tion to supply heat to the shale. A significant percentage of the electricity supply for these
in situ conversion processes originate from coal-fired power plants that average generation-
and-transmission efficiencies near 33%. The use of low efficiency, coal-based electric power
for in situ oil extraction results in full-fuel-cycle emissions that are 21 — 47% larger than
those from conventionally produced oil [10].

The high operating temperatures required for solid-oxide fuel cell systems (700-1000
°C), make them suitable for combined heat and power applications when coupled with heat-
recovery systems. As shown by Dodds et al. and Elmer et al. [80, 81], SOFC-CHP systems
can achieve efficiencies of up to 90%, resulting in a low-CO,-emitting alternative-power
and thermal-energy co-generation technology. As first described in Sullivan et al. [60], the

“Geothermic Fuel Cell” concept proposes the continuous operation (3-5 years) of SOFCs
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placed hundreds of meters below the earth’s surface within the oil-shale geology. The thermal
energy released during fuel-cell operation is harnessed to heat the surrounding oil shale to
temperatures near 350 °C. At these temperatures, the kerogen trapped within the oil shale
is retorted to form liquid oil and natural gas. This novel SOFC combined-heat-and-power
application in unconventional oil and gas processing presents a cost-effective, environmentally
sustainable method of accessing oil shale reserves. Consequently, a large, high-volume market
opportunity for SOFCs emerges [47].

Residential and commercial SOFC-CHP systems are used for electricity production and
thermal-energy generation for space heating or domestic hot water. Velumani et al. proposes
a hybrid-CHP distributed generation system for industrial and commercial scale customers.
Solid-oxide fuel cells and a micro gas turbine are combined to generate efficient, reliable and
cost-effective electric power while applying the waste heat to local heating or cooling needs
[32]. Similar natural gas fueled, SOFC-based systems presented in literature offer a promising
electric and thermal energy generation technology for implementation in future commercial
buildings [28, 33, 41, 101]. Additionally, SOFCs are also included in most distributed energy
systems that combine different renewable and non-renewable energy technologies for power
generation [102-104]. These complex combined heat and power systems require elaborate
computational tools to determine the optimal configuration, size and operation strategies
that meet consumer demands at low-cost and high-efficiency values. For this reason, ex-
tensive studies have been carried out to optimize SOFC-CHP system design and operation
[105-109].

In this study, we develop a multi-objective design and dispatch optimization model for
the Geothermic Fuel Cell assembly. As described in Kuchta et al. [110], optimization models

are commonly used to make decisions, represented with decision variables, so as to attain a

goal, specified as an objective function, while meeting operational limits, called constraints.

The optimization model developed in this work minimizes the cost of a single GFC heater

well system and maximizes the heating and electrical efficiencies of the SOFCs, subject to
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geology heating demands, auxiliary component electric power demands and the GFC system
performance characteristics. This multi-objective approach whereby thermal and economical
considerations are analyzed simultaneously is similar to works by Sadeghi et al., Petrescu et
al., Pruitt et al. and Sanaye et al. on SOFC and distributed energy systems [111-116].
The objectives of this work is to: (i) optimize the GFC well design such that the maximum
volume of oil shale is heated by each heater well; (ii) provide a low-cost-high-efficiency
dispatch strategy for the GFC module operation that meets the geology heating demands
and auxiliary component electric power demands; (iii) make design recommendations that
result in reduced system costs; and (iv) propose ways to improve model performance by

reducing solution times and guaranteeing global optimality.
5.2.1 Geothermic Fuel Cell system description

Figure 5.1 shows the composition of a Geothermic Fuel Cell system assembly for a single
heater well. The multi-stack solid oxide fuel cell (SOFC) assembly is designed for under-
ground combined-heat-and-power operation. The SOFCs electrochemically convert reformed
natural gas fuel into electric power and heat, simultaneously. The heat liberated by the GFC
assembly is used to retort oil shale within underground geological formations into high-value
crude oil and natural gas. The kerogen beds in which the GFC heaters would be located are
buried under approximately 250 m of overburden. As a result, the fuel and air reactants into
the GFC heater well have to be supplied at high pressures such that, despite the drop in fluid
pressure due to pipe flow frictional losses, the GFC exhaust pressure is still high enough to
drive exhaust gases up and out of the well. For this reason, the GFC assembly is comprised
of a fuel compressor, an air compressor and a water pump that supply pressurized reactants.
An autothermal fuel reformer converts natural gas fuel into syngas (CO+Hs) used by the
SOFCs. A heat exchanger unit located above the GFC in the overburden section is used to
pre-heat the fuel and air into the GFC using hot exhaust gases exiting the heater section. A
power conditioning unit is used to convert the DC power produced by the SOFCs into AC

power that is then used to provide electric power to the auxiliary components that make up
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the system.
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Figure 5.1: System flow diagram showing the components that make up the GFC system
and the flows in and out of the control volume.

5.3 Design model formulation

In this section, we present the mathematical formulation of the design problem for the
system described in Section 5.2.1. Regular font letters represent parameters and bold font
letters represent variables. Superscripts and accents distinguish between parameters and

variables that utilize the same base letter, while subscripts identify elements of a set. Some
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parameters and variables are only defined for certain set elements listed in the definition.

The units of each variable and parameter are also listed in brackets after its definition.
5.3.1 Sets

e k€ K: set of system components

1. Water pump

2. Fuel compressor

3. Air compressor

4. Natural gas reformer
5. Heat exchanger

6. GFC heaters

7. DC/AC inverter

e p € P: set of sections of piping and nozzles in the GFC system

1. Combustor located downstream of the stack

2. Nozzle entrance to the combustor on the anode side
3. Nozzle entrance to the combustor on the cathode side
4. Anode piping in the heat exchanger section

5. Cathode piping in heat exchanger section

6. Exhaust through the heat exchanger section

7. Anode piping in the GFC section

8. Cathode piping in the GFC section

9. Exhaust annulus in the GFC section

10. Nozzle entrance to the stack on the anode side

92



11. Nozzle entrance to the stack on the cathode side

o f € F: set of fluid streams in the GFC system

1. Natural gas flowing into the reformer

2. Air flowing into the reformer

3. Water flowing into the reformer

4. Reformed natural gas fuel flow in the heat exchanger section
5. GFC air flow in the heat exchanger section

6. GFC exhaust flow in the heat exchanger section

7. Reformed natural gas fuel flow in the GFC section

8. GFC air flow in the GFC section

9. GFC exhaust flow in the GFC section

e j € J: set of discrete volumes used to calculate the pressure drop across the GFC

section

® j € J: subset of discrete volumes in J that contain a stack inlet or outlet

5.3.2 Geothermic Fuel Cell (GFC) module and heat exchanger section param-

eters
PSTC — maximum electric power rating for each SOFC stack in the GFC module [kW]
[Hx = heat exchanger section length |m]
[med = length of each three-stack GFC module [m]
nels = number of cells per stack [-]
I = maximum stack operating current [A]
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Ufuel

Uair

5.3.3

Pr

My

XCH4

a1, a2

fuel utilization factor [-]
air utilization factor [-]
hydraulic diameter of each section of pipe p € P [m]

objective function weighting constant [m kW]

Fluid property parameters

density of each fluid stream f € F| f =3,...,9 [kg m™?]
dynamic viscosity of each fluid stream f € F | f =4,...,9 [Pas™]

specific heat ratio of air and natural gas at standard conditions f € F | f = 1,2

molar mass of fluid streams f € F | f =1,2,4 [kg mol™!]

mass fraction of fluid streams f € F | f=1,2,3 [-]

mole fraction of hydrogen in reformed natural gas fuel [-]

mole fraction of carbon monoxide in reformed natural gas fuel [-]
mole fraction of methane in reformed natural gas fuel [-]

friction factor approximation constants [-]

P8, P™ = initial pressure guess at GFC section inlet pipes [Pa]

5.3.4 Physical constants

R

T,

b,

universal gas constant [kJ mol™' K™!]
temperature at standard conditions [K]

pressure at standard conditions [Pa, kg m™! s72]
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F
XOg,air

5.3.5

Mk
5.3.6

LGFC

nstacks

5.3.7

Pfuel

Pair

W,

WWsurp

5.3.8

Ry

fy

= Faraday’s constant [C mol™!]

= mole fraction of oxygen in air [-|

Compressor and pump performance parameters

= isentropic efficiency for each component k € K | k=1,2,3
GFC design variables

= GFC section length [m]

= number of SOFC stacks in the GFC section [-]
Compressor performance variables

= total pressure drop of fuel over the length of anode piping in the heat exchanger

and GFC heater sections [Pa]

= total pressure drop of air over the length of cathode piping in the heat exchanger

and GFC heater sections [Pa]
= mass flow rate of each fluid stream in the system f € F [kg s™]

= electric power requirement for the compressor and pump components k € K |

k=1,2,3 kW]

= surplus power required to meet the compressor electric power requirements not

met by the GFC stacks kW]
Pressure drop through heat exchanger and GFC sections variables

= Reynolds number of each fluid in the heat exchanger section Vf € F | f =4,5,6
-

= friction factor of each fluid in the heat exchanger section Vf € F | f =4,5,6 [-]
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Ay

5.3.9

= pressure drop through each section of piping in the heat exchanger section Vp €

P|p=4,50 [Pa

= pressure drop due to tube and nozzle diameter change from section p to p’ Vp € P

Vp' € P [Pa)

= Reynolds number of each fluid Vf € F | f = 7,8,9 in the GFC section at each

discrete volume j € J [-]

= friction factor of each fluid Vf € F | f = 7,8,9 in the GFC section at each

discrete volume j € J [-]

= pressure drop through each section of piping Vp € P | p = 7,8,9 in the GFC

section at each discrete volume j € J [Pa]

= mass flow rate of each fluid Vf € F | f =7,8,9 into and out of the stacks in the

GFC section at each discrete volume j € J [kg s7!]

= velocity of each fluid Vf € F | f = 7,8,9 in the GFC section at each discrete

volume j € J [m s ']

= length of each discrete finite volume |[m]

Objective function

The design problem objective (D) maximizes the length of the Geothermic Fuel Cell

heater section (LSFC) while minimizing the surplus electric power (W) required from

an outside source to meet compressor and pump electric power needs. The surplus electric

power scaling factor w, is the unit cost of electricity.

(D) maximize LEFC — . WP (5.1)
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5.3.10 Design constraints

(See Section 5.3.11): Electric power demand constraints.

3
PGFC . nstacks 4 Wswp Z E :Wk
k=1

_ PO_|_Pfue1 MS

W, =3
m P3
_ (@) .
W, o (@) [k P, + Pl U M,
2 M, ky—1 P, 2
_ (k2o .
W, o B @) (ke \ [P U N
T MQ kQ —1 Po 13

(See Section 5.3.12): Maximum reactant mass flow rate constraints.

LGFC

nstacks =3.

lmod

. I_ X ncells Mg
M- = . : : . pystacks
5 ( A4F > ( Uair . XOQ,alr > n

. I_ . ncells M4
M, = . . yStacks
4 ( oF ) (Ufuel,(XH2+XCO+4XCH4>> n

M;=Y;-M, VfeF|f=123
M; = M,

Mg = M;

M, = Mg = M, + M;

(See Section 5.3.13): Pressure drop across the heat exchanger section constraints.

. 2
£, X M
P,=-—"- | = VieF | f=4,506 VpeP|p=f
P 2 dy-py (Z(dp)2 | |

fr=a,-(Ry)™™ VfeF|f=456 VpeP|p=f

4 M
R, = =L VYfeF|f=456 WpeP|p=f

mepp o dy

(See Section 5.3.14): Pressure drop due to pipe diameter change constraints.
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Pressure drop due to pipe diameter change from large pipe p to a smaller pipe p'.

. 2
_ d,1? 1 M .
Ppp/:0.42~<1_{d”1>~ : ~<W(df>2> Vp,p' €P|d,>dy  VfEF|f=p
P 7 \%p
(5.6)

Pressure drop due to pipe diameter change from small pipe p to a larger pipe p'.

2 . 2
_ d,1? 1 M
P, =[1- _p} ' N2 Vp.p €P|dy<dy VfEF[f=p
pp ( {dp/ ) 2-ps (z(dp’)Z) T
(5.7)

(See Section 5.3.15): Pressure drop across the GFC section constraints.

Anode inlet pipe section pressure drop:

0 = p7|: Tt 7j1+ . 7J, y v]€j|j:1,,J—1 (58&)

Ay Z.(d7)?-A
Uz — Uy, M
0 — U, . J il _ J
%4 7j |: Ay :| T (d7)2 ] Ay
2-fr; 1 2 [Py —Prya : :
Uz, ’ \ =1,...,J—1 (5.8b
d7 ( 7]) + Ay J € j ‘ J ) ) ( )
= Ugy (5.8¢)
P P, (5.8d)
R d
R, = ° 7u .U, VjeJ (5.8¢)
7
f;, = a-(Ry))™  VjeJ (5.8f)
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Cathode inlet pipe section pressure drop:

Uqs.iri — Us: M.
0 = ps.{ 841 SJ}JFE‘( 8{ " VieJ|j=1,..,J—1  (5.9a)

Ay dg)? - A
Us 1 — Us; 1\?/[8'
= Uk, - J U J
0 ps - Usj { Ay 1 T (dg)?- Ay
2 -fs; - ps 2 | Py —Psj ’ ~
Usg, ’ =1,...,J—1 (5.9b
0 U&] (590)
0 = P8 — Py (5.9d)
. d '
Ry, = pSM .Uy Vied (5.9¢)
8
fyy = a-(Ry)™ VjeJ (5.9f)
Exhaust section pressure drop:
Uy, - Uy -_1} M, .
0 = . 2 e 2 Viedl|ji=2..,] 5.10a
Py { Ay = (G Ay JET|J (5.10a)

Ug; — Ugj1 U9"1\?/19'
— U, - J .J j j
oot [ Ay 1+§-<dg>2-Ay
2- f9j " Py 9 Py 1 — Py, . .
Uy, . =1,....,J—1(5.10b
0 = U91 (510C)
= P0+P6+]-396_]-59J (510d)
) -d
Ry, = 'OQM .Uy VjieJd (5.10e)
9
foj = a-(Rey)™ VjeJ (5.10f)
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Mass flow rates through each discrete finite volume:

> My =M; (5.11a)
jeg
jeJ
ng = M7j + ng VJ S j (511C)
My, Mg;, Mg, =0  Vj ¢ J (5.11d)

(See Section 5.3.16): Total pressure drop across the whole system constraints:

Pl =P, + Py, + (1371 — 157J) + P71+ P + (1591 - 139J) +Pos + Py (5.12a)
Pair = P5 + ]-558 + (1581 - Ij&]) + 15811 + 1_)31 + (P91 - pQJ) + P% + PG <512b)

(See Section 5.3.17): Non-negativity constraints.

LGFC’ nstacks’ ]_)fuel7 Pair 2 0
WNGC ’ WAC, WWP 7 V'vsurp7 Ay Z 0
Rf, ff, Mf, Pp, Ppp/, Rfj, ffj, ij, ij, Ufj >0 Vf € f, Vp € 73, Vj ceJ

5.3.11 Electric power demand constraints

Constraint (5.2) ensures that the electric power demands of the compressors and water
pump (22:1 Wk) are met by the electric power from the SOFC stacks and surplus power
(Wsurp). The maximum electric power from the GFC system is the product of the stack
power rating PSFC and the number of stacks in each well n®* Constraints (5.3a)-(5.3c)
calculate the electric power demands of the compressors and water pump which are functions
of the fluid mass flow rates Mf and the required reactant supply pressures (Pfel Pair),
The power requirement for a centrifugal water pump in (5.3a) is taken from White [117].
The expressions used in (5.3b) and (5.3c) to calculate the power required to isentropically

compress air and fuel are obtained from Borgnakke and Sonntag [118].
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5.3.12 Maximum reactant mass flow rate constraints

Constraint (5.4a) addresses the number of stacks n**** in the GFC as a function of
the heater length LEC. The length of a single three-stack module is taken from the GFC
prototype design presented in Anyenya et. al [47]. The maximum flow rate of air required
by the GFC (Constraint (5.4b)) is a function of: (i) The moles of oxygen ions utilized in
the electrochemical conversion process by each cell (é); (ii) the mole fraction of oxygen in
air X922 to compute the moles of air utilized; (iii) the molar mass of air M, to convert
the molar flow rate to mass flow rate; (iv) the reciprocal of air the utilization factor U to
compute the total air flow rate per stack. Similarly, the maximum flow rate of reformed fuel
required by the GFC (Constraint (5.4c)) is a function of: (i) The moles of hydrogen ions
utilized in the electrochemical conversion process by each cell (%), (ii) the reciprocal of the
mole fractions of hydrogen, methane and carbon monoxide in the reformate (X2 X¢Hs
X“9) to compute the moles of reformate utilized; (iii) the molar mass of the reformed fuel
mixture M, to convert the molar flow rate to mass flow rate; and (iv) the reciprocal of the
fuel utilization factor U™ to compute the total fuel flow rate per stack. Constraint (5.4d)
states that the mass flow rates of reactants flowing into the reformer are the product of the
total mass flow rate into and out of the reformer M4, and the mass fraction of each reactant
Y;. Constraints (5.4e)-(5.4g) address the mass-balance requirements for the different fluid

streams in the system.
5.3.13 Pressure drop across the heat exchanger section constraints

Constraints (5.5a)-(5.5¢) address the pressure drop due to frictional losses in the reactant
and exhaust streams flowing through the piping in the heat exchanger section. Constraint
(5.5a) states that the pressure drop in each section of pipe is a function of the Darcy friction
factor £y, the pipe length "X and diameter d,, the density p; and mass flow rate M of the
fluid in the pipe. Assuming turbulent flow in the pipes, the Darcy friction factor expression

in Constraint (5.5b) is derived from the Haaland approximation in White [117]:
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Vi R, |37

which is a function of the Reynolds number, pipe diameter and the pipe surface roughness

. 60 e\ L1
—— =—1.8"logyp | =— + (d—p>

e = 0.000002 m (stainless steel). The above expression is approximated as a function of
simply the Reynolds number R as there is less than a 3% change in the friction factor with
changing pipe diameter. Constraint (5.5¢) calculates the Reynolds number given mass flow

rate, pipe diameter and the dynamic viscosity of the fluid.
5.3.14 Pressure drop due to pipe diameter change constraints

Constraints (5.6) and (5.7) account for the minor losses associated with a change in the
size of the pipe. Constraint (5.6) determines the pressure loss due to pipe diameter change
from a large pipe p to a smaller pipe p/, as a function of fluid mass flow rate M 7, fluid density
pf, the diameter of the smaller pipe d,y and an empirical approximation of loss coefficient

for sudden contraction (SC) from White [117]:

d,1?
Kso = 0.42 - (1 — [—P] )
dp

Constraint (5.7) determines the pressure loss due to pipe diameter change from a small pipe
p to a larger pipe p/, as a function of fluid mass flow rate M ¢, fluid density py, the diameter

of the larger pipe d,y and a theoretical loss coefficient for sudden expansion (SE) from White

o (-[2])

5.3.15 Pressure drop across the GFC section constraints

[117]:

Constraints (5.8a)-(5.10f) address the pressure drop by utilizing Reynold’s Transport
Theorem and inferring simplifications to the GFC pipe flow. Assuming constant density and
viscosity, fully developed plug flow in the pipes, the mass balance equation derived from the

general form of the Reynold’s Transport Theorem is:
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d M
P - d_yUf = —m
where M # is the mass flow rate of the fluid f leaving or entering the pipe, p; is the density
of the fluid f, d, is the pipe diameter, Ay is the length of each differential control volume
and %U ¢ is the mean fluid velocity Uy differential in the direction of flow. Similarly, the

momentum balance equation is:

d M; d , 2F
Uy —U;-Uy —— = _—P, — pU?. =L

where d%f’p is the pressure differential in the direction of flow and f'f is the friction factor.
In order to numerically solve the mass- and momentum-balance differential equations, the
GFC anode-, cathode- and annulus-pipe sections are discretized using a finite-volume mesh
network. Figure 5.2 illustrates the finite-difference discretization stencil for the GFC anode,
cathode and annulus pipe sections and the boundary conditions applied in the model.
Constraints (5.8a), (5.9a) and (5.10a) represent the finite-volume difference approxima-
tions of the mass-balance equation for each differential volume j. The values of the mass flow
rates of fluids into or out of each differential control volume are either positive if the fluid is
going into the pipe (as is the case in the exhaust pipe 1\?/_[9]‘) or negative if exiting the pipe (as
is the case in the anode 1<47j and cathode ng pipes). Similarly Constraints (5.8b), (5.9b)
and (5.10b) represent the finite-volume difference approximations of the momentum-balance
equation for each differential volume j. Constraints (5.8¢c), (5.9¢) and (5.10c) account for the
velocity boundary conditions and Constraints (8d), (9d) and (10d) account for the pressure
boundary conditions. Constraints (5.8e), (5.9¢) and (5.10e) calculate the Reynolds numbers
given the mean fluid velocity, density, pipe diameter and the dynamic viscosity of the fluid
in each differential volume j. Constraints (5.8f), (5.9f) and (5.10f) calculate the friction
factors of the fluid in each differential volume j using the approximation formula introduced
in Section 5.3.13. Constraints (5.11a)-(5.11c) address the mass balance requirements for the

different pipe sections. Constraint (5.11d) dictates that at each differential volume j ¢ 7,
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Figure 5.2: Finite-difference discretization stencil for the GFC anode, cathode and annulus
pipe sections and the boundary conditions applied in the model.
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the mass flow rate of fluid leaving the pipe is equal to zero as there is no stack anode or

cathode inlet and exhaust outlet at these differential volumes.
5.3.16 Total pressure drop across the whole system constraints

The total pressure drop of fuel across the entire GFC system is calculated by Constraint
(5.12a). The total fuel pressure drop is the sum of: (i) The pressure drop across the anode
piping in the heat exchanger section Py; (ii) pressure drop due to anode pipe diameter change
from the heat exchanger section to the GFC section Py7; (iii) the pressure drop across the
anode piping in the GFC section (1571 —P; 3); (iv) the pressure drop due to sudden contraction
at the nozzle entrance to the stack on the anode side I_)mg; (v) the pressure drop due to
sudden expansion at the nozzle entrance to the combustor on the anode side Py; (vi) the
pressure drop across the annulus exhaust piping in the GFC section (Pg; —Pyy); (vii) pressure
drop due to annulus diameter change from the GFC section to the heat exchanger section
Pgs; and (viii) the pressure drop across the annulus exhaust piping in the heat exchanger
section Pg.

The total pressure drop of air across the entire GFC system is calculated by Constraint
(5.12b). The total air pressure drop is the sum of: (i) The pressure drop across the cathode
piping in the heat exchanger section Ps; (ii) pressure drop due to cathode pipe diameter
change from the heat exchanger section to the GFC section Psg; (iii) the pressure drop
across the cathode piping in the GFC section (1581 — 13&]); (iv) the pressure drop due to
sudden contraction at the nozzle entrance to the stack on the cathode side Pgjy; (v) the
pressure drop due to sudden expansion at the nozzle entrance to the combustor on the
cathode side Ps;; (vi) the pressure drop across the annulus exhaust piping in the GFC
section (Pgy; — Pgy); (vii) pressure drop due to annulus diameter change from the GFC
section to the heat exchanger section Pgs; and (viii) the pressure drop across the annulus

exhaust piping in the heat exchanger section Pg.
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5.3.17 Non-negativity constraints

The non-negativity constraints ensure that every variable in the system is greater than

or equal to zero.
5.4 Dispatch model formulation

In this section, we present the mathematical formulation of the dispatch problem. The
parameters included in this formulation are in addition to those already introduced in the
design problem formulation (see Section 5.3). Regular font letters represent parameters and
bold font letters represent variables. Superscripts and accents distinguish between parame-
ters and variables that utilize the same base letter, while subscripts identify elements of a
set. Some parameters and variables are only defined for certain set elements listed in the
definition. The units of each variable and parameter are also listed in brackets after its

definition.
5.4.1 Sets

e k€ K: set of system components (see Section 5.3.1)

e p € P: set of sections of piping and nozzles in the GFC system (see Section 5.3.1)
o f e F: set of fluid streams in the GFC system (see Section 5.3.1)

e m € M: set of reformed natural gas mixture components

1. Methane - CHy

2. Carbon dioxide - COq
3. Carbon monoxide - CO
4. Steam - HyO

5. Hydrogen - Hy

6. Nitrogen - Ny
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e | € I: set of linear, exponential and quadratic approximation constants used to calcu-

late GFC performance aspects throughout the model

e t € T: set of all time periods
t, = number of days in each time period ¢t € T [days]

9% = seconds per day conversion constant [s day!]

5.4.2 Capital, installation and operating cost parameters

Ck: = capital cost scaling parameter for each system component k € K |k =1,...,7 [$,
$em2, § kW]

Sk = capital cost scaling parameter for each system component k € K | k = 1,...,5
kW, kg, m?|

my = capital cost scaling parameter for each system component k € K | k =1,...,5 []

cdrill = drilling cost per unit depth [$ m™]

NG = unit cost of natural gas [$ ft 3]

NGVl — patural gas mass-to-volume conversion constant [ft3 kg™!]
Cstack = capital cost for the SOFC stacks in the system [$]

Cvert  — capital cost for the AC-DC inverter [$]

CHill = cost of drilling a single well [$]

wy, wy = objective function weighting constants [$§ kW1, §]

5.4.3 Geothermic Fuel Cell (GFC) module and heat exchanger parameters

LEYC = length of GFC heater section [m)]

nstacks  — pumber of stacks per well -]
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dstack

Acell

5.4.4

Tkelv

H2O

LCH4

5.4.5

5.4.6

a1

a2

a3

Qa4

Di

= stack performance degradation constant [% per day]

= SOFC active area per cell [cm™?]

Physical constants

~Pi[]

= universal gas constant [J mol™! K],

= degrees Celsius to Kelvin temperature conversion constant [K]
= density of water at standard conditions [kg m™]

= lower heating value of natural gas [kJ kg™!]
Fluid property parameters

= molar mass of each component m € M in the reformed natural gas mixture kg

mol ]

= mole fraction of each component m € M in the reformed natural gas mixture [-]

Geothermic Fuel Cell electrochemical and heating performance parame-
ters

= cell leakage coefficient [fraction]

= standard electrode potential approximation constant [V] or [J C™!]

= standard electrode potential approximation constant [V K™1]

= area-specific resistance pre-exponent approximation constant [Q cm?]

= area-specific resistance exponent approximation constant [K™!]

= GFC heating performance polynomial surface approximation constants i=1,...,26

[°C,°C A L °C A2 kWm™, kWm™ A~ kW m™! A2
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Qdemand — 4] shale heating demand for time period t € 7 [kW m™!]

yol = total barrels of oil produced over the entire operating time horizon [BOE]

5.4.7 System pressure drop parameters

as, ag = friction factor approximation constants [-|
a; = GFC section pressure drop approximation constants i=7,...,15 [Pa, Pa s kg™!, Pa
s? kg ]

5.4.8 Heat exchanger sizing parameters

Cp*™ = air specific heat [kJ kg™! K]

Cpt = reformate specific heat [kJ kg=! K]

Tair = air pre-heat temperature change [K]

et = reformate pre-heat temperature change [K]

TIMTD = log mean temperature difference based on the pre-heat temperature changes [K]

U = heat exchanger approximate heat transfer coefficient [kW m=2 K!]

5.4.9 GFC dispatch decision variables

I = current drawn at time period t € T [A] or [C s7!]
Ultel = fuel utilization at time period ¢ € T [fraction]
pW = stoics of air at time period ¢t € T [fraction]

5.4.10 GFC performance variables

Eglee = GFC module electrical efficiency based on chemical power in natural gas fuel at

time period t € T [fraction]
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Eheat = GFC module heating efficiency based on chemical power in natural gas fuel at

time period t € T [fraction]

P NG — chemical power in natural gas fuel at time period ¢ € T [kW]
WEFCeee — glectrical power drawn from GFC module at each time period t € T~ [kW]
- ? FGheat _ heat flux from GFC module to the surrounding geology at time period t € T
kW m™!]
Tstack = GFC stacks operating temperature at time period ¢t € T [°C]
vy = cell open circuit voltage at time period ¢t € T [V]
E? = temperature dependent standard electrode potential at time period t € T [V
t p p
Vel = cell voltage at time period t € T [V]

Vitack = gtack voltage at time period t € T [V]

X200 — pole fraction of steam in stack anode exhaust at time period ¢ € T [fraction]
X" = mole fraction of hydrogen in stack anode exhaust at time period ¢ € T [fraction]
XP%0u — mole fraction of oxygen in stack cathode exhaust at time period t € T [fraction]

5.4.11 Reactant flow rate variables

AlX = heat exchanger area required to pre-heat the GFC reactants at time period t € T
[m?]

Mft = mass flow rate of each fluid stream f € F at time period t € T [kg s7!]

N ft = molar flow rate of reformate and GFC air streams f € F | f = 4,5 at time period

t €T [mol s7!]

1\'/1,1:12 = mass flow rate of hydrogen in reformate at time period t € 7 [Kg s™!]
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5.4.12

x 7SUrp
W,

fuel
Pt

air
Pt

exh
Pt

Ppp’t

5.4.13
Ch

Sk

Compressor electric power and pressure drop variables

= electric power requirement for the compressor and pump components k € K |

k =1,2,3 at time period t € T [kW]|

= surplus power required to meet the compressor electric power requirements not

met by the GFC stacks at time period ¢t € T [kW]

= total pressure drop of fuel over the length of anode piping in the heat exchanger

and GFC heater sections at time period t € T [Pa]

= total pressure drop of air over the length of cathode piping in the heat exchanger

and GFC heater sections at time period t € T [Pa]

= total pressure drop of exhaust over the length of annulus in the heat exchanger

and GFC heater sections at time period t € T [Pa]

= Reynolds number of each fluid stream in the heat exchanger section f € F | f =

4,5,9 at time period t € T [

= friction factor of each fluid stream in the heat exchanger section f € F | f =4,5,6

at time period t € T [-]

= pressure drop through each section of piping in the heat exchanger and GFC

sections p € P | p=4,...,9 at time period ¢t € T [Pa]

= pressure drop due to tube and nozzle diameter change from section p € P to

section p’ € P at time period t € T [Pa
Capital, installation and operating cost variables

= total capital cost for each component k € K | k=1,....5 [§]

= capital cost scaling factor for each component k € K | k = 1,...,5 kW, kg s7},

m?|
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Cfuel = total cost of natural gas fuel used to power a single GFC well for the entire time

horizon [$]

DPB°! = dollar per barrel of oil equivalent value of the total volume of hydrocarbons

produced [$ bbl™]
5.4.14 Objective functions

The dispatch problem is used to optimize two different objective functions independent

of each other,

Objective (O1): minimizes the total capital, installation and system operating costs and the
surplus electric power required from an outside source to meet compressor and pump

electric power needs.

Objective (O2): minimizes the total capital, installation and system operating costs and the
surplus electric power required from an outside source to meet compressor and pump
electric power needs, while maximizing the sum of the GFC electrical and heating

efficiencies at each time period.

5
(O1) minimize Y Cj + CM 4 Co1% - ¢t 4 00 gy -y - WP (5.134)
k=1 t

5
(02) minimize Z Ck + Cfuel + Cstack + Cinvert + Cdrill + wy - Z W:urp
k=1 t

—wy - Y (EF + £ (5.13b)

t

5.4.15 Dispatch constraints

(See Section 5.4.16): Electric power demand constraints.

3
WSFC’eleC + V'V:urp > Z Wkt Vte T (5.14)

k=1

112



P, + Pl My,

Wy, = VieT (5.15a)
m P3
. R(T) [ p,+ P (50) i,

Wy = 2 = - — vt 5.15b

. M,y </€1 - 1) { P, ] T2 <7 ( )
R-(T) ( k P+ P (5 N, 4 M
W _ : o) . 2 . o t . 2t 5t t 1
M <k2—1> { Py } 3 et (5:15¢)
(See Section 5.4.17): GFC heating demand constraints.
Ot > Qlemand ¢ T (5.16)
(See Section 5.4.18): Reactant mass flow rate constraints.
. ncells 3 nstacks X It >\t
N; = : . t 1
5t 4F XOg,alr V - T (5 7&)
M5t - M2 . N5t Vt € T (517b)
. ncells . nstacks . It 1

Ny = : VteT 5.17
" 2F (X5 + X3 +4X,) - Ul (5:17¢)
My = > (My-X,) Ny VteT (5.17d)
M; = Y;-My VfeF|f=123 WeT (5.17¢)
M’n — M4t Vt E T (517f)
Mgt = M5t vVt € T (517g)
MQt - Mﬁt - M4t + Mg,t Vt € T (517h)
M = My Xy Ny  VteT (5.171)
phemNG — pCHeNT, vt e T (5.17j)
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(See Section 5.4.19): Fuel cell electrochemical performance constraints.

R- Tstack Tkelv
( t + ) .1n

2F X?Q’Out . /XSQ,Out

Eg — ?]:1 - 62 . (T?taCk 4 Tkelv)

~ 3 I
cell _ yyocv _ |= —Gy-(Tstack yTkelvy ] ¢
Vt N Vt |:Clg °xp Acell

stack __ _cells cell
Vi = n . Vi

stacks t
WE}FC,elec _ 7;000 . (1 . dstack . Z t}) . (VitaCk . It)
t'=1

H2O,0out
Xt

Vi =6 |E! -

V'VtGFC,elec

elec __
gt - Pchem,NG
t
g ncclls _nstacks 1,
s Hzou _ Nyt - (X5 + X3) — —5—+
t - N + ncells,nstacks,lt
4t 4F
N‘. X ncells_nstacks.]:t
XHgO,out . at - Aqt ~ oF
t - N‘. + neells.pstacks. T,
4t AF
. ) Osair . nce”s-nsmd‘slt
XOg,out o N5t X 4F
t - .

neells.pstacks I
N5t - AF

Ve T

Vie T

Vte T
Vte T

Ve T

Ve T

Ve T

Vie T

Vte T

(See Section 5.4.20): Geothermic Fuel Cell heating performance constraints.

T:tack — pl_l_pQ.)\t_|_p3-:[t—|—p4-)\?+p5-At-It

—I—p6-It2+p7~It-)\t2+pg~)\t-13+p9~/\f Ve T
SFC’heat = pir+pis- A+ Ppio L+ pao - A7 + o - A - L
+ P26 * I% Vit € T
JROR = pig 4 p - UP 4 pry - I+ prs - (UP)? + puy - U T4
+pis- L+ pie- L (Uguel)Q vieT
LGFC . QGFC,heat
heat t
& - pchem NG vteT
t
(See Section 5.4.21): Heat exchanger sizing constraints.
C air_Tair_M C ref_Tref_M
A?X:( D 5t +Op at) VieT

U - TLMTD
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(5.18a)

(5.18b)

(5.18¢)
(5.18d)

(5.18e)

(5.18f)

(5.18g)

(5.18h)

(5.181)

(5.19a)
(5.19b)

(5.19¢)

(5.19d)

(5.20)



(See Section 5.4.22): Pressure drop across the heat exchanger section constraints.

fr, 17X M, )
P, = 1. < ft2) VfeF|f=456 YpeP|lp=f VteT

2 d,-py %(dp)
(5.21a)
fro=a1- (Rp)™™ VieF|f=4,56 VpePlp=f Vte T
(5.21b)
4 M
R = I YfeF|f=456 WpeP|p=f WVteT
Tepyp o dy
(5.21c)
(See Section 5.4.23): GFC section and total system pressure drop constraints.
Annulus exhaust stream pressure drop:
0.5 &1\ [ Mg\
Pog = — - [1- —6} : o Vie T 5.22a
96t D6 ( |:d9 ) (%(d6)2 ( )
Py, = G7 4 dg - Mgy + g - (Mgy)?  VteT (5.22b)
P?Xh = P6t + ]-59615 —+ Pgt Vit € T (522C)
Reformed fuel stream pressure drop:
0.21 d;]? ML\
P = — - |1- —7} : & vte T 5.23a
47t pr ( |:d4 ) <%(d7)2 ( )
Py = dio+dn-My+a- (My)?  WteT (5.23b)
P = Py + Py + P+ P + P WteT (5.23¢)

. 2
P — 0_21 1_ [@] i My,
it — pe d7 nstacks . %(le)Z

2 . 2
0.5 dy ]’ M
e (l‘ ] ) '(nstacks—-ﬂw weT b
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GFC air pressure drop:

_ 0.21
P8

: (1— B—jj : <§§;2)2 VteT

Py, = di3+ du - My, + a5 - (M5t)2 Vie T
P¥ = Py + Psgy + Py + Pgyy + P§Xh VieT

0.21
Ps

2 . 2
1 — din ) M
dg nstacks . %(dll)z
d 2 2 M 2
3 5t
. (1 — {d_1] ) . (nstacks ] %(d?))z) Vte T

(See Section 5.4.24): Capital, installation and operating cost constraints.

Cy

Sk

Sy

Ss

Cst ack
Cinvert
Cdrill
C fuel

DPBOil

AVAR VARV

Si\ "
cp- | — \V//{ZGIC‘]{Z:L,5

Sk

W, VteT VkeKl|k=1,23

M2 vieT
A vteT
Ce - nstacks . ncells . Acell

cr - nstacks . PGFC

Cdrill X (LGFC 4 lHX)

NG | NGvol | Z (tday - Mu)
t

Zi:l Ck + Cfuel + Cstack + Oinvert + Cdrﬂ]
Voil

(See Section 5.4.25): Non-negativity constraints.

(5.24a)

(5.24D)
(5.24c)

(5.24d)

fuel elec heat S5chem, NG x 7GFC elec X 7SUrp \GFC, heat stack
L, U, A, &7 &, Py , Wi , Wi Q N >0 VteT

ocv 0 cell stack H20,0ut H2,out 02,0out HX
voov, RO, veell ystack ! , Xl2out  xO2out = AHX > g e T

Piuel) P?ir7 P?Xh> Ppt7 ]'Spp/t >0 VpeP, VteT

My, Ny, M2 Ry, £, >0 VfeF, VteT

Ck, Sk, WktZO VkEIC, Vte T

Cfel. DPB® > 0
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5.4.16 Electric power demand constraints

The electric power demand Constraints (5.14)-(5.15¢) are the same as the previously
described Constraints (5.2)-(5.3c), respectively in Section 5.3.11. The electric power demand

constraints in this section have been generalized for each time period.
5.4.17 GFC heating demand constraints

Constraint (5.16) ensures that the heat flux required by the geology Q™ for the
kerogen pyrolysis process is met by the heat flux from the GFC module to the surrounding

GFC heat
t

geology Q at each time period.

5.4.18 Reactant mass flow rate constraints

The reactant mass flow rate Constraints (5.17a)-(5.17h) are the same as the previously
described Constraints (5.4b)-(5.4g), respectively in Section 5.3.12. The reactant mass flow
rate constraints in this section have been generalized for each time period. The mass flow rate
of hydrogen in the reformate stream 1\'/1,15{2 calculated in Constraint (5.171), is the product
of the molar flow rate, mole fraction and molar mass of hydrogen at each time period.

Pchem,NG
t

Constraint (5.17j) accounts for the chemical energy in the natural gas used to fuel

the system.
5.4.19 Fuel cell electrochemical performance constraints

Constraints (5.18a)-(5.18f) establish the voltage and electric power from the GFC at each
time period t € T as a function of the SOFC stack operating current and temperature. Con-
straint (5.18a) determines the open circuit voltage V{° at each time period. An empirical
leakage coefficient 6 is used to account for the deviation of the open-circuit voltage from the
Nernst potential as in Bove et al. [88] and Lisbona et al. [29]. The Nernst potential is a
function of the stack temperature T5%k the universal gas constant ﬁ, Faraday’s constant F,
mole fractions of steam X: 29" hydrogen X2 and oxygen X2 in the stack exhaust

streams. The standard electrode potential EY calculated in Constraint (5.18b) is a function
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of the stack temperature. The cell voltage V¢! is determined by the open circuit voltage less

the product of current and a temperature-dependent, area-specific resistance (ASR) factor
ASR = G exp ™ (T 475)

defined in Constraint (5.18c). The stack voltage V5! is extrapolated from the performance
of a single unit-cell (see Constraint (5.18d)). Constraint (5.18e) calculates the GFC electric
power W94 a5 the product of the number of stacks per well, the stack voltage, operating
current and a loss factor d*** associated with stack performance degradation with time. The
GFC electrical efficiency E8°° is the ratio of the electric power produced to the chemical en-

y PN iy the natural gas used to fuel the system (see Constraint (5.18f)). Constraints

erg
(5.18g)-(5.181) calculate the values for the mole fractions of hydrogen and steam at the an-
ode outlet and the mole fraction of oxygen at the cathode outlet by adding or subtracting
the respective moles of the mixture components utilized in the electrochemical conversion

process. See Anyenya et al. for a more detailed description of the SOFC electrochemical

performance model [79].
5.4.20 Geothermic Fuel Cell heating performance constraints

Constraints (5.19a)-(5.19d) address the GFC heating performance as a function of cur-
rent I;, fuel utilization U and stoics of air A; at each time period. A comprehensive
heat transfer model used to predict the heat loss from the hot GFC components to the
cooler surroundings at steady-state operating conditions is presented in Anyenya et al. [79].
The amount of cathode air flow rate is used to moderate the temperature of the stack in
conventional SOFC system operations. As such, Constraint (5.19a) determines the stack
temperature T5% as a function of current and stoics of air at each time period, using a
third-order polynomial surface fit to data obtained from the model in [79]. Similarly, Con-
straints (5.19b) and (5.19¢) approximate the heat flux from the GFC to the surrounding

GFC,heat
t

geology Q as a function of current, fuel utilization and stoics of air at each time pe-

riod. The approximation applies a third-order polynomial surface fit to data obtained from
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the model in [79]. The GFC heating efficiency £/°* is the ratio of heat loss from the GFC
to the chemical energy Pghem’NG in the natural gas used to fuel the system (see Constraint

(5.19d)).
5.4.21 Heat exchanger sizing constraints

Constraint (5.20) addresses the heat exchanger area required to appropriately size the
counter-flow heat exchanger needed to pre-heat the reformed fuel and air flowing into the
SOFC stacks [119]. The heat exchanger area is determined by: (i) The thermal energy
required to heat the cold air and fuel reactants, which is the product of the fluid mass flow
rates (M5t, My,), temperature changes (T#r T and specific heat capacities (Cp*, Cprel);
(ii) the reciprocal of the log mean temperature difference between the hot GFC exhaust
gases and the cold fuel and air reactant fluids (T=MTP) [93]; and (iii) the reciprocal of an

approximate heat transfer coefficient for a gas-to-gas counter-flow heat exchanger (U).
5.4.22 Pressure drop across the heat exchanger section constraints

The pressure drop across the heat exchanger section, Constraints (5.21a)-(5.21c), are the
same as the previously described Constraints (5.5a)-(5.5¢), respectively in Section 5.3.13.
The electric power demand constraints in this section have been generalized for each time

period.
5.4.23 GFC section and total system pressure drop constraints

Constraints (5.22a), (5.23a) and (5.24a) calculate the pressure drop due to annulus di-
ameter change from the GFC section to the heat exchanger section Pgg;, the pressure drop
due to anode pipe diameter change from the heat exchanger section to the GFC section Pz,
and the pressure drop due to cathode pipe diameter change from the heat exchanger section
to the GFC section Pjg,, respectively, at each time period. These constraints are similar
to those described in Section 5.3.14 and have been generalized for each time period. Con-

straints (5.22b),(5.23b) and (5.24b) account for the pressure drop across the annulus exhaust
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Py, anode P, and cathode Pg; piping in the GFC section at each time period. These flow
rate-dependent pressure drops are calculated by quadratic functions obtained from the nu-
merical solutions to the differential analysis outlined in Section 5.3.15. Constraints (5.22c),
(5.23c) and (5.24c) are similar to the total system pressure drop constraints described in
Section 5.3.16 and have been generalized for each time period. Constraint (5.23d) calculates
the sum of the pressure drop due to sudden contraction at the nozzle entrance to the stack
on the anode side and the pressure drop due to sudden expansion at the nozzle entrance
to the combustor on the anode side. Constraint (5.24d) calculates the sum of the pressure
drop due to sudden contraction at the nozzle entrance to the stack on the cathode side and
the pressure drop due to sudden expansion at the nozzle entrance to the combustor on the
cathode side. These constraints are similar to those described in Section 5.3.14 and have

been generalized for each time period.
5.4.24 Capital and operating cost constraints:

Constraints (5.25a)-(5.251) address the capital, installation and operating costs of the
GFC system and all its components. Constraint (5.25a) evaluates the capital and installation
costs of components k € K | k=1, ...,5, on the basis of different scaling variables Sy as seen
in literature [27, 87, 101, 116, 120]. For the compressor and pump components, the capital
cost is evaluated on the basis of the maximum electric power required, as in Constraint
(5.25b). Constraint (5.25¢) calculates the cost of the natural gas fuel reformer, based on the
the maximum flow rate of hydrogen gas in the reformate. The counter-flow heat exchanger
depends on the maximum heat exchanger area required, as in Constraint (5.25d). Constraint
(5.25e) relates the cost of the SOFC stacks to the active area of a single cell. The DC electric
power from the stacks is converted to usable AC power by an inverter, whose cost depends
on the electric power produced by the stacks (see Constraint (5.25f)). The drilling cost
estimated in Constraint (5.25g) is dependent on the total depth of a single well and a unit
depth cost parameter from Fullenbaum et al. [121]. The fuel cost is evaluated on the basis

of the total volume of natural gas used over the entire system operating time horizon, as in
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Constraint (5.25h). Constraint (5.251) estimates the cost per barrel of oil and gas produced
by a single GFC heater well as the ratio of the total system costs to the total volume of oil

and gas produced (in barrels of oil equivalent).
5.4.25 Non-negativity constraints

The non-negativity constraints ensure that every variable in the system is greater than

or equal to zero.
5.5 Model characteristics and solution strategies

The design and dispatch models presented in Sections 5.3 and 5.4 are continuous, non-
convex and nonlinear in nature. As reported in Table 5.1, the large number of variables and
constraints in the design problem is a result of the set of differential volumes in the GFC
pressure-drop calculations (see Section 5.3.15). Specifically, for the design model instances
computed in this work, each pipe section is divided into 500 differential volumes (i.e., j €
J 3 |J| = 500). Similarly, the dispatch problem contains variables and constraints for each
time period. The dispatch model is solved over a 2,200-day time horizon, segmented into

115 time periods (i.e., t € T 3 |T| = 115).

Table 5.1: Size and problem characteristics for the design and dispatch problems.

Problem Design | Dispatch
characteristics problem | problem
Number of variables 5529 6384
Number of constraints | 3689 7032

Linear equalities 1584 2423
Non-linear equalities 2104 3804
Linear inequalities 1 805

The following strategies are applied in an effort to reduce solution times for the convex

non-linear optimization models:

1. All the variables are bounded above and below.
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2. An initial feasible solution is supplied to the solver. The solution is obtained by
aggregating each consecutive group of twenty time periods into a single time period
and changing the data accordingly thereby reducing the size and solution time of the

model.

3. A “Sliding Time Window Heuristic” is applied to reduce the number of time periods
solved at each iteration [122]. The heuristic recursively defines, solves and partially
fixes an approximating model. For instance, the dispatch model is solved for time
periods 1-10, then the variables in time periods 1-5 are fixed and the model is solved

for time period 6-15 to obtain solutions for time period 6-10, etcetera.
5.6 Case study results and discussion

The GFC design and dispatch problems are solved using KNITRO 10.2.0 on a Dell Power
Edge R430 server with a 1TB hard drive, two Intel Xeon processors and 32GB of RAM.
KNITRO employs four state-of-the-art interior-point and active-set methods to find locally
optimal solutions to large-scale, continuous, nonlinear optimization problems [123]. The
Interior/Direct algorithm used for the GFC design and dispatch optimization applies interior-
point methods whereby the nonlinear problem is replaced by a series of barrier subproblems
which are solved iteratively using direct linear algebra [124]. Due to the non-convex nature of
the GFC optimization model, KNITRO does not guarantee that the locally feasible optimal
solution it converges to, is globally optimal. In this study, we employ KNITRO’s multi-
start feature that restarts the problem at different initial points in an effort to find the local

optimum with the best objective-function value.
5.6.1 GFC design problem results

Table 5.2 presents the main GFC system parameters applied in the design problem case
study. For each heater well, the first 250 m [8] is assumed to be the overburden section (1%).
The GFC stack design parameters (™4, n°$) and nominal operation parameters (PGFC, I,

Utiel | air) are obtained from Delphi Powertrain Inc., the GFC manufacturer. The values

122



for the piping diameters have been increased in size from the current GFC design to reduce
the pressure drop due to frictional losses and consequently the compressor electric power
demands. Solving the design problem yields an optimal GFC heater length of 80 m, which
is comprised of 131 stacks. This design ensures that the 196.5 kW of electric power from the
SOFC stacks is enough to provide electric power required by the compressors to pressurize

the fuel and air reactant stream to 1.2 MPa and 0.7 MPa, respectively.

Table 5.2: Geothermic Fuel Cell system parameters applied in the design problem case study.

Parameter Value Units
PCFC 1.5 (kW]
[HX  mod 250, 1.83 [m]
@cells 30 [_]

1 60 [A]
yluel grair 0.63, 0.33 -]
dy, do, ds 0.076, 0.0066, 0.0019 m|
dy,ds,dg 0.0762, 0.102, 0.127 m|
dr,dg,dy 0.0254, 0.0381, 0.0762 | [m]
dyg, dyq 0.0016, 0.0033 m|
Y1, Y5, Vs 0.13, 0.68, 0.19 -]
XH €O XCHi | (.30, 0.099, 0.0022 -]
N1, M2, 73 0.85, 0.8, 0.8 -]

5.6.2 GFC dispatch problem results

Table 5.3 presents the main GFC system design and cost parameters applied in the
dispatch problems (O1) and (02). The GFC heater length (L%FC) and number of stacks

per well (nstacks)

are calculated by the GFC design problem D. The scaling parameters for
the component cost equations (¢, sk, my Yk € K | k = 1,...,5), drilling and fuel costs are
taken from the literature [27, 87, 101, 116, 120, 121]. The molar composition of the reformed

natural gas (X,,) is assumed constant.

Figure 5.3a shows dispatch results for GFC heat flux to the geology as a function of time.
The heating demand data has been included in the figure for comparison. The objective
function that only considered the system cost (O1) results in an operating strategy that

meets the heating demands exactly until day 1,800 when it slightly deviates due to system
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Figure 5.3: The time variation of dispatch decision variables for each objective function; (a)
GFC heat flux to the geology; (b) SOFC operating current; (c) Stoics of air; (d) SOFC stack
operating temperature.
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Table 5.3: Geothermic Fuel Cell system design and cost parameters applied in the dispatch
problem case study.

Parameter Value Units
LGFC 80 [m]

nstacks 131 [_]

dstack 0.012 % per day]
Acell 106 cm ™2

c1, Ca, C3 8520, 91562, 91562 $]

Cy4, Cs 204, 130 $]

S1, S92, S3 100, 445, 445 kW]

Sy 1125 kg]

S5 0.093 m2]

mi, Mo, Mg, my, ms | 0.58, 0.67, 0.67, 0.7, 0.78 | |-

Cg 2300 $m-

Cr 240 $kW 1]
Cdrill 89 [$ m-—

NG 8.15 $ 10001t~ ]
X1, Xo, X3 0.0022, 0.047, 0.099 -]

X4, X5, Xg 0.20, 0.30, 0.35 -]

minimum power constraints. Adding system performance terms to the objective function
(O2) results in operating strategies that ensure the GFCs are operating at high electrical
and heating efficiencies. For these reasons, dispatch results for the SOFC operating current
as a function of time shown in Figure 5.3b varies between 59-4 Amps for Objective (O1),
and stays above 21 Amps for Objective (02), to ensure maximum SOFC electrical efficiency.

Figure 5.3c shows dispatch results for stoics of air as a function of time. Stoics of air
varies between 2.1-4.1 for Objective (O1) in an effort to reduce heat flux to the geology by
flowing excess cooling air at later time periods when the heating demand is greatly reduced.
By contrast, a small increase in stoics of air, 2.2-2.4, is observed for Objective (O2). This is
due to the fact that higher GFC heating efficiency values are recorded when the flow rate of
excess air is low. As stated in Anyenya et al. [79], SOFC stack temperature is controlled by
varying the flow rate of excess cooling air. Consequently, the stoics of air values in Figure 5.3c
result in the stack temperatures shown in Figure 5.3d. The high stack temperature values
for Objective (O2) due to the low cooling air flow rates over the entire time horizon may

not be a sustainable operating strategy for SOFC systems, due to the accelerated stack
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performance degradation at high temperatures. As such, an additional constraint on the
stack temperature should be implemented in Problem (02).

The optimal solutions to the GFC dispatch problems using either objective function
results in a net-zero surplus electric power required from an outside source to meet com-
pressor and pump electric power needs. The stack fuel utilization factor showed a modest
7% variation over the entire 2,200-day operating time horizon for both objective functions.
This means that adjusting the fuel utilization values did not have as much influence on the

objective as varying the other decision variables.

Fuel compressor
3.6%

NG Reformer

4.8%

Water pump
and fuel 0.6%

Figure 5.4: Fraction of capital, installation and operating costs associated with each compo-
nent in the GFC system.

Figure 5.4 shows the fraction of capital, installation and operating costs associated with
each component. The bulk of the system cost is applied towards procurement of the SOFC

stacks and the AC/DC inverter while modest contributions are made by the pump, fuel
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reformer and fuel compressor components. The cost of the solid-oxide fuel cells, the AC/DC
inverter and drilling cost are pre-determined by the design problem as they are scaled by
the length of the heater well (see Section 5.4.24). The size of the air compressor and heat
exchanger are based on the maximum reactant flow rates determined by the optimal procure-
ment strategy from the dispatch problem. As such, alternative ways to decrease the mass
flow rate of air can be explored to try and reduce the air-compressor and heat-exchanger
costs. A feasible option would be replacing air as the SOFC oxidant with an oxygen-enriched
mixture. This would lower the oxidant mass flow rates and pressure requirements, thereby
greatly reducing the size and cost of the compressor and heat exchanger units. Additionally,
decreased pressure requirements would allow for an increase in the maximum GFC heater
section, causing an uptake in the volume of oil shale upgraded per well. However, this ap-
proach would necessitate the addition of a cryogenic separation or pressure swing adsorption
component to the GFC system to produce the oxygen-enriched mixture. A comprehensive
study of the economic trade-offs resulting from this proposed change in system configuration
would have to be carried out to determine whether the net change in system cost is positive
or negative.

The optimum GFC system capital, installation and operating costs computed for dispatch
Objectives (O1) and (02) differ by 2%. The optimal well-head cost of oil and gas produced
using the GFC technology of $37/bbl is comparable to other crude oil extraction methods
in Table 5.4.

Table 5.4: Comparison of the $/bbl well-head cost of oil and gas production for different
crude oil extraction methods. [References]

Technology $/bbl cost
Onshore Middle East 27
Canada Oil Sands 22
Volumetric Heating 43 [125]
Shell ICP 25 [126]
Steam-Assisted Gravity Drainage (SAGD) | 22 [126]
Geothermic Fuel Cell 36
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5.7 Conclusions

This paper presents a multi-objective design and dispatch optimization model of a solid-
oxide fuel cell (SOFC) assembly for unconventional oil and gas production. The GFC well
design problem optimizes the length and number of stacks in the assembly such that the
volume of oil shale upgraded using a single well is maximized. The length of the GFC is
constrained by the electric power required by the compressors and pump components to
sufficiently pressurize the fuel and air reactants. The results of the design model case study

show that:

1. The GFC reactant and exhaust piping diameters should be maximized to reduce the

pressure drop across the system.

2. The variation in pressure within the reactant inlet pipes results in differences in the
amount of air and fuel flow into each individual stack (14% difference between air inlet

to the top and bottom stacks).

3. A 80 m long GFC heater well is ideal for SOFC stacks designed to operate at nominal
fuel and air utilization factors of 63% and 33%, respectively. This optimum length
value can be increased if the maximum reactant flow rates are reduced by increasing

the nominal utilization factors.

The GFC dispatch model is solved for an optimal dispatch strategy that minimizes the
cost of a single GFC heater well and maximizes the operating efficiency, while ensuring that
the geology heating demands and the electric power demands from the auxiliary components

are met. The design model case study reveals that:

1. The optimal well-head cost of $37 /bbl for the oil and gas produced using the GFC

technology is comparable to conventional crude oil extraction.

2. The optimal dispatch strategy resulted in a maximum combined-heat-and-power effi-

ciency of 79%.
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3. The objective function that only considered the system cost resulted in an operating

strategy that meets the heating demands exactly except at low heat flux values.

4. Adding heating and electric efficiency maximization to the objective function resulted
in an operating strategy whereby the GFC supplied more heat to the geology than was

required.

In addition to applying the GFC design and dispatch models to other case studies with
different parameters and additional economic considerations, future efforts will also be di-

rected towards:

1. Employing linear relaxation techniques like the McCormick relaxation on the bi-linear
and tri-linear terms and the exponential transformation and piecewise linear approxi-
mation on power function terms in order to solve a linear approximation of the problem

for an upper bound on the objective.

2. Using the linearized dispatch model with reduced solve times to evaluate GFC dispatch

with higher time fidelities by increasing the number of time periods.

3. Implementing a feedback loop between the design and dispatch problems to iteratively

solve for the optimum GFC design.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK

A novel application of the combined-heat-and-power capabilities of solid-oxide fuel cells
in unconventional oil and gas production is introduced. The Geothermic Fuel Cell concept
offers a cost-effective and environmentally friendly alternative technology for in situ oil shale
upgrading. The critical improvements to state-of-the-art oil-shale processing and SOFC-CHP

technologies presented by the GFC technology include:

e The adverse environmental impacts and high costs of ex situ processing are alleviated
by placing the GFC modules directly within the geology and utilizing heat from the

SOFCs to upgrade the kerogen in situ;

e The high efficiency and lower COs-emissions of SOFC-CHP systems provide a po-
tentially efficient and environmentally sustainable alternative to current in situ shale
processing methods that rely on centrally generated power to operate buried resistive

heater elements;

e Unlike most SOFC-CHP applications, the GFC application places higher value on

high-grade thermal-energy generation at the expense of electricity generation;

e The GFC system is continuously operated over a four-year period, with the SOFCs
held at a single steady-state condition for months at a time. In this application, there
are no load-following or transient-demand constraints that necessitate dynamic-power
and thermal-cycling conditions. This extends stack lifetime and consequently reduces

system costs.

Geothermic Fuel Cell prototypes designed and built by Delphi Powertrain Systems (Fen-

ton, MI, USA) were tested within a laboratory setting and operated underground within
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the geology to characterize GFC operation and provide insight on the potential design im-
provements. The experimental data was used in the development of a steady-state system
model in Aspen Plus™ to predict the GFC-stacks electrochemical performance and the

heat-rejection from the module. The novel contributions of this modeling work include:

e Develop the first detailed thermo-electrochemical model of a novel SOFC system ar-

chitecture that is designed to reject high-temperature / high-quality process heat;

e Model and simulate the thermally integrated design as a means to characterize the

stack-combustor units’ performance in this application;

e Explore operating conditions that favor thermal energy output to electricity produc-

tion, contrary to other SOFC-CHP applications.

Continuous, non-convex nonlinear multi-objective optimization models developed in
AMPL for the design and dispatch of a single GFC heater well are solved using
KNITRO 12.2.0. The optimal design and dispatch strategy yielded a well-head cost of
$37 /bbl for the oil and gas produced using the GFC technology. A maximum
combined-heat-and-power-efficiency of 79% is proposed. In addition to applying the GFC
design and dispatch models to other case studies with different parameters and additional

economic considerations, future efforts can also be directed towards:

e Employing linear relaxation techniques such as the McCormick relaxation on the bi-
linear and tri-linear terms in order to solve a linear approximation of the problem for

an upper bound on the objective;

e Transforming the non-convex power functions into convex form using an exponential

transformation and piecewise linear approximations to guarantee global optimality:;

e Using the linearized dispatch model with reduced solve times to evaluate GFC dispatch

with higher time fidelities by increasing the number of time periods;
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e Implementing a feedback loop between the design and dispatch problems to iteratively

solve for the optimum GFC system design and dispatch;

e Evaluating a nest of GFC heater wells and collector wells dispersed over a field, rather

than a single well.

Implementation of the kerogen-pyrolysis kinetics model developed by Lee et al. [43—
45] into the GFC system optimization problem would enable the evaluation of: (i) heater
well spacing; (ii) heater well geometry; (iii) variations in heat flux; and (iv) duration of
heater operation, on the oil and gas yield. Complementary studies regarding environmental
impacts of the GFC concept to the geology, such as: (i) the impact on the water table; (ii)
the consequences of geology porosity, pressure and phase changes; and (iii) how the land can

be reclaimed once extraction is complete.
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