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ABSTRACT

Expeditionary Advanced Base Operations (EABO) will require significant
coordination across multiple branches to ensure sufficient sustainment capabilities,
especially to meet the high energy demands for these operations. One solution to meet the
extraordinary energy demands of EABO is through hydrogen production with a small
modularized, lead-cooled fast reactor (LFR). Hydrogen could then be used as feedstock
to produce synthetic hydrocarbons that could supplement conventional fuel through a

Fischer-Tropsch process.

This thesis explores the various hydrogen production methods compatible with an
LFR in an EABO environment. An analysis was conducted for each method to determine
the most efficient operating conditions based on the typical operating ranges of a
reference LFR. This analysis determined that a Hybrid Thermochemical Electrolysis
process was the most effective method for hydrogen production when paired with an
LFR and using a Supercritical Carbon Dioxide (S-CO2) Brayton cycle for energy
conversion. It was also realized that the lack of testing performed with hybrid processes
makes the feasibility of this technology being implemented promptly less likely.
However, polymer electrolyte membrane (PEM) electrolysis was also found to be a very
effective hydrogen production method and is a mature technology with commercially

available options already existent that could meet the U.S.’s needs.
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EXECUTIVE SUMMARY

With the return of the Great Power Competition, the U.S. must shift its focus to
new threats posed by major competitors like China and Russia [1]. As part of this focus,
the U.S. will require a well-developed plan for Expeditionary Advanced Base Operations
(EABO). EABO will require significant joint and multinational coordination, especially to
meet the high energy demands for these operations [2]. One technical approach that could
contribute to the challenge of meeting the extraordinary energy demands of EABO is
hydrogen production using a small modular, lead-cooled fast reactor (LFR). Hydrogen
could then be used as feedstock to produce synthetic hydrocarbons that could supplement

conventional fuel through a Fischer-Tropsch process.

This thesis explores the various hydrogen production methods compatible with an
LFR in an EABO environment. These methods include Alkaline Water Electrolysis
(AWE), Polymer Electrolyte Membrane (PEM) Electrolysis, High-Temperature Steam
Electrolysis (HTSE), and Hybrid Thermochemical Electrolysis. A synopsis of each method
provides advantages and disadvantages, and a review of LFR technology and Supercritical

Carbon Dioxide (S-CO») Brayton energy conversion cycle is also provided.

An energy balance was conducted for each method to determine how the production
efficiency would change based on the operating characteristics of a reference LFR to
determine the most efficient production method. This analysis included calculating the
change in electrolysis cell voltage, current, and efficiency with changes in cell operating
temperatures. Because the hydrogen production rate is directly proportional to the cell’s
current, the power required for a given production value and range of operating

temperatures could be determined [3], [4].

This analysis determined that a Hybrid Thermochemical Electrolysis process was
the most effective method for hydrogen production when paired with an LFR and using an
S-CO; Brayton cycle for energy conversion. It was also realized that the lack of testing
performed with hybrid processes makes the feasibility of this technology being

implemented promptly less likely. However, polymer electrolyte membrane (PEM)

XV



electrolysis was also a very effective hydrogen production method and is a mature

technology with commercially available options that could meet the U.S.’s needs.
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I. INTRODUCTION

With the reemergence of the Great Power Competition, the United States is seeing
a dramatic shift in its national security priorities from the previous decades centered around
counterterrorism. China and Russia have become increasingly more assertive. China’s
increased pressure and rhetoric to reunify with Taiwan and Russia’s horrific invasion of
Ukraine highlight this fact. These actions pose a significant threat to global U.S. interests.
They have renewed discussions about the global presence and capability of the U.S.

Military to deter and respond to aggressive actions by their competitors [1].

A significant component of this presence would be the U.S.’s capability to employ
Expeditionary Advanced Base Operations (EABO). These operations are intended to
counter the stand-off engagement capabilities of our global competitors by using
expeditionary forces in a contested area to achieve air superiority, sea control, and assured
communications. Maneuverability, resilience, and sustainability are all paramount for
successful EABOs, but one of the most significant challenges to achieving these features
is meeting the energy demands for these operations. Notably, conventional manned air
assets will require considerable energy resources with minimal aggregate forces inside the
adversary’s weapon engagement zone (WEZ). Additionally, for any advanced bases to be
self-sufficient, resilient, and efficient electric energy generation will be required. These
energy requirements introduced a significant vulnerability in EABO to attacks on fuel
supplies [2] and were even highlighted by ADM Richardson as an essential component to

maritime superiority [3].

A potential option for supplying the requisite fuel to meet the energy demands of
EABO is through synthetic fuel production using a Fischer-Tropsch (FT) method. This
method uses a catalyst in an endothermic reaction to convert hydrogen and carbon-
monoxide gas feedstock into hydrocarbon chains used for fuel [4], [5]. The resultant fuel
is a cleaner fuel free of aromatics and Sulfur [6]. FT generators are not new, and their
science is well established. The current climate crisis has also helped drive continued
research and development in searching for alternative energy sources. The U.S. Naval

Research Laboratory is also conducting ongoing research intending to develop a scalable
1



FT process that can be employed in an operational environment to supplement
conventional fossil fuels [7]. Such a process would require a reliable energy source and

abundant means of procuring the needed hydrogen and carbon-monoxide feedstock [7].

Beyond its use as a feedstock for synthetic fuel production, hydrogen can also
function as means of energy storage. Using energy from such sources as wind, solar, or
nuclear power into stores of hydrogen gas can then be used later through direct
consumption (combustion or fuel cells) or as an FT feedstock [8]. Hydrogen is a long-term
energy storage solution that will not degrade over time and is more resistant to
environmental effects than batteries typically used [9]. These factors make hydrogen an

excellent means of energy storage for EABO and other forward-deployed environments.

Nuclear power has long been considered one of the most efficient means of
producing Energy. The U.S. Navy already has a long history of safe operation in powering
their entire submarine and aircraft carrier fleets. In 2000, the Generation IV International
(Gen-1V) Forum was established as a multinational collaboration effort to identify and
develop the next generation of nuclear technology and shift the safety paradigm from risk
mitigation to risk elimination through passive safety systems [10]. A Lead Cooled Fast
Reactor (LFR) is one of the designs identified by the Gen-IV forum as having the potential
to meet this initiative. It was identified as having the most significant potential for use in a
remote location due to its sustainability through a closed fuel cycle, resistance to
proliferation, and safety of its inert coolant [11]. For these reasons, an LFR would be well
suited to meet the energy needs of hydrogen production for use in EABO and other

forward-deployed operations.

A. OBJECTIVE

Providing reliable, efficient energy and abundant hydrogen production for EABO
is a significant technical challenge. This thesis aims to analyze the use of an LFR to help
meet the energy needs of EABO operations through efficient hydrogen production. It
analyzes the various hydrogen production methods suited for an EABO environment to
determine how the efficiency of these methods would be affected by using an LFR to power

the processes. This analysis assesses which method is best suited for application to EABO

2



hydrogen production and will provide a technical approach to helping meet EABO energy

needs following further research and development.

B. ORGANIZATION OF THESIS

This thesis is organized into six chapters. Chapter II presents an overview of
hydrogen production methods suitable for use in an EABO environment. Chapter III
provides an overview of how Lead Cooled Fast reactors work and a synopsis of the Small
Secure Transportable Autonomous Reactor (SSTAR) used as the reference system for
analysis. Chapter IV details the methodology used to analyze the efficiency of the different
hydrogen production methods. Chapter V provides the analysis results and an assessment
of which method is best suited for application in EABO. Chapter VI draws conclusions and

recommendations for future research and development to meet the EABO energy needs.
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II. HYDROGEN PRODUCTION

Hydrogen is a versatile fuel and means of energy storage. It can produce electricity
directly using a fuel cell or combustion engine [8]. It can also be used as a feedstock to
produce synthetic fuel when combined with carbon monoxide through a Fischer Tropsch
process [6]. Hydrogen can also function as means of energy storage by converting energy
from such sources as wind, solar, or nuclear power into hydrogen stores through various
processes that can be used at a needed time to convert back to electricity [8]. Figure 1
demonstrates how hydrogen can function as energy storage and transfer from production

to distribution and ultimately end-use.
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Source: [8].

Pathways of hydrogen from production to storage and end-uses.



Hydrogen is produced in various ways. Some well-known methods are water
electrolysis, steam reforming, and thermochemical or biochemical processes. Of these
methods, thermochemical and biochemical processes will require feedstock of methane
and biomass to be supplied, which ultimately negates the intention to produce hydrogen to
eliminate SLOC vulnerabilities. [12] The electrolysis of water and thermochemical

production methods are described below.

A. WATER ELECTROLYSIS

The principles of water electrolysis are relatively straightforward, although very
energy-intensive [13]. Water in liquid or vapor form can be split into hydrogen and oxygen

by the complete reaction

-1

2H,0(L,g) — 2Hy(g) + 0,(9) )
When no work is input, the temperature that this decomposition occurs at (Tq) is 4310°K.
This temperature is not practical to achieve by conventional means. However, the input of
work can help this reaction occur at much lower temperatures. Electrical work is one means
of achieving this. The electrical energy required to induce these reactions is found by

calculating the Gibbs free energy

AH = AG +TAS (2-2)
where AH is the change in enthalpy and is equal to the total energy needed for the reactions
to occur. AG is the Gibbs free energy and is equal to the amount of electrical energy
required for the reaction. T is the fluid temperature, and AS is the change in entropy. The
AH required to split water from a condensed state to gaseous constituents is commonly
called the Higher Heating Value (HHV), while the AH starting from a gaseous state to
gaseous constituents is called the Lower Heating Value (LHV) [14].

The AH and AS required for these reactions are relatively constant [15], which
means from eq. 2—2, if the water temperature goes up, the required amount of electrical

energy will go down. This effect is shown in Figure 2, where the electrical energy needed

6



for the reactions has a downward trend as the water temperature goes up. The discontinuity
in the data at 100°C is a result of the water vaporization and entopic change before and

after vaporization.
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Figure 2. AG(T), AH(T), TAS(T) of the water-splitting reaction at P = 1 bar
(—) for pressurized liquid water up to 250°C. Source: [15].

1. Alkaline Electrolysis

The oldest method for creating hydrogen from water is through alkaline
electrolysis. It is also one of the easiest methods due to its simple design and cheap
materials. Alkaline water electrolysis (AWE) uses a diaphragm to separate the anode and
cathode of the electrolyzer that is submerged in an alkaline solution (typically KOH). The
anions from the strong base act to transfer the electricity between the electrodes, and the

diaphragm is permeable by hydroxyls (OH™) but not permeable to hydrogen and oxygen in



steady-state conditions. In this way, when a voltage is applied across the electrodes, the

following reactions occur:

Anode: 40H™ = 0, +2H,0 +4e” (2-3)

Cathode: 4H,0 + 4e™ — 2 Hy + 4 OH™ (2-4)
The cells used for AWE are typically one of two designs. The first design is the
unipolar cell, shown in Figure 3. The cell’s electrodes, separated by a diaphragm, are
submerged in a tank with an electrolytic solution in a parallel arrangement. The produced
gases will exit out of the top of the cell. These cells are simple to produce and reliable, but
the current density is less than other designs. The second AWE cell type is a bipolar cell,
shown in Figure 4. Bipolar cells are connected serially and require the electrolyte solution
to be circulated through the cell with pumps. The formed gasses circulate with the solution
and are collected in reservoirs away from the cell. Bipolar cells are more compact and
efficient than unipolar but are also more complex and require constant circulation. Most
AWE systems operate in the temperature range of 60—80°C with an efficiency of 65-75%
[15], [16]. Table 1 provides reference parameters for state-of-the-art specifications for the

AWE electrolysis cells.



®
T jEF_
]
]
S
e

Electrolyte

(FQH) T~ §\
solution, §\|i

AN

\

\

i
2 \)-<J
Porous

diaphragm Anode Cathode

Figure 3.  Schematic of a unipolar AWE cell. Source: [17].

Porous —— Electrolyte, O,
membrane ol | | | | Electrolyte, H,
—
O, Hy O,
+
Electrolyte
(KOH
| 1 [Anode solution)
1 —
Tl
Anode Cathode

Figure 4. Schematic of a bipolar AWE cell. Source: [17].



Table 1.  State-of-the-art alkaline electrolysis specifications. Adapted from
[18].

Cell Temperature (°C) 60 -80
Cell pressure (bar) <30
Current Density (mA cm™) 0.2-0.4
Cell voltage (V) 1.8-2.4
Power density (mW cm™) <1
Voltage efficiency HHV (%) 62 — 82
Specif. energy consumption: Stack (kW h | 4.5-7.0
Nm™)

Specif. energy consumption: System (kW | 4.5—7.0
h Nm™)
Lower partial load range (%) 20-40
Cell area (m?) >4
Hz production rate: Stack-system (Nm? h™ | <760

)
Lifetime stack (h) <90,000
Lifetime system (y) 20-30
Degradation rate (uV h'') <3

AWE has several advantages over other water electrolysis methods that make it a

competitive option for use with an LFR [15], [16], [18].

o Simple in design and can be made with inexpensive materials.

Commercial systems already exist with power in the MW range.
o Very high purity of gas products

J Because AWE has the most extended history of any hydrogen production

method, there is abundant experience and research from which to build.

Disadvantages of AWE include [15], [16]:

J AWE is limited in operating temperature to <100°C due to the electrolytic

solution’s corrosive nature and chemical instability at high temperatures.

o At high current densities, AWE experience an increase in ohmic resistance

due to gaseous bubbles suspended in solution. Operations at higher

10



pressure can mitigate this, but that introduces complexities and safety

issues to the system’s design.

o AWE must be run at a constant level because transients in operation will
cause an imbalance to partial pressure values that will force the diffusion

of product gasses across the membrane

2. PEM Electrolysis

One of the most well-established methods of water electrolysis is the use of
Polymer Electrolyte Membrane (PEM) cells. Initially, they were developed for oxygen
production in anaerobic environments like space crafts or submarines. PEM cells use a
proton-conduction polymer electrolyte to separate the anode and cathode. The water is
separated at the anode by

1 (2-5)
H,0() - 502(9) +2H" +2e”

Where the oxygen formed at the anode can be collected at the top of the cell. The

H*migrates through the membrane to the cathode and forms hydrogen gas by

2HY +2e” - Hy(g) (2-6)
Figure 5 shows a diagram of a typical cell configuration and flow of the PEM process.
Additional water is shown flowing across the polymer membrane by electro-osmosis drag.
PEM celectrolyzers typically operate between 50 and 80°C due to the limitations of the
Polymer membrane. Reference specifications for state-of-the-art PEM electrolyzers are

summarized in Table 2.
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Table 2.  State-of-the-art PEM specifications. Adapted from [18].
Cell Temperature (°C) 50 -80
Cell pressure (bar) <30
Current Density (mA cm™) 0.6-2.0
Cell voltage (V) 1.8-2.2
Power density (mW cm™) <4.4
Voltage efficiency HHV (%) 67 —82
Specif. energy consumption: Stack (kW h Nm™) 4.5-5.6
Specif. energy consumption: System (kW hNm?) |4.5-75
Lower partial load range (%) 0-10
Cell area (m?) <0.03
H. production rate: Stack-system (Nm® h'!) <10
Lifetime stack (h) <20,000
Lifetime system (y) 10-20
Degradation rate (uV h'') <14
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PEM electrolysis has several advantages over other methods [19], [16].

PEM does not require a liquid electrolyte, so more options exist for cheap

structural materials.

The faradic efficiency is better because there are no gas bubbles between
electrodes that would cause ohmic losses. This allows for higher current

density.

The hydrogen gas purity is very high, with no solution droplets suspended

in the gas.

The separation of the electrodes can be minimal and contribute to a

compact system design.

PEM cells can withstand significant pressure differences and are not as

susceptible to transient conditions as AWE.

Disadvantages of the PEM method include the following [16], [15].

The most significant disadvantage of PEM electrolysis is the high cost of
the required electrodes that need to be corrosion resistant against the

acidic polymer material.

The operating temperature is limited by the stability of the polymer

material used. This limits the achievable efficiency of the system.

Fabrication of cells is difficult to meet uniform contact requirements to

reduce electrical resistance.

B. STEAM ELECTROLYSIS/SOLID OXIDE ELECTROLYSIS

One way to reduce the amount of electricity required to stimulate the water-splitting

reaction is to use high-temperature steam in a solid-oxide electrolyzer cell (SOEC). This

process is known as High-Temperature Steam Electrolysis (HTSE) and is well documented

13



in the research literature [15], [16], [20], [21]. A diagram of a typical SOEC cell is shown
in Figure 6. Steam flowing into a SOEC will be disassociated at the cathode by

1 (2-7)
HzO + 2 e_ - HZ +§02_

The negatively charged oxygen is transported to the anode through a gas-tight,
oxygen-ion conducting electrolyte, while the highly purified H, can be separated from the
residual steam by condensation. The oxygen collects at the anode, where it releases its

electrons through the following reaction:

20" +2e - 0, 2-8)

The gaseous oxygen is then collected on the anode side of the cell. The operating
temperature for HTSE is typically between 800—1000°C [17] which would be too high for
heat transfer directly from the reactor coolant. This high cell temperature is required due
to adverse electrical properties of the oxygen-ion-conducing electrolyte material at low
temperatures. However, research with a proton-conducting electrolyte has successfully
lowered the operating temperature to <600° [20], which would be compatible with an LFR.

The reference characteristics of a SOEC are listed in Table 3.
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Figure 6. Illustration of high-temperature electrolysis of steam. Adapted
from [15].

Table 3.  SOEC operating characteristics. Adapted from [20], [21].

Cell Temperature (°C) 500-600
Cell pressure (bar) <30
Current Density (mA cm™) S5-25
Cell voltage (V) 1-1.8
Voltage efficiency HHV (%) 6782
Steam Utilization (%) ~80

The main benefit of steam electrolysis is reducing the electrical energy required for
hydrogen production shown in Figure 2. Though the total energy (AH) required for splitting
is relatively constant across a wide temperature range, the heat input (TAS) from raising

the temperature of the steam has lowered the required electrical input (AG) [22].

Some advantages of HTSE are summarized below:
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o The high operating temperatures of HTSE significantly reduce the energy

required to produce product gases.
J SOEC materials are relatively inexpensive and easy to produce [20].

Disadvantages of HTSE include:

o Most SOECs operate at very high temperatures (800-1000°C) that are not
achievable by an LFR. Using a proton-conducting electrolyte in the SOEC
could potentially lower this temperature to <600°, but more research is

required for these materials [20].

o SOECs experience degradation and sealing issues due to their extreme

operating environments [20].

o HTSE is a relatively new technology, and few operational systems have
been developed. However, SOEC technology is similar to Solid Oxide
Fuel Cells (SOFC), which have received an abundance of attention and
funding for further research as the demand for clean energy sources has

increased [16].

C. THERMOCHEMICAL/HYBRID PROCESSES

A significant advantage shown with the SOE method of hydrogen production is the
reduced electrical input required to decompose a water molecule due to the high heat input.
Another means of lowering this required electrical contribution is through chemical
reactions. One of the most popular thermochemical production methods is the iodine-sulfur
(IS) process [17], [23]. A pure thermochemical reaction (without any external inputs)
consists of three reactions. In the first reaction, eq. 2-9, iodine reacts with Sulfur dioxide
and water at low temperatures to create products hydrogen iodide and sulfuric acid. When
heated at different temperatures in a process, these products decompose by the reactions

shown in eq. 2—-10 and eq. 2—11 to create the desired hydrogen and oxygen products.

I, + SO, + 2H,0 - 2HI + H,S0, (20-100 C) (2-9)
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2HI = H, + 1, (200-700 C) (2-10)

1 (2-11)

Figure 7 also shows a diagram demonstrating the overall process and temperature
requirements for the different reactions. It is noted in these reactions that significant heat

input is necessary to achieve the required temperature for eq. 2—12 to occur [24], [25].

8
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Figure 7. IS process (no electrical input). Source: [25].

One means of overcoming the temperature barrier for a thermochemical reaction is
to utilize electricity in a hybrid process. There have been many studies on hybrid methods
attempting to make hydrogen production by this means feasible and sustainable. One
promising study conducted by the Japan Atomic Energy Agency (JAEA) uses electrolysis
to lower the temperature required to approximately S00C [26]. This method uses sulfuric

acid water-cracking to produce hydrogen by

1 -

17



2H,0 + SO, - H,SO0, + H, (2-13)

H,S0, » H,0 + SO, (2-14)

Where electrolysis is used in the processes of eq. 2—-12 to lower the required
temperature of the endothermic reactions to one attainable by an LFR. Electrolysis is used
in eq. 2—13 with cooling at 50°C because this is an exothermic reaction. Altogether, the
hybrid sulfur water-cracking method can reduce the electricity requirements for hydrogen
production by as much as two-thirds compared to conventional water electrolysis [17].
Figure 8 shows a diagram of the different phases of the proposed hybrid process with

approximate temperatures for each reaction.

e Heat at 800deg-C (Westinghouse Process)
SO, 2 S0O,-0, ; ]
- RS FElectrolysis at 500deg-C

(Thermochemical and Electrolytic Hybrid
Process)

Hydrogen
H,S0,) 2 SO, + H,O 2H,0 + SO, = (H.SO,)
' L |
Electrolysis at 50deg-C

Heat at 300deg-C

Figure 8. Diagram of hybrid thermochemical electrolysis process with
approximate phase temperatures. Source: [26].

Advantages of the Thermochemical production process include:

J Thermochemical cycles require less electrical input to force water-splitting

reactions [27].

o Compared to HTSE, Thermochemical processes can be operated at lower

temperatures.
18



o Engineering challenges and losses due to membranes are avoided since
gases are separated without the need for membranes. This is not the case

for hybrid reactions, which still need separation for the electrodes.

Some disadvantages of a Thermochemical cycle are:

o Chemical engineering challenges such as undesirable by-products,
unreacted reactants, and separation of reaction products are a significant

disadvantage to Thermochemical cycles [17].

o The time required for reactions to occur forces recirculation of reactants

and creates thermal inefficiencies [17].

o Materials required to sustain the high temperatures and corrosive
environment drive up the cost of production for Thermochemical cells

[17].

o For hybrid cycles, by-products can deposit on the electrodes and impact

the cycle’s efficiency
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III. LEAD COOLED FAST REACTORS

Lead Cooled Fast Reactors (LFR) are not new. Most notably, the Soviets used LFRs
to power their Alfa Class of submarines. Fifteen cores in total were produced and
contributed to decades of research on LFR operations and design. Compared to their
American competitors’ light-water reactors (LWR), these were more fuel and energy-
efficient, smaller, and operated at a safer pressure [28]. The Generation IV International
Forum (GIF) identified LFRs as one of the most promising technologies to meet the energy
needs of remote locations due to their robust and passive safety characteristics. These
advantages make LFRs ideal for use in hydrogen production in an EABO environment
[29]. A small modular reactor (SMR) like the Small Secure Transportable Autonomous
Reactor (SSTAR) conceptualized and designed by a team led by Lawrence Livermore
National Laboratory would be particularly well suited for this application and is the

reference system for this analysis.

A. BREEDER REACTOR BASICS

An LFR is a uranium or mixed uranium-plutonium fueled, fast neutron spectrum,
breeder reactor that generates fissile material to use as fuel as it operates. Unlike
pressurized water reactors, which moderate the neutron flux to a thermal level, the heavy
nuclei in LFRs have a small moderation effect and act as good neutron reflectors to prevent
fast neutrons from escaping from the core. These properties make LFRs ideal as a breeder
reactor. Breeder reactors use high neutron flux and a fertile fuel component, like uranium-
238, to create more fissile material than they consume. Figure 9 illustrates the breeding
process from a neutron interaction with fertile Uranium-238 to the fissionable Plutonium-
239. Because of this breeding process that creates fissionable fuel, LFRs have very high

fuel efficiency and can operate for 15-30 years without refueling.
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Figure 9. Illustration of the breeding production of fissionable Plutonium-
239 from fertile Uranium-238. Source: [30].

B. LEAD AS A COOLANT

LFRs commonly use a pure lead or lead eutectic mixture with bismuth (LBE) for a

coolant. Lead provides several advantages over other alternatives.

o As a heavy metal, lead acts to scatter high-energy neutrons through elastic
collisions and has a low cross-section of absorption that maintains a high

fast neutron spectrum needed for breeding [31].

o Lead and LBE have high boiling points and low saturation pressures,
making these metals better from a safety standpoint because the plant can
be operated at ambient pressures. The risk of a void forming in the core

from coolant boiling is virtually eliminated [32].

o Chemically, Lead and LBE are effectively chemically inert. Unlike

Sodium-cooled reactors, they have little reaction to water or air [32].

o Lead and LBE provide inert shielding from gamma radiation [32].
22



o Because of their thermodynamic properties, Lead and LBE can be used to

cool the reactor passively through natural circulation [33].

Some disadvantages of using Lead and LBE include:

o Both Lead and LBE exhibit high corrosive attacks on conventional
structural material at high temperatures. This limits the operating
temperature of LFRs until more research and development (R&D) can be
conducted to determine compatible corrosion-resistant alternatives and

chemical environments that can limit corrosive attack [32].

o The melting temperatures for Lead (327°C) and LBE (125°C) are high
enough to pose engineering and operational challenges to ensure the

coolant does not freeze and cause flow blockage [32].

o LBE and, to a lesser extent, pure Lead can create hazardous, radioactive
products from activation. The primary concern is Polonium-210 which is
radiotoxic, volatile, and significantly contributes to heat generation in the
core, especially after shutdown. Polonium-210 is primarily a concern

when using LBE as a coolant for the subsequent activation.
29Bi +n > 21%Bi (B- ; t12 5 days) = 2!1%Po (a ; t12 138.4 days)

C. SUPERCRITICAL CO: BRAYTON CYCLE

Unlike LWRs that are typically coupled with a Rankine thermodynamic cycle and
use steam as a working fluid, S-CO2 Brayton cycles use Carbon Dioxide in a supercritical
state as a working fluid. A supercritical fluid is a fluid state above its critical temperature
and pressure that makes the fluid adopt both gas and liquid properties. Typically,
supercritical fluids are dense like a liquid but compressible like a gas. The amount that the
fluid acts like either a gas or a liquid state can be tuned by changes in operating pressure
or temperature. This provides several advantages over conventional Rankine cycles [34],

[35].
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o S-CO; density is much greater than other working fluids, allowing for a

higher power density and significantly smaller turbines and compressors.

o There is potential for higher plant efficiency and optimization with no

fluid phase transitions.

J Reduced water consumption and dry cooling capability suitable for arid

environments

Figure 10 illustrates a basic S-CO> Brayton cycle, and Figure 11 shows a
corresponding Total Entropy (S) vs. Temperature (T) diagram. At the first point in the
cycle, heat exchangers in the reactor heat the supercritical fluid to high temperatures (1).
The fluid then performs work on the turbine driven by the pressure difference across the
turbine (2), causing it to rotate and produce electrical power with the generator. Next,
excess heat is rejected by the system when the fluid is cooled to near the critical temperature
by the recuperator (3) and cooler (4). A compressor (5) then increases the fluid pressure
before reheating it to the required inlet temperature for the reactor by the recuperator (6).

Finally, the high-pressure fluid re-enters the reactor to repeat the cycle (1) [36].

Compressor Turbine
Generator

—{ "]

[

S-CO2 flow

Precooler

<+

s

Water side |~ " | Recuperator

Figure 10. Schematic of a S-CO Brayton cycle coupled to a reactor. Source:
[36].
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Figure 11.

S

Absolute entropy (S) vs. temperature for an S-CO» Brayton Cycle.
Adapted from [37].

Though the S-CO: Brayton cycle has many advantages over other energy

conversion cycles, it also has several drawbacks that introduce design challenges. [37]

The dynamic nature of the fluid properties (like specific heat) near the
critical point makes the system very sensitive to changes in temperature
and pressure. This will require appropriate system regulation to maintain

optimal conditions.

The critical point of CO; limits the system to a minimum pressure of 73.9
bar, which lowers the attainable pressure ratio. This ultimately limits the

achievable efficiency of the system.

CO:2 is highly corrosive at the required temperatures for the system
operations. This requires further development and testing of materials used

in these conditions.
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D. SMALL SECURE TRANSPORTABLE AUTONOMOUS REACTOR
(SSTAR)

In the early 2000s, Lawrence Livermore National Laboratory organized a
collaborative effort across multiple universities and national laboratories to develop the
Small Secure Transportable Autonomous Reactor. The intended purpose of this effort was
to create an SMR that could be safe and transportable enough to operate in remote
environments for extended periods and require minimal manning and upkeep. Figure 12
shows a basic schematic of the SSTAR core design, and Figure 13 illustrates the plant’s
integration with the S-CO> Brayton cycle and calculated conditions. Table 4 provides
technical design parameters. The system would be sealed and designed to have a core life
of approximately 30 years, so refueling would not be necessary. SSTAR uses a Lead
cooled, transuranic Nitride fuel that provides strong temperature feedback of reactivity that
allows for autonomous load following and minimizes control rod movement. The system
allows natural circulation to meet all operational and shutdown cooling needs [38], [39],

[40].
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Figure 12. Schematic of the SSTAR LFR. Source [38].
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Figure 13. Schematic of SSTAR coupled with S-CO» Brayton cycle showing
calculated conditions. Source: [39].
Table 4. SSTAR system parameters. Adapted from [39].

Coolant

Pb

Coolant Circulation

Natural Convection

Power Conversion

Supercritical CO,, Brayton cycle

Fuel TRU Nitride w/ enriched N
Enrichment (%) 5 radial zones; 1.7/3.5/17.2/19.0/20.7
Core Lifetime, year ~30

Core inlet/outlet Temperature °C 420/ 567

Coolant Flow Rate, kg/s 2107

Power density, W/cm? 42

Average (peak) discharge burnup, MWd/kg HM 81 (131)

Burnup Reactivity Swing, $ <1

Peak fuel temperature °C 841

Cladding

Silicon-enhanced ferritic/martensitic SS
bonded to fuel pellets by Lead

Peak cladding temperature, °C 650
Fuel/coolant volume fractions 0.45/0.35
Core lifetime, years 15-30

Fuel pin diameter, cm 2.50

Fuel pin Triangular pitch-to-diameter ratio 1.185
Active core dimensions height/diameter, m 0976/1.22
Core hydraulic diameter 1.371
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Pb-t0-CO, HXs Type

Shell-and-Tube

Number of Pb-to-CO, HXs 4

HX Tube Length, m 4.0

HX Tube Inner/Outer Diameters, cm 1.0/1.4
Number of Tubes (all HXs) 10,688
HX Tube Pitch-to-Diameter Ratio 1.222
HX Pb Hydraulic Diameter, cm 0.904
HX -Core Thermal Centers Separation Height, m 6.80
Reactor Vessel Dimensions Height/Diameter, m 12.0/3.23
Reactor Vessel Thickness, cm 5.08
Gap Between Reactor Vessel and Guard Vessel, cm 12.7
Gap Filling Material Air
Guard Vessel Thickness, cm 5.08
Air Channel Thickness, cm 15

Air Ambient Temperature, C 36

Working Fluid

Supercritical CO»

CO; Turbine Inlet Temperature, C

552

Minimum CO; Temperature in Cycle, C 31.25
Max/Min CO; Pressure in Cycle, C 20/7.4
CO; Flow Rate, Kg/s 245
Net Generator Output, Mwe 19.8
Supercritical CO, Brayton Cycle Efficiency, % 44.2
Net Plant Efficiency, % 44.0
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IV. METHODOLOGY

Generally speaking, efficiency is measured as the ratio of the work produced by a
system compared to the work put into a system. Typically for a reactor plant, this can easily
be measured from the electrical energy generated and the energy produced by the reactor
core. [41] In terms of hydrogen production, determining the efficiency of the overall
process is not as straightforward and is dependent on the method and materials used and
operating conditions. The amount of hydrogen produced by an electrolysis reaction is a

function of the current density between the cell’s electrodes

n.l (4-0)

VI.-IZ =nNFr ﬁVmol

where V,;,2 is the hydrogen production rate. 1y is the cell’s faradaic efficiency (a measure

of the current leakage). n, is the number of cells connected in series. F is Faraday’s
constant, and V,,,,,; 1s the molar volume for a gas at standard temperature and pressure (STP)

[42].

The overall production rate of the system depends on several factors of cell design and
operations. Parasitic reactions, leakage across boundaries and diaphragms, demands of
auxiliary equipment, and any additional purification, drying, and condensing processes will
affect the overall hydrogen production rate. [15] For the purposes of this thesis, each
method needs to be evaluated individually to determine which process is best suited for
pairing with an LFR in a remote operating environment. It will be assumed that design
considerations to maximize production efficiency (such as material selection for electrodes
and membranes, determining best cell operating pressures, or catalyst selection) are beyond
the scope of this analysis. This assumption is made because they do not specifically pertain

to how using an LFR affects hydrogen production.
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A. OVERALL SYSTEM EFFICIENCY
One of the best measures of system performance is by an evaluation of the thermal

efficiency (75y,) found by [17]

peor = AHuy “-1)
5 XQws + ZWys

where AHyyy is the higher heating value (HHV) for the water-splitting reaction. £Qyy s is
the sum of the heat input into the water-splitting reaction, Wy s is the sum of the work
input to the water-splitting reaction, and 7y, is the efficiency of a hydrogen fuel cell,

assuming the hydrogen created will be used for electricity generation.

Figure 14 shows a total water splitting system diagram with a work/heat balance.
The Energy Conversion cycle is assumed to be an S-CO; Brayton cycle but could be
replaced with a more conventional Rankine cycle. This cycle supplies the required energy
for water splitting and a heat pump. The Water Splitting portion can be any of the methods
described in Chapter II at any temperature or pressure. In general, enthalpy and entropy
balances can be made for the system that can be altered depending on the method of

hydrogen production used.

Energy —
— Conversion cycle )
o Qo
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LFR Wys Slikat
E——) [ Water Splitting ]— ¢
Sloss ump
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N A Tws T, L
Reactant AHys Products
2H,0 ASyrs (2H; +0y)

Figure 14. Heat and work balance for water splitting system. Adapted from
[17].
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B. S-CO2 BRAYTON CYCLE EFFICIENCY

Chapter III describes how the reference LFR used for this analysis uses an S-CO»
Brayton cycle for energy conversion, and there is a wealth of literature that describes
methods for calculating the cycle efficiency [43], [44], [45]. The 