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Abstract

Integrated Energy Systems (IES) serve as a method of cogeneration for both electrical and
thermal energy. The cogeneration of both energies has served as a method of reducing waste heat
and improving the efficiencies of the processes that operate within the IES grid. Thermal energy
storage and distribution within an IES is a key point for an IES which uses a nuclear reactor as the
main form of thermal energy provider. Desalination has been a common endothermic process used
within an IES grid, mainly due to the low thermal demands required for such a process, and the
wide variety of applications the produced water has, either as drinking water, industrial heating,
or other such uses.

With the growing interest in the feasibility of nuclear reactors used in applications
alternative to electrical generation, the history of previous work has left us with important lessons
for the future. The Aktau Nuclear Power Plant (NPP), along with other nuclear desalination
operations in Japan and other countries, has laid the groundwork for nuclear IES operations. The
lessons learned from the low-temperature desalination process provide key framework for high-
temperature IES operations like nuclear hydrogen production. The Aktau NPP was the only Molten
Salt Reactor (MSR) operated within an IES, providing an additional demand for a review for future
IES work with an advanced reactor.

Hydrogen production, especially nuclear hydrogen production, has also been experiencing
an increase in interest. This is due to the ability of hydrogen energy to reduce carbon emissions in
the wide range of applications that produce hydrogen. While electrolysis is currently the hydrogen
production method that has the most interest, thermochemical cycles also show promise as
production methods competitive with electrolysis. Sulfur-based thermochemical cycles like the
Sulfur lodine and Hybrid Sulfur (HyS) cycles are among the most promising, and previous work
has established them as cycles that are the most favorable for nuclear hydrogen production, and as
endothermic processes capable of integration within a nuclear IES.

Previous work has shown that the HyS cycle can be competitive with electrolysis from an
efficiency standpoint. For future IES grid evaluations, a reduced and simplified model of the
complex sulfuric acid decomposition reaction is necessary. This model can serve the purpose of
providing a wide variety of outputs, including efficiency and energy demand as well as conversion,

based on only a few inputs. Creating an agnostic model capable of use with a variety of different



types of nuclear reactors, heating fluids, and IES grid setups, while providing results comparable
to previous work.

The reduced order model was able to generate results based on temperature, pressure, and
weight fraction sulfuric acid that agreed with previous work. Generating an operational range for
weight fraction between 0.63 and 0.89 weight fraction sulfuric acid that agreed with past work and
met efficiency goals. High temperatures and high pressures saw the best efficiencies as well, with
lower temperatures and high pressures becoming more inefficient than lower temperatures and
lower pressures.

Outside of the operational parameters the model produces results that are overestimations
when compared to previous work. However, these operational ranges are already outside of
desirable conditions and therefore unlikely to be used in normal, steady-state conditions. The
assumptions that play key roles in these overestimations have been identified for moving forwards
with a more complex model for transient operations, and future work using the methodology
outlined in this thesis is expected to provide key information for advanced nuclear reactors

powering hydrogen production within an IES.
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Chapter 1. Introduction

1.0 Background and Motivation

With the push for clean energy sources and reducing carbon emissions nuclear hydrogen
has emerged as a very promising way of both a source of clean energy and as a method of reducing
carbon emissions. The increased interest in advanced reactors, such as Molten Salt Reactors
(MSR), provides an avenue of interest for Integrated Energy Systems (IES) for thermal energy
distribution and storage through the coupling of an advanced reactor to applications, like electrical
generation, and endothermic processes, like desalination and hydrogen production. The high-
concept view of an IES is shown in Figure 1, with thermal energy delivered to the energy
conversion process and the chemical process through a thermal manifold.

The questions that this work addressed to determine nuclear hydrogen’s role in IES moving

forward were:

1. What lessons can be learned from previous experience with advanced reactors driving
chemical plants?

2. What simplifying assumptions can be made in a reduced-order model of sulfuric acid that
still produces good agreement with past experiments?

3. Can the reaction and thermodynamics be coupled into a simplified model of the overall
integrated energy system?

4. Does the hydrogen production process meet efficiency goals to be competitive with

electrolysis?

Question one addresses lessons that can be learned about IES safety features from the Aktau
Nuclear Power Plant (NPP). Then in turn how they can be applied to hydrogen production within
an IES. Additionally, the question serves to address the effects of the transition between the
implementation of a low-demand process (desalination) to the implementation of a high-demand

process (hydrogen production).
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Figure 1: General concept design of an IES.



Question two asks if a reduced and simplified model of the complex sulfuric acid
decomposition reaction can agree with previous, more complex models of sulfuric acid
decomposition. Then if the model in turn can be implemented in an extended hybrid sulfur cycle
model incorporating other processes seen in the hydrogen production method.

Question three addresses the importance of the effects of temperature and pressure on the
conversion of sulfur trioxide must be included in a simplified sulfuric acid decomposition model.
This is due to the effect that pressure and temperature have on the extent of the reaction.
Additionally, the question asks if the resulting effects on process efficiency can be incorporated
into the model.

Lastly, question four addresses the ability of the Hybrid Sulfur cycle to be competitive with
electrolysis as a method of hydrogen production. For the Hybrid Sulfur cycle to be considered for
hydrogen production it must be able to meet efficiency goals to be competitive with electrolysis.
By answering these questions, the role of nuclear IES and nuclear hydrogen moving forward in
accomplishing the goals of achieving clean energy and reducing carbon emissions can be

addressed, and key points identified for further work moving forwards.

1.1 Integrated Energy Systems

IESs are power plants capable of cogenerating both electrical and thermal energy [1].
Capable of utilizing nuclear, renewable, and fossil fuels, they are appealing due to their overall
plant efficiency which can utilize energy that would otherwise be lost as waste [2]. There has been
a history of both fossil fuel and nuclear plants operating in IESs [3, 4]. The Aktau NPP serves as
the only advanced reactor operational within an IES [3]. A review of the Aktau NPP’s operational
history can discover the lessons learned: IES safety features with an advanced reactor, specifically
how to address the energy scale mismatch between a thermal power-driven operation, and how to
set the scale of the process for the desired operation.

In addition to energy production, an IES can utilize the thermal energy produced for an
industrial process [3]. The thermal energy from the power plant is transported to the process
through a thermal couple. For a process with low thermal requirements, like desalination, the
thermal couple can take heated water from a turbine to drive the process [5]. For a high thermal
process, like hydrogen production, the thermal couple must be implemented closer to the nuclear

reactor’s thermal source.



For an IES with a thermally driven process and a nuclear reactor, the two processes must
be matched for high thermal efficiency while keeping the same level and stability of operations
expected [6]. Expected, and unexpected, shutdowns of the nuclear reactor and the chemical plant
need to be accounted for within the other. For chemical processes with multiple stages within the
process the effects of each process on the others, as well as the stability of the overall plant and
the nuclear reactor must be considered as well [7]. Increasing the efficiency of the plant could
harm the scale of the feedback between the plants while introducing stricter levels of control
between each stage of the chemical process and the nuclear reactor could decrease the efficiency,

the result would create an IES not worthwhile [8].

1.2 Hydrogen Production

With the challenges of the world’s population increase, the ensuing increase in energy
demands, and fossil fuel pollution and depletion, the demand for clean energy has only been
growing over the last few decades. Renewable and nuclear energy sources have made great strides
in combating these issues, and with current capabilities are the most favorable for large-scale
applications [9]. However, there is a lack of practical technology in both of these sectors that limits
the direct application of electrical energy generated by these sources [10]. A previous study
estimated that hydrogen can supply nearly 18% of the world’s energy demands [11]. Hydrogen
also has great potential as the main energy source to replace fossil fuels [12]. To accomplish this,
it is estimated that for transportation alone the thermal energy equivalent would be 450 GW per
year, or 12 times the current U.S. hydrogen consumption [13, 14].

Hydrogen is readily available from water and can be separated using one of many simple
processes [15]. Processes that use electrical or thermal energy are the most mature and readily
implemented [16]. Furthermore, hydrogen production processes show great promise in their
adaptability to any method of nuclear thermal energy generation, from the common BWR and
PWR reactors to advanced fission reactors, and even fusion reactors [9-12, 15-17]. However, a
large-scale hydrogen production process that is also cost-effective and non-pollutive is still a way
off from implementation.

Contemporary methods of hydrogen production, such as steam methane reformation and
coal gasification heavily rely on fossil fuels. This is due to the availability of these resources as
well as their economic appeal [9]. This reliance has associated hydrogen energy with high carbon



emissions which has led to a lower appeal for hydrogen as a clean energy source [12]. Renewable
energy processes, such as solar, wind, or photobiological, show great promise for hydrogen
production but are unlikely to make a large economic impact in the next couple of decades [12].
The processes that show the greatest likelihood to make a large impact in the next decade are
nuclear-powered water electrolysis or thermochemical cycle, CO; scrubbing of steam methane
reforming plants, and thermal disassociation of hydrocarbons [12].

Hydrogen is readily available from water and many different compounds with carbon such
as natural gas or crude oil. Furthermore, hydrogen’s high chemical potential has made it ideal for
energy processes, which can be used for further power or heat, and hydrogen is an important
component in many other chemical processes such as in the petroleum and fertilizer fields as well
as other high-value chemicals like deuterium [17, 18]. The largest consumers of hydrogen energy
are ammonia and methanol production and oil refineries [19]. Unlike the electrical and thermal
energy generated by power plants, hydrogen can be stored for later use in fuel cells [15, 20]. These
fuel cells are considered to be the most efficient method of converting chemical energy to electrical
[12]. However, the high thermal demands of water splitting have created a carbon-intensive
process, with the contemporary fossil-fuel-driven methods producing large amounts of CO> for
every kilogram of hydrogen. Thermochemical processes are one method of lowering the thermal
energy and therefore the carbon emissions of hydrogen production.

Thermochemical processes implement chemical reactions into the water-splitting reaction
that lower the overall thermal requirements, leading to their recognition as the likely candidate for
the most economical method of hydrogen production [9]. Hydrogen production through this
method shows the greatest promise for large-scale hydrogen production that is both cost-effective
and non-pollutive. The Generation IV nuclear plant development has been focused heavily on
thermochemical and electrolysis processes coupled with an advanced high-temperature reactor
[21]. There are a few different thermochemical processes available for nuclear hydrogen
production, the sulfur-based Hybrid Sulfur and Sulfur lodine cycles, and the Copper Chlorine cycle
are just a few options. The addition of thermochemical cycles into hydrogen production lowers the
temperature requirements of water splitting into the range achievable by advanced reactors [8].



Chapter 2. Literature Review

2.0 Nuclear Process Heat and Integrated Energy Systems

Electrical energy generation within a nuclear power plant creates a large amount of heat
waste that has the potential for integration into an integrated energy system, which not only reduces
heat waste but also has the bonus of increasing overall efficiency [2]. Nuclear process heat for an
industrial process can be directly utilized in one of two ways: a dedicated plant for direct heating,
or parallel co-generation of heat and electricity [1]. These systems are called Integrated Energy
Systems (IES) and are power plants capable of cogenerating both electrical and thermal energy.
These systems are appealing due to the increase in overall efficiency they can have, and that they
can further utilize thermal energy that would otherwise be lost as thermal waste [1]. There has
been a history of both fossil fuel and nuclear plants operating with an IES [3, 4]. The IES could
utilize the thermal energy produced for an industrial process transported to the process through a
thermal couple. For a process with low thermal requirements, like desalination, the thermal couple
can take heated water from a back-pressure turbine to drive the process [5].

For an IES with a thermally driven process and a nuclear reactor, the two processes must
be matched for high thermal efficiency while keeping the same level and stability of operations
expected [6]. Expected, and unexpected, shutdowns of the nuclear reactor and the chemical plant
need to be accounted for within the other. For chemical processes with multiple stages within the
process the effects of each process on the others, as well as the stability of the overall plant and
the nuclear reactor must be considered as well [22]. Increasing the efficiency of the plant could
increase the scale of the feedback between the plants, while introducing stricter levels of control
between each stage of the chemical process and the nuclear reactor could decrease the efficiency,
making an IES not worthwhile [8].

Almost 70% of primary energy produced worldwide is used for transportation, hot water,
steam generation, and heat, leaving a substantially sized market available for non-electrical
operations for nuclear plants [1]. Industrial processes like district heating, desalination, oil
refinement, and hydrogen production stand to benefit from direct nuclear-supplied heat, and even
higher temperature limit processes like steel production can utilize secondary energy carriers from

a nuclear-driven process [1].



The operational outflow coolant temperature range for advanced nuclear reactors, such as
a molten salt reactor, meets the temperature required to drive many chemical and industrial
processes. Nuclear hydrogen can be produced by water decomposition through one of four
different types of processes: electrolysis, direct thermal decomposition, chemical reaction, and
thermochemical reaction [15]. Any of these methods show potential to be candidates for the
utilization of process heat provided by an MSR or another nuclear reactor.

District heating in an integrated energy system has been an attractive option for nuclear co-
generation due to the ease of application and preexisting systems already in place [1]. In Finland,
the Loviisa nuclear power plant studied co-generation for district heating [23]. France studied the
feasibility of transporting 1500 — 3000 MWth from Nogent-Sur-Seine over 110 km to Paris [24],
and in Poland, an economic analysis was performed on the district heating of several different
towns from planned nuclear power plants [25]. The size and scope of these projects require an
expected budget of $1-$2 billion and a significant amount of technological and economic

investigation [2].

2.1 Desalination with Nuclear Power Overview

Water scarcity is a significant challenge that humanity faces and the result of it is felt in
both the agriculture and production industries [26]. With predicted population growths, especially
in third world or other developing countries meeting this expectation will prove to be a challenge
without the development of large-scale desalination plants to boost the availability of fresh water
in regions like the middle east which already face a lack of available freshwater [27]. The
increasing demand for freshwater for personal, industrial, and agricultural use provided by
desalination will also be reflected in carbon and other environmentally harmful emissions
produced by desalination [28]. The nuclear non-proliferation and safety issues that affect the
majority of countries in the world that would benefit the most from nuclear desalination have been
major roadblocks to nuclear desalination as well [29].

Almost 98% of all water readily available for use is salt water [30], and close to 40% of
the world’s population lives in coastal areas [31]. and because of increasing populations and
increasing scarcity of available freshwater even now the lack of fresh water is felt in areas around
the earth [30]. With global consumption increasing, water stress is felt most strongly in areas such
as Asia and the Middle East [26]. Agriculture and industry water consumption has increased with



population growth and the higher quality of life seen in many countries, from 1990 to 1995 the
consumption of water increased over twice as quickly as population growth [30]. The increasing
urbanization in the global population drives the demand for safe water supplies and clean drinking
water [30].

The Middle East had almost 60% of the world’s desalination capacity, with almost half of
that in the Arabian Peninsula [29]. The considerable growth seen in both the desalination and
nuclear industries means the technology is there to address the current and future demands for
water and energy in areas like the Middle East and North Africa [29]. Both areas have experienced
consumption demands exceeding production capabilities [31], and both have relatively low electric
energy demands compared to freshwater demands [32]. Of the countries expected to suffer
moderate to severe water crises in the coming decade, very few have the existing nuclear
infrastructure, and none have adequately proceeded down the path of nuclear-powered desalination
[29]. However, an IAEA assessment previously indicated that nuclear desalination would be
technically feasible and economically competitive in these water-stressed areas [33].

Nuclear power plants have been proven to be large-scale, low-carbon emissive energy
resources [27]. Furthermore, in addition to the environmental and economic aspects discussed,
nuclear energy may also have a positive impact on water cost as well as availability [27]. For
countries with a high water demand, but with few or no fossil energy resources, nuclear fuel is the
cheapest form of imported energy [27]. Even though the interest in nuclear desalination is not as
great as the interest in power or district heating [27], the operation of the Aktau power plant
demonstrated the ability of a nuclear reactor to provide both electrical energy and fresh water.
Namely by the coupling of the desalination plant to the nuclear reactor through a thermal manifold
[34].

Co-locating a desalination plant within a power plant has many benefits aside from
providing desalinated water [35]. Implementing a desalination plant in a grid can increase the unit
sizes of the power plant, reduce the number of facilities and employees required by eliminating
redundancy in both plants, and reduce harm to the ecosystem by mixing both plants’ effluent before
dispersal [35], additionally including a method of co-generation, like for district heating or
desalination, can utilize the excess, or waste heat [24]. However, the drawbacks to such

implementation have slowed the process. Flexibility in the plant can be lost due to the ratio of



produced water to electricity having little variation due to the plant’s overall efficiency, and
economic comparison is difficult due to the added product [35].

The promise of nuclear-driven desalination is great, but there still are many roadblocks to
large-scale implementation. The main one is safety, but also the mismatch in the energy demand
of the process to the energy provided by the reactor, and the unknown costs associated with such
a process [27]. Furthermore, the cost of produced water must be considered, especially in areas
with low water availability with a high likelihood of targeted subsidies to ensure water access to
the poor [31]. Sufficient water production could harm economic growth and have uncontrollable
consequences as a result of water provided at unacceptable costs [27]. In an IAEA study on the
capacities of Northern Africa, it was determined that small to medium-sized reactors would be the
most effective in desalination processes in the area considering the grid size and economic capacity
in the region [36].

There are several examples of the potential use of nuclear energy to drive a desalination
process, this is due to the maturity of the desalination process and the extent of our knowledge on
the topic [28]. These examples are both real systems and paper studies exploring water-cooled,
gas-cooled, and liquid metal reactors [27]. One specific example in the 1980s Israel and the United
States cooperated to design a desalination plant for coupled operation with a Light Water Reactor
(LWR) [37]. However, research has been done throughout the world in India, South Korea,
America, Japan, and Russia [28]. The desalination process was designed to utilize exhaust heat
from the turbines for desalination, which is a similar method to the process used by the Aktau
plant. Since then the United States, Germany, and Japan have all conducted further research into
the process focusing on Modular HTGR power plants and reverse osmosis desalination processes
[37]. While previous and current experience and research operating nuclear and desalination
processes in conjunction show promising results, the Aktau power plant is our only experience

with operating a desalination process with a sodium-cooled reactor.

2.1.1 Previous Nuclear Desalination Processes:

A joint research operation in Israel was undertaken by US and Israel in the 1980s at the
Ashdod plant in Israel, to simulate the coupling of a Multi-Effect Desalination (MED) to a nuclear
reactor [38]. The desalination plant was a six-effect MED which was coupled to a steam turbine,
like the Aktau NPP [38]. The main goal of the Ashdod plant was to demonstrate the feasibility of



a MED coupled to a nuclear reactor [38]. Like the Aktau NPP, the Ashdod plant had a make-up
fossil-fueled power unit, however, the MED plant was operated at a much lower temperature than
the Aktau plant [38]. The Ashdod desalination unit ran for two years, and the demonstration was
promising enough to generate a positive attitude towards more nuclear desalination [38].

In a similar operational experiment, the Water and Electricity Company of Curacao, in the
Netherlands Antilles demonstrated the demands of MED compared to MSF in an IES [38]. In dual-
purpose compounds, such as a compound that provides electricity for a city and thermal energy
for desalination, MSF is usually the desalination process of choice [38]. However, the lower energy
demands of MED meant that by using MED another turbine for energy generation can be added
to the system [38]. A common question for such IESs is whether the first effect of the MED or the
steam turbine should set the demand of the process. The operational experience showed that the
turbine’s operational conditions should be fixed, and the first effect’s operational conditions and
therefore the desalination plant’s operational conditions should adjust to match the demands of the
turbine [38].

Japan has had extensive experience with nuclear desalination utilizing MED, MSF, and
Reverse Osmosis (RO). Table 1 shows the operational conditions of a few operations compared to
the Aktau NPP desalination process. The country’s nuclear reactors are built on the coastline and
utilize seawater for steam generators and due to their design additionally include seawater as their
heat sink [39]. These desalination plants have operated in conjunction with PWRs or BWRs [39],
unlike the Aktau NPP. The types and capacities of the desalination plants varied by site, but were
used for boiler feedwater supply and potable water in more remote areas [39]. These desalination
plants were MED, MSF, and RO plants, and had a max capacity of 1000-3000 m*/day [39]. During
the operational lifetimes of the plants, the plants were successful with no significant problems
seen, nor radioactive contamination of the water experienced [39].

The first nuclear desalination plant in Japan was the Ohi Nuclear Power Station,
commissioned in 1978, and natural sources of freshwater were not sufficient to meet the plant’s
needs so desalination units were added to make up for the demand [40]. Initially, MSF and MED
were used to supply potable water to the original two units, and with the addition of units Il and
IV RO was added to the desalination process [40]. In the case of both MSF and MED processes
the designs were identical to fossil-fuel-powered desalination processes, with slight adjustments

made to the RO plants [41]. The decision to use RO processes was due to the low corrosion and
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ease of operation and maintenance for RO, as well as the fast advancement of RO technology in
the years after the initial plant’s establishment [39].

Each RO plant required seawater intake, pretreatment, two stages of RO, and discharge
treatment [40]. Each plant had a capacity of 1300-1700 m®/day, with about 200 m®/day of the
desalted water provided to a further drinking water facility and used for potable water [40]. MED
and MSF plants were used at several locations as well, however, even though minor corrosion was
observed in many of these plants they still had an exemplary record of performance [40].

India and Pakistan have been involved in desalination research as well. India successfully
operated an experimental facility in Trombay, with plans to couple a hybrid RO-MSF plant in
Tamil Nadu [42]. The Karachi Nuclear Power Plant (KANUPP) in Pakistan also required a
seawater desalination plant to provide water for normal operations and emergency feedwater [41].
The KANUPP reactor was a type of horizontal heavy water reactor, and the Pakistan Atomic
Energy Commission (PAEC) researched the implementation of MED, MSF, and RO desalination
coupled to the reactor [43]. The KANUPP desalination plant had a good performance record, and
the water provided met WHO standards for potable water [41].

2.2 Aktau NPP

The Aktau power plant operated off the coast of the Caspian Sea in what is now Kazakhstan
from 1973 until 1999 [34]. A review of the discoveries made during its lifetime and in the years
of research afterward is desirable due to an increase in the demand for high thermal demand
industrial and chemical processes operated in conjunction with nuclear reactors. While the Aktau
power plant’s primary use was for electrical production, the experience gained from the low
thermal desalination can be used to better inform future nuclear desalination processes [37] as well
as models made today of high energy hydrogen production such as sulfur-based thermochemical
water splitting, or high-temperature steam electrolysis.

In this literature review first, an overview of desalination with nuclear power is given, both
in the context of the Aktau power plant, and other international efforts. Then a summary of the
Aktau power plant: its location, history, and operational background. Next, the BN-350 reactor
overview summarizes the reactor and its operational history with the desalination plant. The
thermal manifold and water flow scheme are summarized, and finally, the Aktau desalination

process is explored.
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2.2.1 Aktau Power Plant Overview

The Aktau power plant was in an arid zone in the Mangyshlak peninsula on the Caspian
Sea. The low rainfall on the peninsula coupled with the high salinity of the groundwater, ranging
from 3.5-3.8 g/L, made a desalination plant a desirable addition to the city of Aktau [34]. The
complex objectives were to minimize heat loss in the transmission of steam to industrial processes
and to minimize water transport costs [3]. Originally the complex utilized 3-stage evaporation
distillation, 2-stage flash, electrodialysis, and ion exchange units [5]. After a period of
experimentation, multi-stage thermal evaporation distillation was decided to fit the Aktau
complex, starting with a 4-stage in 1963, and increasing to three 5-stage commercial processes in
1967 [5], with each distillation process attached to a turbine [3].

Previous experience running desalination plants in the USSR under conditions similar to
what the Aktau complex would undergo resulted in the decision to implement 10-stage MED
evaporation units [5]. These units had previously established themselves as reliable, resistant to
disturbances, and highly effective at removing salt [5]. For thermal energy, the complex had the
BN-350 reactor and a natural gas energy source that provided energy to the desalination plant, as
well as the turbines [44].

The complex was located 12 km from the city, with a potable water preparation station
closer to the city with a 2 km channel for seawater intake and brine water outfall [3]. The Aktau
power plant consisted of a BN-350 reactor, a gas-fueled preparation station, a potable water
preparation station, ten MED units with production capacities of 8000-14500 m®/day of water, and
a feed water preparation unit for the steam generators [34]. Further treatment of the distillate was
not required for the feed streams to electric generators [5].

For thermal energy application and distribution the exhaust steam from the back pressure
turbines for the first stage evaporators, with surplus steam and heat sent to supply additional
thermal energy to industrial processes within 7 km of the complex [34]. Steam boilers utilized
thermal energy from the extraction of steam from the turbines as well, supplying heat to the district
heating system, distillates were also fed into the heating system to keep normal pressure [34].
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Table 1: Parameters of Previous Nuclear Desalination Operations

Name Kashiwazaki | Ohi | Takahama | Genkai | lkata | Ohi | Genkai | Aktau
[40] I, 11 [40] \Y] 1 I, 1 [34]
[40] [40] [40] IV [40]
[40]
Type of | BWR PWR | PWR PWR PWR | PWR | PWR Sodium
Reactor
Reactor 1100 1175 | 870 1180 890 1175 | 1180 1000
Capacity
(MWe)
Type of  MSF MSF | MSF MED RO RO RO MED
Desalination
Desalination A 1000 1300 | 1000 1000 2000 | 1300 | 1000 14500
Capacity per per
(m3/day) line line
Number of 18 18 18 8 36x2 | 95x2 | 54x1 5
Stages lines | lines | line
Max 120 118 120 116 25 30 25 105
Temperature
(C)
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2.2.2 BN-350 Reactor Overview

The BN-350 reactor was a sodium-cooled fast breeder reactor [34]. With six primary
coolant loops, five operational and one backup, and six secondary loops split into two rooms [34].
The primary and secondary heat exchange system can be seen in Figure 2. The BN-350’s operation
was largely satisfactory, with the majority of events initiated in the steam-generating system as a
result of faulty manufacturing and welding [27].

The secondary coolant loops were sodium as well, connected to the primary sodium loop
through an intermediate Na-Na heat exchanger [34], and it was this loop that was coupled to the
tertiary water loop through an intermediate heat exchange system [34]. A flow diagram of the
complex can be seen in Figure 3, and Table 2 shows the operational parameters of the reactor and
the loops. The thermal section of the reactor was made up of six steam generators with natural
circulation [34]. The low pressure of the sodium coolant and lack of noticeable corrosion ensured
the leak tightness of the sodium piping and components [34].

There were four variants of probable failures considered in the design of the BN-350
reactor: primary loop sodium leaks, gas system failure, loss of sodium circulation, and core
subassembly damage during refueling [34]. Safety features in place to prevent contamination of
steam delivered to the consumers after probable failures which included low pressure in the reactor
vessel and three circuits system of reactor cooling, from lowest to highest pressure [34]. These
safety systems prevented contamination of the steam circuit in the case of any failure [34].

The nuclear power plant’s designed operational power was estimated to produce up to 1000
MW with up to 150 MWe provided to the city of Aktau, with plans for plutonium production
included in the original design [45]. The actual operational power of the plant was estimated to be
130 MWe to the city of Aktau and 150 MWth to the coupled desalination process, and Table 3
shows figures from the reactor’s operation [34]. The Aktau nuclear reactor achieved criticality in
1973 with a 20-year planned lifespan and had a peak production of 120,000 m® of potable water
per day [5] and a maximum output of 750 MWth occurring in 1984 [34]. After the fall of the Soviet
Union the United States government worked cooperatively with Kazakhstan to extend the
operational life of the power plant on a yearly basis, finally shutting the plant down in 1999 with
a cumulative operation time of over 150000 hours [34], after the IAEA determined that major
upgrades were necessary for further operation that were deemed to be too expensive to be
worthwhile [45].
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FLOW DIAGRAM OF THE NUCLEAR DESALTINGCCWPLEXBN - 350
Figure 2: BN-350 complex flow diagram [45].
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Table 2: Main Technical Parameters of the BN-350 [34].

Reactor Thermal Power

Inlet/Outlet Sodium Temperature of the Primary Loops
Inlet/Outlet Sodium Temperature of the Secondary Loops
Steam Outlet Temperature

Steam Pressure

Steam Flow

Loop Number

750 MW (th)
288/437 °C
260/420 °C
405 °C

4.5 MPa
1070 t/h

5
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Table 3: Principal results of the BN-350 reactor’s operation from 1973-1995 [34].

Power Level Operation

Average Power

Average Load Factor

Refueling Number

Number of Unplanned Power Decrease

Fuel Burnup

159921 hr
592 MW (th)
0.85

56

62

11.8 %
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In the early start-up tests of the reactor, leaks were found at weak points in several of the
welds on the water side of the heat exchange system as well as along other manufacturing defects.
One of the key safety points identified in the design and operation of the plant was the high
reactivity of sodium in the presence of water, creating a need for high-integrity parts to avoid the
consequences of such a reaction taking place in the heat exchange system [45]. In the first few
years of the plant’s operation, all but one loop experienced leaks leading to the decision to retube
all loops except the one loop that had not failed, as well as replace one of the steam generators.
The largest accident occurred in 1974 when steam generator pipes depressurized, and water reacted
with the sodium coolant. A visiting US delegation in 1975 speculated that reaction products were
carried into the shell of the heat exchanger and that their presence exacerbated the tube failure
problem [34].

The design of the plant incorporated over 40 initiating events for abnormal operation. Over
the plant’s operational lifetime, 64 events required the decrease of the reactor by 10-12%. There
were also 77 events that resulted in the high-speed shutdown of the reactor, however, none
occurred in the last six years of plant operation [34]. The BN-350 reactor was shut down for 20
days to undergo refueling and maintenance twice per year, during these scheduled outages the
thermal power station supplied heat for the desalination plant.

Later analysis by the NRC and other American delegations determined that the Soviet use
of sodium coolant with water created several barriers to safe operation. Manufacturing techniques
of steam generator components needed to be improved. Sodium and feedwater quality control
needed a better design to avoid the buildup of scale from evaporation and other reaction products
in the heat exchange system. Finally, provisions focusing on detection, containment, and
remediation were crucial in the event of tube failure to mitigate extreme reactions between the
coolant and water heat exchange systems [46].

When shutting down the BN-350 reactor the majority of the plant’s shutdown safety
concerns had to do with sodium. A heavy emphasis on fire safety and sodium containment was
implemented, and the brunt of the draining and processing of the sodium had to be carried out in
conjunction with the United States. Cesium traps were implemented to decontaminate the sodium

before its draining and conversion into a form for safe storage [34].
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2.2.3 Thermal Manifold, Water Loop Scheme, and Reliability

Figure 4 shows the water loop in the Aktau plant, including the desalination process and
other uses such as district heating. For the desalination process, seawater from the Caspian Sea
was brought into the Aktau plant MED units, where thermal energy from the reactor was used to
drive the desalination process. After treatment, the desalinated water was then sent to other parts
of the plant, either to the tertiary water coolant loop that powered the four steam turbines for
electricity or for further water treatment to be used as potable water or in district heating. Fossil
fuel-fired boilers were used in conjunction with the reactor in the tertiary loop to make up for
pressure and heat loss and to continue providing water and electricity in the area in case of a
planned or unplanned reactor shutdown [34]. The incorporation of the desalination process into
the water loop offset the energy mismatch between the reactor output and the process requirement,
sending the majority of the power to the turbines and having enough excess heat as a byproduct to
power the desalination process, which would have otherwise been rejected through the condenser
[27].

Scale build-up in preheaters was avoided by the addition of CO> and “seed” to the incoming
seawater [5]. The introduced “seed” was similar to what is used in other desalination plants to
prevent scale build-up [28]. This “seed” circulated in a closed loop within the evaporators,
eliminating the need for additional scale-preventing reagents [5]. Seeding prevented scale buildup
over 0.15 mm in the high-temperature evaporators, however, some plugging of preheaters by
chalky plugs occurred [5]. To reduce the scale in the preheaters further steps were taken. These
were washing the seed crystals, reduction of solids in incoming seawater, and partial acidification
of incoming seawater by adding CO> taken from blow-away devices of the second evaporator [5].

Incorporating the CO; stabilization system complicated the water deaeration system in the
evaporation units [5]. Two types of deaerators were then designed to try and meet the early
demands of the system [5]. In the 1980s these were upgraded to jet ejection blocks working in
conjunction with a vacuum pump [5].

Over the accumulated operational time the entire plant experienced no significant sodium
leaks. All major and minor accidents were the result of depressurization within the steam
generators. Furthermore, there was no abnormal sodium pump operation or significant cavitation

in the pumps [34]. While sodium and water reactions did occur, none caused catastrophic failure.
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Later in the operation of the plant, a reserve loop was maintained in the heat exchange system, this
was able to prevent a loss of power in the reactor in the event of a heat exchange failure [34].

Three independent water sources were connected to the water circuit comprising the feed
water storage for the steam generators, thermal power station water tanks, and distillate storage of
the desalination plant [34]. These water sources were also available as an additional heat sink in
the case of emergency, providing high reliability and safety [34]. In the case of a high-speed reactor
shut down only one steam generator would remain to provide reactor cooling, and steam
production would rapidly decrease to zero necessitating steam supply from the fossil fuel boilers
to keep the desalination process operating [34].

The desalination plant provided both potable water for drinking and personal use, 200
mg/L, and high-quality water for industrial uses such as for the turbines, 2-10 mg/L. Both met
WHO guidelines for safe water, which are shown in Table 4. However, the feedwater was initially
contaminated by corrosion leading to the necessity of additional purifying and filtration methods
[37]. The main concern in the plant design was contamination by tritium migration, however,
monitoring of the water established that any contamination by tritium was well below background
levels of radiation [34].

2.2.4 Desalination Plant

The MED process is one of the oldest large-scale evaporation processes used for producing
desalinated water [28]. The two most utilized MED processes are with either vertically aligned
heat transfer tubes, or horizontally aligned heat transfer tubes, both of which are easy to operate
and maintain and show the largest potential for low-cost production of water [27]. While batch
desalination processes were commonly used on ships as early as the 18" century, the MED process
only saw use in large-scale industrial desalination processes in the 20" century [28]. The essential
features of MED are the heating of steam or hot water that is used to evaporate brine, the heat of
the initial vaporization is then reused in the subsequent vaporizations and condensations in the
following effects [28]. Additionally, MED systems are in series from highest to lowest
temperatures, with the option to feed seawater backward or forward with the effect temperature
[28].

Before the incorporation of the nuclear reactor as the thermal energy source, desalination

plants were developed for experimentation in which a total of five MED effects were settled based
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on technical and economic calculations of a desalination plant coupled to a fast reactor [47]. The
5-effect MED proved to be the best option over a 10-effect MED, and a 34-stage MSF desalination
process [27]. Previous experimentation on the seawater from the Caspian Sea showed that the
maximum sea water temperature for evaporation effects was 115 °C, with a maximum
concentration coefficient of 4-4.5 [47]. Under these conditions, calcium carbonate and magnesium
hydroxide were separated from the seawater [47].

Figure 5 shows the original 5-effect MED industrial evaporation plant flow sheet described
in Novikov, Chernozubov et al. 1969. Incoming seawater was first heated in condenser 6 by steam
from the last effect, then the small percentage of water that was not rejected back to the sea was
filtered through filter 7, then heated in heater 8 to 38 °C, and then next heated to 48 °C in heat
exchanger 9 by condensing vapor from the 4™ effect. After heating the seed pulp was added and
the mixture was de-aerated in deaerator 10 and heated to 70-75 °C by steam from the third effect.
Then in heat exchangers 11 and 12 steam from the first effect heated the mixture to its boiling
point 100-105 °C. The first effect concentrates the seawater to brine at 18-22 g/L, which flows
through all five effects, concentrating to 45-50 g/L in the fifth and final effect, corresponding to a
concentration factor of 3.5-4.

The deaerator was a vertical cylindrical reservoir with a 1.8 m diameter and a conical
bottom. Steam was introduced from below through a conical diffuser, and at the upper part, conical
nozzles sprayed out the de-aerated water stream [47].

Boiling the brine was prevented in the heating tubes by lowering the heat exchange surfaces
below the level of the evaporating brine, creating an elevated boiling area [47]. A 6 m tall pipe
was placed in the separator above the lattice of the heating chamber, providing hydrostatic pressure
to the heated brine to avoid flash [47]. An umbrella-shaped petalled deflector was installed above
the pipe to ensure uniform vapor stream distribution across the separator surface and to subdue the
energy of the vapor-liquid jet [47].

Operating on a once-through, forward-flow system [47], incoming seawater from the
Caspian Sea was at a particulate level of 13.5 g/L where it was heated to 98 °C before it entered
the first evaporator by passing through a condenser, deaerator, and preheaters [5]. There were five
evaporation chambers in the process, and the outcoming brine exited at a particulate level of 45
g/L [5], which is the maximum salt concentration. Only the first evaporation chamber was heated

by steam provided by the reactor system, with heating for the following chambers, as well as the
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Table 4: Water product characteristics [34].

Characteristics WHO  Guideline Distillate G Distillate A
values
Total Dissolved Solids (mg/L) | <1000 1.96 198.6
Temperature (°C) NG 45 28
Color (TCU) 15 - -
Turbidity (FTU) 5 - -
Conductivity (uS/cm) NG 4.05 326.7
pH 6.5-8.5 8.46 8.07
Total Hardness CaCOs (mg/L) | 500 0.78 66.0
Chloride (mg/L) 250 0.48 55.6
Sulfate (mg/L) 400 0.31 33.2
Calcium (mg/L) NG 0.08 7.6
Magnesium (mg/L) NG 0.09 8.2
Sodium (mg/L) 200 0.18 48.5
Aluminum (mg/L) 0.3 - -
Copper (mg/L) 1.0 0.013 0.06
Iron (mg/L) 0.3 0.033 0.09
Zinc (mg/L) 5.0 - -
Fluoride (mg/L) 1.5 - -
Nitrate (mg/L) 10.0 - 0.27
a-activity (Bg/L) 0.1 - -
B-activity (Bg/L) 1.0 - -

NG — No guideline value set
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pre-heating system, heated by secondary steam, and the vacuum in the system provided by steam
jet ejectors [5]. Distillate was collected from condensate produced in all evaporation chambers but
the first and supplied for potable water production and other forms of consumption [5].

Distillate that was used for potable water was first saturated with CO> and enriched with
calcium by filtration through carbonate sand, this was done to reduce the number of chemical
reagents required for potable water preparation [5]. The seeding caused the scale build-up to occur
on the seeds themselves instead of the heating surfaces [47].

Desalination units were equipped with long-tube vertical evaporators with a boiling zone
after the heating tubes and naturally circulating brine [5] and were composed of a separator, heating
chamber, and circulation tubes [47]. The effect heating chamber had a 3.0 m diameter and was 7
m tall, containing 2922 38 x 2 mm brass tubes with a heat transfer area of 2700 m? [47].

Connected to the lower part of the heating chamber by circulation pipes, the separators
were 6.4 m in diameter in the first three effects, and 8 m in diameter in the last two effects to ensure
acceptable steam velocities, with baffle traps in the upper part, and in only the first effect were
Raschig rings used for further steam cleaning [47]. The circulation ratio, or the ratio between the
circulating brine to the production capacity of the plant varied between 100-200 [47]. The brine
velocity in the tubes was 1-2 m/s, this created a turbulent flow regime that maximized the heat
transfer coefficient as well as separated any solid phase particulates and seeding crystals [47].

Drawbacks to the Aktau desalination plant design were increased heat consumption per
unit of desalinated water produced, limited evaporation stages due to temperature drop between
units, large heat recuperation and makeup required to ensure heat drop between stages did not
exceed 12 °C, and a long start-up period required for the evaporators to reach equilibrium [5].
Using the 10-stage MED satisfies the specific needs of a desalination plant operated in conjunction
with a nuclear reactor. Able to increase and reduce heat consumption rapidly as well as provide

distillate to make-up steam generators for energy production [5].

2.2.5 Lessons from The Aktau NPP
The Aktau NPP is the only historical example of an advanced reactor within an IES. The
review of the work that has come out of its extensive and successful operational history, as well

as the experience gained from other IES both nuclear and non-nuclear, as well as experimental and

26



operational, has distilled down to basic lessons to be learned. From a review of the Aktau NPP,

the questions that were desired to be answered were:

1. The safety features important to an IES.
2. How the energy mismatch in large-scale operations was addressed.

3. What drives the process?

For low-temperature processes like the desalination plant at Aktau, the design of the IES

addressed these issues by:

1. Adding redundancy in thermal supply & dimensions of feedback between the processes
and reactor to reduce radiation contamination, as well as providing layers of safety in the
case of outages.

2. Implementing the process into a grid so that the excess heat supplied by the nuclear reactor
was not wasted and had many routes to utilization.

3. Setting the scale for the process with the nuclear reactor and its heat availability.

The Aktau NPP was an IES with a low-temperature process. Hydrogen production requires
significantly more thermal energy to operate efficiently, and integrating such a high-temperature
process into an IES raises more key questions:

1. What about direct feedback between high-temperature processes and nuclear reactors?
2. How can hydrogen production fit into an energy grid?
3. What if thermal demand for the process is higher than provided?

To answer these questions, a further review for a better understanding of hydrogen production was

necessary.
2.3 Nuclear Hydrogen Production

Nuclear hydrogen can be produced through water decomposition through one of four
different types of processes: electrolysis, direct thermal decomposition, chemical reaction, and
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thermochemical reaction [15]. Hydrogen production now heavily relies on the more mature
available processes such as steam methane reforming or coal gasification; nearly 95% of the
commercial hydrogen produced in the United States is produced using steam methane reforming
[12]. Whereas only 0.3% of the produced hydrogen is from renewable resources [48] which
produce high carbon emissions, an estimated output of 13.7 kg of CO. per kg of hydrogen produced
[19]. Close to 1.5 million tons of saleable hydrogen is produced in the United States per year [49].
Figure 6 shows a variety of different thermal applications and the temperature requirements
required to drive them.

Electrolysis is the closest to implementation within a large-scale nuclear hydrogen
production process and is largely considered the most effective process, but there is still much
work to be done to minimize costs associated with electricity generation [9]. Process heat is a less
expensive and more direct method of energy transfer making thermochemical cycles more
attractive long-term for nuclear hydrogen [8]. Current generation nuclear reactors, such as PWRS
or BWRs, can demonstrate 21-23% LHYV efficiency, and Gen IV reactors, such as HTGRs, show
the potential to have a LHV efficiency as high as 33% [8].

Carbon scrubbing, or sequestration, has been a major focus in the last few years in the
reduction of carbon emissions from hydrogen production [12]. This is accomplished through the
capture and storage of CO in sinks to prevent emissions from reaching the atmosphere [12]. Even
though the method has been shown to be viable with current technology [50], and has seen
implementation in current oil recovery processes [51]. This method of carbon emission reduction
is estimated to increase the cost of hydrogen production by as much as 30% [52], and the long-

term ecological effects of CO2 storage are unknown [12].

2.3.1 Electrolysis

Electrolysis is a simple method for hydrogen generation and uses the water splitting
reaction to convert electrical energy to chemical energy stored in the hydrogen product. Two
reactions take place, one at the anode and one at the cathode. Low-temperature electrolysis takes
place at 70-90°C and high-temperature electrolysis takes place at 700-1000°C [53]. The high-
temperature steam electrolysis takes place at much higher temperatures but utilizes less electrical

energy [53]. High-temperature electrolysis has the added benefit of achieving almost no emissions
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if coupled with a clean heat source [20]. It is estimated that the cost of hydrogen produced by
electrolysis is now competitive with gasoline [54].

When evaluating methods of electrolysis for hydrogen production the primary
consideration is the cost of electrical energy [10]. Generally, high-temperature electrolysis sees
thermal efficiency increase with the temperature of the electrolysis reaction [9, 10]. High-
temperature electrolysis driven by nuclear power is expected to generate hydrogen with 50-70
percent efficiency, depending on the overall design of the electrolyzer [10, 55, 56]. Conventional
electrolysis achieves only 30-35 percent efficiency, thus nuclear-powered electrolysis is much
more effective than conventional electrolysis powered through the normal power grid [10].

The design of the electrolyzers varies on the method of electrolysis. Water electrolyzers
operate between -1.7 to -2.0 V at economically reasonable electric current densities [8]. For high-
temperature steam electrolysis, the electrolyzer must minimize the thermal stresses that occur due
to the heating and cooling temperature cycle during operation, with internal temperatures
fluctuating as much as 1400°C [10]. However, the challenges of implementing electrolysis are due
to the lower efficiencies of electrical generation and electrolysis in general [9].

The main reaction, equation 2.1 that takes place in the electrolyzer is endothermic water
splitting, which can be accomplished with liquid or vapor water, and is the reverse of hydrogen

combustion:

1
H,0 - H,(g) + EOZ(g) AH = 285.8 k] /mol 2.1

Two of the most promising forms of electrolysis are the Alkaline and Proton Exchange Membranes

(PEM). The Alkaline electrolyzer reactions, equations 2.2 and 2.3, at the anode and cathode are:

1
Anode: 20H (aq) — 502 + H,0() + 2e~ E°=-04V 2.2

Cathode:2H,0(1) + 2e~ - H,(g9) + 20H (aq) E° =-0.8277V 2.3

PEM electrolysis has the following reactions, equations 2.4 and 2.5, which take place at the anode

and cathode:
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1
Anode: H,0(l) » 2H*(g) + EOZ(g) +2e” E°=-1.23V 2.4

Cathode:2H*(g) + 2e~ - H,(g) E°=0V 2.5

2.3.2 Direct Thermal Decomposition

The most common method that utilizes chemical reactions for hydrogen production is fuel
processing, where a hydrogen-containing material such as ammonia or methane is reacted to form
a hydrogen-rich product [17]. Figure 7 shows the net greenhouse gas emissions from the operation
of a methane reforming plant. The study indicated that for every MJ of fossil fuel used by the
operation, only 0.66 MJ of hydrogen energy was produced [19]. Utilizing a renewable or nuclear
resource would not only substantially lower the impact of emissions but have a positive effect on
overall process efficiency as well [19].

Thermal decomposition, or methane cracking, of methane, is a CO,-free reaction that has
been explored as an alternative method of hydrogen production [57]. The process itself is not CO>
emission-free, as it requires thermal energy to drive the reaction. The endothermic reaction,

equation 2.6 that takes place in methane cracking is:
CH, -» C+2H, AH° =75.6k]/mol 2.6

Methane cracking has a lower energy requirement and lower CO2 emissions than steam
methane reforming: 37.8 kJ/mol H> compared to 63 kJ/mol H, and 0.05 mol CO2 per mol H:
compared to 0.43 mol CO2 per mol Ha, respectively [12, 57].

2.3.3 Thermochemical Reactions

Thermochemical cycles introduce additional series of intermediate chemical reactions into
the water-splitting reaction, with the benefit of decreasing the overall energy required for the
process. These water-splitting cycles are favorites for large-scale nuclear hydrogen generation over
electrolysis because of better efficiencies and their ability for scaling up [8]. All introduced
reactants are recycled which makes the overall process equivalent to water splitting since the only
consumed reactant is water and the only products are oxygen and hydrogen gas [58].

Thermochemical cycles utilize thermal energy for their processes, some only use thermal energy
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Figure 7: Net greenhouse gas emissions of a steam methane reformation plant [19].
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while other hybrid thermochemical cycles utilize other forms of energy in conjunction with
thermal energy.

There are over 200 available thermochemical cycles, however, only a few have been
identified as likely candidates for large-scale nuclear hydrogen production [59]. Challenges facing
the large-scale implementation of these processes with a nuclear thermal energy source vary
depending on the process. This can depend on the complexity of the process, with some containing
two chemical steps and others containing more than four. The ability of the nuclear reactor to
supply enough thermal energy, the complexity of the intra-process feedback within the chemical
process, and the feasibility of large-scale operations for the hybrid processes are a few of the other
challenges that face thermochemical cycle implementation.

The Hybrid Sulfur (HyS) and the Sulfur lodine (SI) cycles are two such processes that
could utilize thermal energy from a nuclear reactor. These processes have been identified as
potential cycles to be used as intermediate reactions of water splitting that decrease the thermal
energy required for hydrogen production [60]. Both processes utilize the endothermic
decomposition of sulfuric acid which, under standard conditions, sees the full extent of the reaction
take place at or above 850°C (1123 K) [61].

The decomposition of sulfuric acid takes place in two steps, the rapid decomposition into
sulfur trioxide and water, and then the much more temperature-dependent and slower
decomposition of sulfur trioxide into sulfur dioxide and oxygen gas which are the desired products
[62]. This temperature is at the maximum of the temperature range identified as ideal for
thermochemical processes: 750-850°C. This temperature range is also desirable for nuclear-
powered thermochemical processes because lower temperatures lead to lower process efficiencies
and higher temperatures require exotic construction materials [63].

The electrolysis of water coupled to conventional nuclear power generation has served as
the benchmark against which thermochemical cycles have been compared [8, 64]. Water
electrolysis has been the hydrogen production technology closest to deployment, utilizes simpler
technology, and requires a smaller capital investment [64]. Therefore, thermochemical cycles such
as the hybrid sulfur cycle will require better thermal efficiencies than electrolysis [8, 64].

Compared to water electrolysis, thermochemical cycles have a greater likelihood of higher
energy efficiency [8, 12, 64, 65]. Both the hybrid sulfur and sulfur iodine cycles demonstrate this

potential, and both have had real-world demonstrations at a small scale [8]. The implementation

33



of thermochemical cycles with nuclear or renewable energies has the long-term potential of
reducing total emissions to near zero [66]. However, the implementation of a thermochemical
cycle would require significant technological advancements before coupling it to a nuclear reactor
[12]. Thermochemical cycles that require temperatures above 1600 °C are impossible to implement
with nuclear reactors, and thermochemical cycles that have a max temperature of 350 °C would

be inefficient to couple to a nuclear reactor [63].

2.3.3.1 Sulfur lodine Cycle

Developed by General Electric in the 1970s, the Sulfur lodine Cycle is one of the more
well-known and mature thermochemical cycles available [67]. When integrated with a nuclear
reactor with high-temperature capabilities it has demonstrated an efficiency as high as 47% [9] to
52% [68] for a stand-alone plant which can increase as much as 10% for an IES plant [63]. The

three chemical reactions, equations 2.7-2.9, that make up the sulfur iodine cycle are:

2H,0 + SO, + I, - H,S0, + 2HI 2.7
1

HyS04 = H;0 +50; +50, 2.8

2HI > H, + I, 2.9

Issues that face the sulfur iodine cycle include the exothermic Bunsen reaction, the high-
temperature requirement for the endothermic sulfuric acid decomposition, the need for excess
iodine, and corrosive reactants [69]. The sulfur iodine cycle faced early rejection due to the
difficulty of separating sulfuric acid and hydrogen iodide which is an exothermic reaction [63].
However, the sulfur iodine cycle is the cycle that is the most attractive for nuclear coupled
thermochemical hydrogen production alongside the UT-3 Br-Ca-Fe-based cycle, followed by the
hybrid sulfur cycle [63].

2.3.3.2 Hybrid Sulfur Cycle
Hybrid thermochemical cycles utilize a process with an other-than-thermal energy source,
in addition to the thermal energy, usually electrochemical as this results in a lower energy

consumption than regular water electrolysis. This secondary process has the additional benefit of
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the ability to utilize waste heat from the nuclear reactor to at least partially meet the electrical
energy requirements of this step [8, 53].

The two-step hybrid sulfur cycle developed by Westinghouse in the 1970s is a combined
thermochemical and electrochemical process [70]. It consists of the two-step thermal
decomposition of sulfuric acid into SO, H20, and O, and the electrochemical oxidation of SO>
into hydrogen gas and sulfuric acid [8]. Only having two reactions makes the hybrid sulfur cycle
one of the simplest available cycles [8].

The main challenges facing the large-scale implementation of the hybrid sulfur cycle are
the decomposition of SO3 within the sulfuric acid decomposition stage and the corrosivity of the
sulfur-based compounds. The incorporation of a silicon carbide (SiC) bayonet reactor has the
potential to address these issues [8, 64, 65]. Figure 8 shows a design concept of a bayonet reactor.
SiC has been shown to be able to withstand the high temperatures and pressures that sulfuric acid
decomposition requires, however, the challenges that face the implementation of the reactor have

made the evaluation of the hybrid sulfur cycle with a bayonet reactor highly desirable [64].

Sulfuric Acid Decomposition

Many of the difficulties that come with implementing the Hybrid Sulfur cycle are due to
the challenges that come with the high temperature and pressure requirements of sulfuric acid
decomposition. Thermochemical cycles are very attractive options for hydrogen production, but
to make these processes viable options for nuclear hydrogen production they must be able to match
thermodynamic efficiency benchmarks set by current methods of water splitting. Sulfur-based
cycles show the greatest likelihood of meeting these demands [60], as well as being promising
candidates for coupling to a nuclear reactor [60].

The decomposition of sulfuric acid is a two-step reaction where sulfuric acid first
decomposes into sulfur trioxide and water, and then the sulfur trioxide breaks down into sulfur
dioxide and oxygen [8]. Shown in equations 2.10 and 2.11. The much slower breakdown of sulfur
trioxide takes place at higher temperatures than the first step, requires a catalyst, and is the limiting
step for the production of sulfur dioxide, and therefore hydrogen production [8]. This

decomposition is a common feature in sulfur-based thermochemical cycles.

H,S0, - SO; + H,0 AH® = 97.54 kJ /mol 2.10

35



¥

-

o
o
4
+
3 \
catalyst ‘ o
b SN High-
e
Temperature
-— /
—
H,SO, in
Cool base

S0,, 0,, H,0 out
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1
S03 = S0, +50;  AH° = 98.92 k] /mol 2.11

The bayonet reactor was designed by Sandia National Laboratory and is expected to aid in
the upscale of the hybrid sulfur cycle [8]. Using a silicon carbide-based material that could
withstand the high temperatures and pressures required for the decomposition reaction, which is
resistant to corrosion as well, and using a readily available shape that encourages internal heat
recuperation [8, 71, 72]. The reaction takes place within the catalyst bed, and the vapor product is
condensed by heat recuperation transferring the thermal energy to the incoming reactants with
negligible pressure drop [8]. Heat transfer limitations may limit the capacity of one bayonet

reactor, however, the reactors could be arranged in parallel for commercial operations [8].

Electrolysis in the Hybrid Sulfur Cycle

For the viability of future hybrid sulfur cycle implementation, the electrolysis section is
important because it needs to be competitive with water electrolysis. The electrical energy target
for the SO, electrolysis is 116 kJ/mol Hy, this is based on an assumed -0.6 V cell potential, and
keeping the energy efficiency higher than water electrolysis [8]. Using this benchmark gives a
thermal energy equivalent of 352 kJ/mol H> for conventional reactors, and 258 kJ/mol H for a
HTGR type plant [8].

In the electrolysis section of the hybrid sulfur cycle make up H20 and recycled H.SO4 are
mixed with the H20 and SO, from the decomposition reaction to form H> at the cathode and H2SO4
at the anode [8], shown in equations 2.12-2.14.

S0,(aq) + 2H,0(l) - H,S0,(1) + H,(g) 2.12
Anode: S0,(aq) + 2H,0(1) - H,SO,(1) + 2H* + 2e~ 2.13
Cathode: 2H* + 2e~ - H,(g) 2.14

The standard cell potential for SO electrolysis is -0.158 V at STP, which is lower than that
of water and can be further lowered to -0.243 V if the reaction takes place in the presence of H>SO4
significantly lowering the electrical energy requirements for hydrogen electrolysis when compared
to water electrolysis [8]. These are ideal operating conditions, however, which makes higher cell

potentials likely under current electrolyzer designs [8]. Current research indicates that a proton
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exchange membrane at temperatures above 100 °C and pressures above 10 bar could give a cell
potential of -0.6 V, putting the cell potential well below that of conventional electrolysis [8]. This
cell potential gives the decomposition process a benchmark of 450 kJ/mol H: for the hybrid sulfur

cycle to be competitive with water electrolysis [8].

Thermodynamics of the Hybrid Sulfur Cycle

A key aspect of integrating the hybrid sulfur cycle, and other hydrogen production
methods, into a nuclear-powered IES, is the energy efficiency of the cycle. A hybrid sulfur plant
with a higher efficiency would result in a lower thermal energy requirement from a nuclear source
[8]. Assuming a LHV from a contemporary BWR or PWR would leave about 728 kJ/mol H; of
thermal energy for the remaining processes [8]. Whereas the LHV from a HTGR would leave 533
kJ/mol H of thermal energy [8]. Assuming the demands of the auxiliary processes and a cell
potential of -0.6 V in the electrolysis section, a benchmark of 450 kJ/mol Hz has been set for the
thermal decomposition of sulfuric acid, making the hybrid sulfur plant 25% more efficient than
water electrolysis with BWR/PWR plants, and 10% more efficient than water electrolysis with a
HTGR [8].

In previous evaluations of the bayonet reactor the kJs per mole of sulfur dioxide produced,
or efficiency of the reactor, was shown to be dependent on the temperature and pressure in the
reactor, and additionally on the composition of the incoming sulfuric acid and water mixture [8,
64, 65]. The temperature and pressure dependence is shown in Figure 9, where lower pressures
had lower heating targets below 800 °C, or 1073 K [64, 65]. However, the most efficient processes
were high-temperature and high-pressure processes, and at high temperatures, the lower-pressure
processes saw higher heating targets [64, 65].

The weight fraction of the incoming sulfuric acid-water mixture played a significant part
in the efficiency of the bayonet reactor [8]. The 80 wt% sulfuric acid saw the highest efficiency at
90 bar and 900 °C, 1173 K [64], and in additional flowsheet models the 80 wt% sulfuric acid saw
the highest efficiency at various pressures and a constant maximum process temperature of 870
°C, 1143 K [8]. Figure 10 shows the dependence of the heat requirement for sulfuric acid
decomposition as a function of the weight fraction of sulfuric acid. The resulting flowsheet
evaluations determined the most efficient operations for the bayonet reactor were at high pressures
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and temperatures, and above 60 wt% sulfuric acid concentration in the incoming mixture [8, 64,
65].

2.3.4 Applications of the Lessons from the Aktau NPP to a High-Temperature Process
For a high-temperature process like thermochemical hydrogen production, the questions to

be addressed for implementation into a nuclear IES were:

1. What about direct feedback between high-temperature processes and nuclear reactors?
2. How can hydrogen production fit into an energy grid?

3. What if thermal demand for the process is higher or lower than what is provided?

A review of hydrogen production, specifically thermochemical hydrogen production

provided new evaluation criteria for high-temperature processes:

1. A high-temperature process requires a direct supply of thermal energy, creating the need
for evaluation of direct feedback and cascading effects between the high-temperature
process and the nuclear reactor and their effects on the overall grid.

2. The ability to fit a high-temperature process, such as thermochemical hydrogen production,
into a grid largely depends on the efficiency and thermal demand of the process.

3. The nature of the feedback between the high-temperature process and the nuclear reactor
in the case of thermal energy supply and demand mismatch greatly depends on the

chemical equilibria within the various processes.

To evaluate a nuclear IES with a high-temperature thermochemical cycle based on these
criteria, a model of the endothermic sulfuric acid decomposition was required. As can be noted
throughout the review of hydrogen production, many complex models of sulfuric acid
decomposition have been developed. However, for IES grid evaluation, a more simplistic model
was required for ease of implementation and flexibility. Agnostic in the sense that it could be
operated in conjunction with a wide variety of IES designs and heating fluids. And holistic in that
it could provide a wide range of results for the energy demand, chemical information, and cascade

feedback based on a minimum of inputs.
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The requirements of the desired model based on the needs of a high-temperature chemical

process as found in the review were:

1. Robust enough to provide accurate outputs of chemical and thermodynamic data useful for
grid evaluation.

2. Efficiency and thermal demand are consistent with previous work.

3. Chemical equilibrium data based on desired operational conditions, as well as capturing

resulting equilibria based on possible transients.
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Chapter 3. Methodology

3.0 Assumptions
To meet the goal of a simplistic model that could be used in a variety of different

applications, there were a few assumptions made.

1. No pressure drop in the reactor. This made it possible to use Cp heat capacity instead of Cy
for the thermal energy demand in the reactor, in addition to simplifying the energy balance
equations and the conversion for the chemical reaction.

2. For the purposes of heat transfer the bayonet reactor energy demand models could use plug
flow reactor equations for heat transfer.

3. The first step of sulfuric acid decomposition was fast, irreversible, and proceeded to full
extent at the temperatures required for the second step of the reaction to take place.
Additionally, the effluent temperatures would be low enough for the unreacted SOs to fully
recombine with water back to H2SOa.

4. The reactants had enough time in the reactor bed to proceed to the full extent of reaction

possible at the given temperature and pressure.

All simplifying assumptions were used in previous work modeling sulfuric acid decomposition
found in the review. Assumption 3 was additionally used as a result-based assumption from the

work performed modeling the reaction itself.

3.1 Sulfuric Acid Decomposition

It was decided that the model of the decomposition of sulfuric acid through a bayonet
reactor required a stepwise series of functions that could represent each part of the reactor. These
simulated the heating, vaporization, reaction, cooling, and then condensing of the chemical
components. The fundamental requirement for this was an accurate model of the sulfur trioxide
decomposition, as it was the real rate-limiting step, that could give both pressure and temperature-

based chemical reaction equilibrium.
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Given the unknown nature of the physical design and specifications of the bayonet reactor,
a holistic approach to the model was necessary. Dimensions of the reactor were used where
possible, and taken from previous literature, but the holistic nature of the model meant that the
energy demand and chemical reaction models could provide a wide variety of outputs with a
minimum of inputs. While this sacrificed some accuracy, the methods outlined provided results
that agreed with previous work and gave a robust model that had the potential for a wide variety
of grid analyses.

To track the energy required for the decomposition reaction, and for determining overall
efficiencies, the enthalpy change in both the input and output must be included in the model.
Previous research established 80 wt% H2SO4 in the incoming mixture as an efficiency benchmark
[4]. The 80 wt% incoming H2SO4 can be easily maintained with a vacuum column, and the extent
of the reaction can be assumed to be full due to the ease at which a chemical reaction can be
maintained at 850 °C. These assumptions, however, do not give the plant model the flexibility
required for accurate modeling of minor or major fluctuations in both plants’ operational
conditions, and the following work provides a method of modeling the process to accommodate
these needs.

The decomposition of sulfuric acid is an endothermic two-step reaction. The sulfuric acid
decomposes into water and sulfur trioxide, equation 3.1, which further decomposes into sulfur
dioxide and oxygen, equation 3.2. Both reactions require thermal energy in the form of heat
delivered to progress forward, however, high temperatures are required for an acceptable extent of

reaction for the sulfur trioxide decomposition.

H,S0, - SO5 + H,0 3.1
2505 - 250, + 0, 3.2

To model the reactions based on temperature-based reaction kinetics Arrhenius relations
were used for the reaction constants, k, and equilibrium constants, Kc. Constants A, Ea, ke(Tr),
and AHrx were identified from the literature and used to compare to existing models and data. The

forms of the equations are shown in equations 3.3 and 3.4.

Eq
k = A x eRT 3.3
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R \T, T

K. = kc(TR) * exp l

The model of the reaction was based on the assumption that both reactions were first-order
reactions with respect to the sulfur trioxide, an assumption taken from the literature, and a simple
reaction model was created based on the time derivative using the form seen in equation 3.5. This

dc;
d_tl =15 =Ty = kef(Cri) = krf(Cp ) 35

model did not consider the pressure dependence of the reaction and assumed equation 3.6 applied

to the reverse reaction constant.
K.=-—2 3.6

The extent of reaction over a range of temperatures is shown in Figure 11, which compares
the model outputs to experimental data obtained for sulfuric acid decomposition. The results of
the modeled extent of reaction were helpful to establish two different assumptions for following,

more complex, process models.

1. At temperatures required for acceptable sulfur trioxide decomposition, the sulfuric acid
decomposition into water and sulfur dioxide was fast, complete, and irreversible, and
would proceed to its full extent.

2. Due to assumption 1, only the equilibrium constants and conversion of sulfur trioxide
would be the limiting reaction within the decomposition section.

3. The only components in the heating sections would be sulfuric acid and water.
The effluent species composition and enthalpy are of high importance to bayonet reactor

efficiency. The extent of reaction can have a significant impact on the thermodynamic efficiency

of the process, and the process operations in other sections of the plant and overall plant efficiency
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To provide an accurate extent of reaction outputs, the reaction model then had to incorporate

complex behavior.

3.1.2 Equilibrium Constant Verification

Determining the accuracy of the equilibrium constant for sulfur trioxide decomposition is
very important for conversion and many other factors of the chemical reactor design. Previous
models of sulfur trioxide conversion were compared to previous calculations done using the Gibbs

energy method in equation 3.7, comparisons are shown in Table 5.

AG°
RT

—In(K) = 3.7

The equation used for the equilibrium constant was equation 3.4, where the reference K¢
was 0.041 at 973 K, and the heat of reaction was 98.93 kJ/mol at 298 K. Additionally the heat of
reaction above the reference temperature was calculated using equations 3.8 and 3.9.

AHpy(T) = AHg, (Tg) + ACp(T) * (T — Tg) 3.8
Where:

ACp(T) = Cp,50,(T) + 0.5 % Cp o, (T) — Cp 50,(T) 3.9

The ideal heat capacities of each species were calculated using equations 3.10-3.12:

s 2.028x10°
Cpso,(T) =R +(8.06 + 1.056x1073 « T — —z 3.10
. 1.015x10°
Cpso,(T) =R *(5.699 +8.01x10™* « T — — 3.11
1.21x10*
Cpo,(T) =R *(3.693 + 5.06x107* « T — —z 3.12
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Comparisons of the modeled heat capacities to the Shomate polynomial, equation 3.13, heat

capacities can be seen in figures 12-14.

E
Cp(T)=A+ BT + CT? + DT? + 72 3.13

Figure 15 shows the calculation using the NIST heat capacity values of the sulfuric acid-
water mixture at 298.15 K. The red line is the ideal heat capacity of the mixture compared to the
black line which was from DIPPR equations, and the experimental values which were the circles.
The derivation seen at higher concentrations was a result of NIST values not existing for liquid
sulfuric acid. However, the results were agreeable enough for the use of NIST heat capacities for

the model of sulfuric acid decomposition.

3.1.3 Sulfur Trioxide Conversion

The conversion of the sulfuric acid decomposition is a crucial aspect of the entire hybrid
sulfur cycle. The extent of the reaction could determine overall process efficiency, and low
conversion could lead to detrimental effects throughout the process. Additionally, the conversion
of sulfuric trioxide has been found to be inversely proportional to reactor pressure, see Figure 16.

To determine the relationship of conversion in the sulfur trioxide decomposition with
pressure, the pressure and concentration equilibrium constants were set equal to each other. The
concentration equilibrium was found by using equation 3.4 and set equal to equation 3.14 which

was the method for relating pressure equilibrium and conversion.

X )*1173
14+ X T

[4.86x10-5 . P(

Jlssoao @55 1"
1—X\ 1173
1+ SX) T ]

[4.86x10—5 . P(

K.(P,T) = 3.14

Where epsilon was the ratio of the change of total moles to see complete conversion to the total

number of moles fed to the reactor and was calculated with equation 3.15.

E = yso3,0(1 + 05 - 1) 315
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For an ideal model, the initial concentration of gaseous sulfur trioxide was initially
assumed to be 1, causing epsilon to be 0.5, but can vary depending on the incoming fraction of
water into the decomposer. This would result in an epsilon value in the range of 0.25-0.23.
However, the results of the inclusion of heat capacities of the chemical species, and using an
epsilon value of 0.5, did not result in large differences in conversion values when compared to a
model with no heat capacities which used an epsilon value of 0.237. The largest differences can
be seen in the high temperature and pressure conversions. The conversion values comparison can
be seen in Table 6, and the percent error of the conversion methods in Table 7. The graphical
representation of the modeled conversion based on pressure and temperature can be seen in Figure
17.

The conversion was an important component of reactor design and could be used to find
the effluent composition and the overall energy required for the reaction. Chemical reactor design
can incorporate various methods to improve poor conversion. However, specific design aspects of
the physical bayonet reactor are yet to be determined, so to incorporate conversion improvement
methods into the reactor model it could be important to design a recycling module that could

recycle unreacted sulfur trioxide back into the reactor.

3.1.4 Vapor-Liquid Equilibrium

3.1.4.1 Sulfuric Acid-Water VLE and Boiling

The phase change from liquid to vapor phase was an important key to understand the
thermal demands of the hybrid sulfur cycle. Due to the boiling point of sulfuric acid being so much
higher than the boiling points of the other species in the system, and due to the assumption that the
sulfuric acid decomposition step was fast and irreversible, the vaporization of the water-sulfuric
acid mixture, and the water-sulfuric acid-sulfur trioxide mixture to a lesser extent, was the most
important consideration for system thermodynamics. The boiling points of the chemical species in
the reactor were an important consideration as well, see Table 8. Due to the higher boiling points
of both sulfuric acid and water, it was a reasonable assumption that those two species would have
the largest impact on vapor-liquid equilibrium, and therefore the energy requirements for phase

change within the vaporization section.
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Table 5: Comparison of equilibrium constants.

Temperature (K)

Kc [74] (mol/dm?)°>

Kc (mol/dm?3)%s

300
400
500
600
700
800
900
1000
1100
1200
1300
1400
1500

4.85x1013
9.83x10°%°
3.85x10°%
2.06x10°04
3.50x10%
0.0289
0.1500
0.5577
1.6117
3.8693
8.2015
15.4550
26.6038

4.66x1013
8.10x10°%°
2.98x10%
1.56x10704
2.66x10°%
0.0353
0.170
0.601
1.70
4.07
8.54
16.2
28.1
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Table 6: Comparison of conversion values.

Pressure (kPa)

Temperature (°C) 100 300 3000 9000
427 0.0305 0.0218 0.0100 0.0069
427 0.0315 0.0220 0.0102 0.00713
527 0.124 0.088 0.0422 0.0295
527 0.127 0.090 0.0431 0.0301
627 0.330 0.246 0.126 0.089
627 0.332 0.248 0.126 0.089
727 0.598 0.485 0.279 0.205
727 0.595 0.482 0.276 0.203
827 0.803 0.711 0.481 0.375
827 0.795 0.702 0.471 0.365
927 0.909 0.854 0.673 0.563
927 0.901 0.844 0.656 0.544

1027 0.956 0.927 0.810 0.721
1027 0.950 0.918 0.790 0.696

Bolded values from [74]
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Table 7: Percent error of model results and previous data.

Pressure (kPa)

Temperature (°C) 100 300 3000 9000
427 3.3% 0.61% 2.1% 3.4%

527 2.2% 2.3% 2.0% 2.0%

627 0.61% 0.71% 0.22% 0.49%

727 | -0.55% -0.64% -1.2% -1.2%

827 | -0.95% -1.3% -2.2% -2.6%

927 | -0.87% -1.2% -2.6% -3.4%

1027 | -0.59% -0.96% -2.4% -3.4%

Comparison values from [74]
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Figure 17: Sulfur trioxide conversion as a function of pressure and temperature.
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Assuming ideal conditions for vapor-liquid equilibrium provided Raoult’s law. Raoult’s
law is a method of calculating an ideal vapor pressure with the form in equation 3.16, neglecting
the activities of the species. Where P;”is the equilibrium vapor pressure of species i, xi is the mole
fraction of species i in the liquid, and Pj is the partial pressure of the species exerted by the vapor

phase. For a mixture, this became equation 3.17.

xl’Pi* = Pi 3.16

Pzzpizzxipi* 3.17

Raoult’s law was used to model sulfuric acid-water mixture vaporization at 86 bar and 65
wt% sulfuric acid, shown in Figure 18. This mixture model had a boiling point at around 380 °C
and only the vapor phase was present at temperatures above 635 °C. This temperature range agrees
with previous models from Savannah River National Labs [8].

Figure 19 demonstrates the comparison of Raoult’s law to the Rachford Rice method of
determining vapor-liquid equilibrium and the Soave-Redlich-Kwong (SRK) equation of state.
Rachford Rice incorporates a method of determining the activities of the species in equilibrium
using their critical points and boiling temperatures, shown in equation 3.18. Previous models of
sulfuric acid bayonet decomposition used the Redlich-Kwong or Soave-Redlich-Kwong (SRK)
equations of state to model mixture boiling in the bayonet reactor. When compared to the other
methods full vapor phase was achieved at lower temperatures, shown in Figure 19. Due to the non-
ideal mixture quality of sulfuric acid and water, and because of its use in previously published
work on the hybrid sulfur cycle, the SRK equation of state was used for boiling models in the
hybrid sulfur model for this work using thermodynamic methodology from MIT’s Chemical

Engineering Design Library [75, 76].

K=—2— 3.18
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At high wt% sulfuric acid, the vapor pressure models agreed with existing models and data.
Figure 20 shows the comparison of the modeled vapor pressure to experimental data, and Figure
21 shows the comparison of experimental, calculated, and modeled vapor pressure of three
different wt% sulfuric acid-water mixtures. However, as Figure 21 demonstrates, Raoult’s law
began to deviate from expected behavior not accounting for the activity. This was seen in Figure
21 where the deviations between the vapor pressures at small differences in wt%, shown by the
experimental and calculated points, were not shown using Raoult’s law.

The vapor pressure was calculated using the Antoine or extended Antoine equations,
equations 3.19 and 3.20 respectively. Figure 22 shows the further deviation of this method has not
accounted for species activities in the mixture when compared to previous work. Although,
modeled sulfuric acid-sulfur trioxide mixture vapor pressures agree more with previous work at
the temperatures and compositions likely to be seen in the decomposition stage of the hybrid sulfur

cycle.

B
| =A+— .19
n) =4+ 3
B
In(p) =A+7+C*ln(T)+D*TE 3.20

Sulfuric Acid-Sulfur Trioxide VLE

Figures 23 and 24 show the same Raoult’s method of mixture vapor pressures but for a
sulfuric acid-sulfur trioxide mixture. It was important to note that the mixture of sulfuric acid and
sulfur trioxide is unlikely to make an impact due to the assumption that the first step of the sulfuric
acid decomposition is both fast and irreversible, as well as that sulfur trioxide is unlikely to be
present in significant quantities below the temperatures required for the vaporization. But at the
high temperatures and low wt% sulfur trioxide mixtures most likely to be seen in the vaporization
module, the models show good agreement.

While accuracy in non-ideal vapor-liquid equilibrium models is important for complex
system models, the simpler methods used to model the reactions and phase equilibria can show
good agreement with previous work, both experimental and other models, to be considered for
incorporation into a full hybrid sulfur model. This model can in turn be used to deliver more ideal

results for overall process energy demand and hydrogen produced.
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Table 8: Boiling and critical points of chemical species.

Boiling Point (°C) Critical Critical
Temperature Pressure (kPa)
(°C)

Sulfuric Acid 337 650 6400
Sulfur Trioxide 45 218 8200
Sulfur Dioxide -10 157 7880

Water 100 374 2205
Oxygen -183 -119 5043
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Figure 18: Sulfuric acid-water mixture vaporization
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Figure 19: Comparison of Raoult’s law to Rachford Rice and SRK equation of state.

63



1E+8
1E+6

1E+4

a
< 1E+2
Q

1E+0

1E-2

1E-4 [
273

(

L

473

Figure 20: Modeled vs experimental [77] vapor pressure of a 0.985 wt% sulfuric acid-water

mixture.

64



1E+7
1E+6
©
a.
~
Q 0
1E+5
1E+4 . A A A
523 573 623 673 723 773

T/K

Figure 21: Model (red) compared to calculated [77] (black) and experimental [77] (points)
sulfuric acid-water mixture vapor pressures.



100 —

-
(1]
Ko
N
o
a 10
3 + 280 C
-
o m 300C
L —_— L
() A 340 C
Q 14
g A 400 C
® 440 C
- ---280C —300C —340C —-400C —440C
01 T I
70 80 90

Weight% Sulfuric Acid

100

Figure 22: Comparison of modeled mixture vapor pressure as a function of sulfuric acid wt% to

previous work [8].

66



«=40C «=-80C —120C —--160C «=200C -—-240C —280C ==320C

b — e
: — )
n Ry
= e P e ——
- e » = = ‘M’
= o=
g : ““— o1 L o ,
o Ny ~— |~ e
- s
- <‘@Kﬁ"y
- ,,e(v‘"’gg‘r_’w I
- |
=7z '
Y
Q S 1 =1 T 1
40.0 60.0 80.0 100.0

x (Mol% free SO3)

Figure 23: Comparison of modeled to previous [78] sulfur trioxide vapor pressure over a sulfur
trioxide-sulfuric acid mixture.

67



«==40C =-80C —120C —--160C «=200C --240C —280C ==320C

B —
SO T e -f-’:__ s pesaapaa
(/'23’0 «ZA,O/E 200 °C \60 C,/Qg;c C — —
60 O .——-""‘

p (bar)
10° 10° 10* 10° 107 10‘(b<r10° 10 10

0.0 20.0 400 60.0 800 100.0
x (Mol% free SO3)

Figure 24:Comparison of modeled to previous [78] sulfur trioxide and sulfuric acid vapor
pressure over a sulfur trioxide-sulfuric acid mixture.

68



3.2 Electrolysis

The nature of the modeled electrolysis section for this work was ideal. This was due to the
high desirability of a complex model of a bayonet reactor, because it is the section that will utilize
the most direct power from a nuclear reactor, and therefore have the largest direct impact on overall
plant operation. The other large part of the electrolysis section was determining the amount of
makeup water required for a full extent of reaction, and additionally to bring the flow of the sulfuric

acid-water mixture to the bayonet reactor back to the desired wt% of sulfuric acid.

3.2.1 Electrolysis Power
The nominal power required for the operation of the electrolysis was found by first finding
the standard free Gibbs energy change with equation 3.21:

dGO == ZFE(?@” 3.21

Where z is the number of electrons exchanged in the reaction, F is Faraday’s constant, and E%l is
the change in potential across the cell and was 0.6 V [8] as the desired drop in potential across the
cell.

Then the entropy change of the reaction was found using values taken from NIST. Where

the change in entropy was represented by equations 3.22 and 3.23:

Ct* Dt* E
S:Alog(t)+Bt+T+T+ﬁ+F 3.22
T
t=m 3.23

Where the values for A, B, C, D, E, and G were taken from NIST and shown in Table 9. The
entropies calculated were then used in equation 3.24 to find the reaction change in entropy for the

reaction’s enthalpy change.

dHO = dGO + TdS = dGO +T ((SH2504 + SHZ) - (SSOZ + 2 * SHZO)) 3.24
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The reaction change in enthalpy was used to find the nominal energy for the reaction with equation
3.25:

dH,

nom =
zxF

3.25

This was then input into equation 3.26, which used equation 3.27 to calculate current, to find the

nominal power required for the overall process in MWe.

Piom = I * Epgm * 1076 3.26
I =nzF 3.27

3.2.2 Hydrogen Produced

Faraday’s second law was used to determine the mass of the hydrogen produced. Faraday’s
second law provides a relationship between the current and the mass of output. Using equation
3.27 to find the current, and equation 3.28 was used to find the mass of hydrogen produced.

My, *1
my, = ziF 3.28

Where My was the molar mass of hydrogen gas and was 2.016 x 107 kg/mol, the density of the
hydrogen gas which was assumed constant at 0.06953 kg/m® could be used to determine the

volumetric output of hydrogen gas as well.

3.2.3 Supplementary Water

Supplementary water was required for two reasons in the electrolysis model. The first was
to ensure that there was enough water for the chemical reaction to fully progress. The second was
to bring the effluent sulfuric acid-water mixture to the desired wt% of sulfuric acid. While the first
method only adds water if the molar ratio of water and sulfur dioxide was not high enough, the
second method calculated the amount of makeup water to bring the wt% down, or the amount of

water that would need to be boiled off to bring the wt% up.
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3.3 Energy Requirements for the Bayonet Decomposition

The model of the bayonet reactor had three different sections for energy balance
calculations. Single-phase heat transfer for liquid and vapor, boiling heat transfer, and reaction
energy for both steps of the sulfuric acid decomposition. To include heat recuperation in the model
it was assumed that the incoming temperature profile was even at every point dx in the incoming

section of the bayonet reactor.

3.3.1 Temperature Profile of the Incoming Mixture

The temperature profile of the surface of the bayonet reactor was a result of previous work
and was calculated using equations 3.29 and 3.30 as shown in figure 25. Both steps of the sulfuric
acid decomposition reaction were highly endothermic, resulting in a significant temperature drop
with conversion. The temperature profile reflected this, as the fluid mixture decreased in overall
temperature as it flowed into the return side. With this built into the temperature profile, this

simplified the energy balance modeling for each section, especially the reaction models.

T = —854.17 (i)2 +165.11 (i) +1173.14 for x < 90 cm 3.29
100 100

T = 321.43 (i)2 ~ 101214 (=) + 1259.00 for x > 90 cm 3.30
100 100

It was assumed that the incoming mixture followed the same temperature profile due to the
energy recuperation effects of the effluent mixture. The peak temperature was seen at 1.3 m, and
the return side drop in temperature of the effluent is also seen in this temperature profile. This
temperature profile was used for generating energy demand in the reactor models, as well as the

other chemical models.

3.3.2 Single-Phase Energy Balance

Modeling single-phase heat transfer was accomplished by finding the first point of boiling
and then the first point where the composition was all vapor phase. These were used as bounds for
the single-phase energy demand models. With the other bounds being the incoming temperature

for the liquid phase, and the max temperature for the vapor phase. Seen in equation 3.31.

71



Table 9: NIST Values for calculating entropy.

A B C D E F
H2SO4 | 47.28924 | 190.3314 | -148.1299 | 43.86631 | 0.740016 301.2961
H20 | -203.6060 | 1523.290 | -3196.413 | 2474.455 | -3.855326 | -488.7163
SOz | 21.43049 | 74.35094 | -57.75217 | 16.35534 | 0.086731 245.8872
H. | 33.066178 | -11.363417 | 11.432816 | -2.772874 | 0.158558 | 172.707974
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Figure 25: Temperature profile of the surface and incoming fluid of the bayonet reactor.
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Esingle phase =m ((xH2504 * ACp,HZSO4) + (xHZO * ACp,HZO)) AT 3.31

3.3.3 Boiling Energy Balance
The calculation of the energy required for boiling was done using the enthalpies of
vaporization for sulfuric acid and water. The chemicals library was used for Hvap(T) and then the

resulting enthalpies of vaporization were used in equation 3.32.
Evap = mH2504Hvap,H2504 + mHZOHvap,HZO 3.32

The enthalpy of vaporization was temperature dependent, shown in Figure 26, with the
total energy required to vaporize the mixture being inversely dependent on the temperature that
vaporization began. This meant that the increase in the total pressure of the reactor lowered the
energy required to boil the mixture by raising the mixture closer to the critical point. This resulted
in better efficiencies with higher temperatures, however, the balance between pressure and
temperature and the effect on the extent of reaction was another important factor to consider.

The effect that pressure had on the boiling point of the mixture can be seen in Figure 27.
This showed the increase in the boiling point with an increase in overall system pressure. However,
as the mixture approached the critical point, figure 26 showed that the energy required for
vaporization decreased. Additionally, figure 28 shows that increasing pressure and weight fraction,
and raising the boiling point of the mixture, the smaller the temperature change was from boiling
to full vapor phase, which led to a more efficient process overall. The sharp drop in the AT at and
above 0.90 wt fraction sulfuric acid, especially at high pressures, could explain the efficiency
results seen at that weight fraction. This will be addressed further in the results and discussion

chapter.

3.3.4 Heat of Reaction

The model of the two-step sulfuric acid decomposition reaction incorporated heats of
reaction for both steps. These were used to find the energy demand of the bayonet reactor,
examples of which were shown in figure 29 which used conversion as a function as both

temperature and pressure.
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Figure 26: Enthalpy of vaporization for different wt% of sulfuric acid and water.
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3.3.4.1 Sulfuric Acid Decomposition

The first step of the two-step reaction was assumed to proceed to the full extent, or
conversion of 100%. This, in addition to the other assumptions from the conversion models, made
the energy balance of the reaction modeled by equation 3.33, or just the change in enthalpy of the
reaction itself. The change in heat capacity was represented by equation 3.34. To account for
unreacted SOs it was assumed that it recombined with the excess water for effluent sulfuric acid,
which is an exothermic reaction. Therefore, to incorporate the recombination exothermic heat of
the reaction into the bayonet model, the conversion of sulfur trioxide was used to determine the

proportion of energy required for the first-step reaction.

dHyyny = Hp + (AC,(T)) 3.33
AC,(T) = Cpp,0(T) + Cps50,(T) — Cp 50, (T) 3.34

3.3.4.2 Sulfur Trioxide Decomposition

In normal operational conditions, the highly endothermic nature of sulfuric acid
decomposition results in a temperature drop, which was reflected in the temperature profile. The
conversion calculations established for the second-step energy balance calculation are the more
complex of the two reactions for bayonet modeling, equation 3.35. The heat of reaction was
calculated in the same way as the conversion of sulfuric acid, shown in equation 3.36. Finally, the

energy required by the reaction as a function of conversion was found using equation 3.37.

Q =Wy = Fag ) 0:Cpi(T = Tp) = FaoXBHy 3.35

0 1
AHyynp = Hpy + ( Cps0,(T) + > Cp,0,(T) — Cps0,(T) 3.36
Qrxn2 = Fos0, * (J’so3 Cp,s0,AT + XAH) 3.37

The effect of both pressure and temperature on the efficiency of the decomposition of sulfur
trioxide can be seen in Figure 29. These demonstrated the effect that increasing pressure can have
on the overall efficiency of the process by showing the total energy required by the sulfuric acid

decomposition reaction to produce one mole of sulfur dioxide. This metric was important because
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the produced sulfur dioxide has a one-to-one molar ratio with produced hydrogen gas in the
electrolysis reaction. Therefore, creating an efficiency threshold for the overall process. These
show that at high enough temperatures the tradeoff for low-pressure reaction conversion was made
up by the efficiency of vaporizing the mixture close to the critical point of the mixture.

The figures also demonstrate the absolute dependence of the process on temperature. A
high enough temperature could make the reactor reach target efficiency at any pressure. The
operational temperature output of the nuclear reactor providing the thermal energy may not be
capable of providing high enough temperatures, which is where the weight fraction and pressure

efficiency of the reaction is the most important.

3.3.5 Heat of Mixing

For liquids, the act of mixing can have a result on the total enthalpy of the mixture. For
ideal mixtures this term could be ignored, however, the interactions within liquid sulfuric acid and
water mixtures are not ideal and experimentally have been shown to have an exothermic enthalpy

of mixing. To account for the heat of mixing within the bayonet reactor equation 3.38 was used.

AHpip = Hyi — (xHZSO4 * Cp H,s0, T XHy0 * Cp,HZO) 3.38

3.4 Reactor Bed Pressure Drop

While not directly used in the steady state model of the bayonet reactor, there were
additional chemical models included whose outputs can be included with the regular outputs for
more complex heat transfer models as well as improving the complexity and results of the overall
bayonet model. One example of the uses of the additional chemical models was the calculation of
pressure drop across the reactor bed. While the bayonet reactor model assumed no pressure drop,
the inclusion of pressure drop in future versions of the model would be beneficial for tracking the
effects of pressure drop on the operation. The following section provides a sample of the additional

chemical work and its effect on the bayonet reactor model.
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Figure 29: kJ per mol SO> produced by sulfuric acid decomposition as a function of temperature
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3.4.1 Ideal Gas Molar Volume
The calculation of the ideal gas molar volume of the sulfuric acid mixture was

accomplished using the ideal gas law, equation 3.39. The SRK equation of state provides a method
PV = nRT 3.39

of calculating this as well, but the ideal gas molar volume provided an output of molar volume that
could be used as a reference state for the SRK equation of state, as well as a basis for further
chemical work noted in this section. The ideal gas law became equation 3.40, which used Raoult’s

law for total mixture vapor pressure for Psat.

RT

molar =
Pgat

3.40

3.4.2 Mixture Density

The density of a mixture can be calculated using a method that considers the liquid ideal
for Raoult’s law, assuming no volume change. Shown in equation 3.41. Where m was the mass
and w was the weight percent. This was useful for the liquid mixture density, where calculations
exist for single species densities, however, the density of the mixture gas is needed for further
work such as pressure drop in the reactor bed. For this, the ideal gas molar volume could be used.

Pmix =~ = W1p1 T Wy, 3.41

Molar volume was defined by equation 3.42, where M is the molar mass. For a mixture,
this equation became equation 3.43, which could be rearranged to solve for the density of the

mixture vapor that used the previously calculated molar volume.

M
Vinotar = — 3.42
p
x;M;
Vinolar = %M 3.43
Pmixture
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3.4.3 Ergun Equation

Because of the assumed one-dimensional nature of the mixture flow through the bayonet
reactor, the Ergun equation was used to calculate the pressure drop through the catalyst bed in the
bayonet reactor. The Ergun Equation calculates the pressure drop of a fluid through a packed bed,
and the resulting pressure drop would be beneficial to know due to the effect that pressure drop
has on energy balances, reaction rate, conversion, and numerous other important factors within a
chemical reactor.

The Ergun Equation usually takes the form of equation 3.44. The first term represents the
effect on the pressure drop by the laminar flow of the fluid through the packed bed, where p is the
viscosity of the fluid, Dy is the diameter of the packed bed particles, and ¢ is the fraction void or
space in the packed bed not occupied by the particles. The second term is the portion of the
equation that is dominated by turbulent flow, where p is the density of the fluid. For laminar flow,
the equation can be assumed to be simpler with the negation of the turbulent flow in the packed
bed.

AP uq\ (1 —e)? pg*\(1—¢)
—— =150(= 1.75 | == 3.44
AL (D,%) P D,) &3

For gaseous flow through a packed bed, the Ergun equation can be modeled as equation
3.45. Where g was the gravity constant, and G was the superficial mass velocity, or p*u. Where
both the density and the viscosity of the mixture were temperature dependent. To incorporate this
into the bayonet reactor model to find the pressure drop as a function of length, the equation

became equation 3.46.

dP G (1—¢\[150(1—&)u
_—=— ( ) + 1.75G 3.45
dz pgDy \ € D,
1
P 2B07\2
=—=1- 4
P =, ( P, ) 346
Where:
G(1—¢e)[150(1 — &)u l
= + 1.75G 3.47
'BO PogDp53 Dp

82



While the resulting pressure drop was not included in the energy balance or conversion of the
reaction itself, the calculated pressure drop could be useful in future work evaluating the effects of
transients on an IES grid.
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Chapter 4. Results & Discussion

4.0 Bayonet Reactor Efficiency

To establish the accuracy of the bayonet reactor model, the efficiency outputs of the reactor
were compared to previous work done. The previous work outlined in the literature review
established both the efficiency target of 450 kJ/mol SO> but also outlined the efficiency of the
bayonet reactor for pressure, temperature, and composition of the inflowing sulfuric acid-water

mixture.

4.1.1 As a Function of Pressure and Temperature

The first comparison was done with a constant incoming wt% of 80.1 sulfuric acid. Like
the previous work, the bayonet reactor model had worse efficiency for low temperature and high
pressure, and 90 bar at 900 °C was the most efficient of all, demonstrated in Figure 32. While the
general shape and distribution of the efficiency results from the model were similar to the results
of previous work, the lower temperature outputs of the reactor model were significantly less
efficient when compared to the efficiency of the previous work.

This inefficiency could be the result of a few different things. First, the conversion of sulfur
trioxide could have been a likely candidate for the drastic decrease in efficiency at lower
temperatures if the conversion method used in this model had lower conversion results than what
was used in the previous work. The other likely culprit could be the method of calculating the
energy balance. By using ideal heat capacities, heats of vaporization, and PFR design equations
the likelihood of an overestimation of the energy required increased.

As both current and previous models demonstrate, however, the temperature and pressure
dependence of the bayonet reactor make high-temperature and pressure systems the most efficient.
Current molten salt reactors may not be able to reach the high temperatures that result in ideal
efficiency at high pressures. This could be addressed with additional heat supply from fossil fuels,
but the alternative of operating the system at lower pressures, 15 bar or below, could address the

efficiency issue of lower temperatures.
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Figure 30: kJ per mol SO> produced as a function of pressure and temperature.
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4.1.2. As a Function of Incoming Weight Fraction Sulfuric Acid

The other important efficiency comparison was the pressure and weight fraction efficiency.
Previous work established a weight fraction of 0.8 sulfuric acid as the most efficient, at any
pressure. This model demonstrated a similar trend when compared to the previous work at a
constant temperature of 1143 K, 870 °C, shown in Figure 33, with the results in Table 10. The
current model overestimated the kJ/mol sulfur dioxide when compared to previous work below
0.89 weight fraction sulfuric acid and did not demonstrate the same decrease of efficiency that the
previous work did. However, the previous flowsheet work demonstrated a ~7% better conversion
than the current model with a 0.8 weight fraction of sulfuric acid incoming, and the efficiency
result for the current model was ~8% higher than the flowsheet’s efficiency.

Table 10 shows the efficiency results for the current model. Using the target efficiency of
450 kJ/mol SO as outlined by previous work, the previous work found that the desired efficiency
was attained above 0.60 weight fraction with the best efficiency at 0.80 weight fraction sulfuric
acid and 86 bar with 329 kJ/mol SO». The current model reached the target efficiency by 0.63
weight fraction sulfuric acid.

The current model’s results mostly agree with the previous work for the incoming weight
fraction of sulfuric acid. The target operational range based on the results would be above 0.63
weight fraction sulfuric acid. Based on the results of the current model and their comparison to the
previous flowsheet work the resulting power required for efficient bayonet reactor operation would
present conservative results between 0.63 and 0.89 weight fraction sulfuric acid. Above that range,
the trend of the efficiency results may result in inaccurate power requirements due to the
dissimilarity between the current model and the previous work.

The trend of the model efficiency estimations could have been a result of the method of
estimating the enthalpy of vaporization in the reactor. Figure 28 demonstrated a sharp drop in the
AT between the boiling point and full vaporization at 0.9 weight fraction sulfuric acid and above,
which was even greater at high pressures. This could explain the derivation in efficiency

calculations by weight fraction at 0.9 sulfuric acid.
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Table 10: kJ/mol SO2 at different pressures for wt% H2SO4 at

1143 K.

Pressure (Bar)

Wt% H2SO4 56 | 66 76 86
30% | 933.15  931.86 925.17 928.06
40% | 677.12  680.26 676.30 672.66
50% | 563.17  563.18 563.21 558.09
60% | 464.01  464.45 463.01 461.58
65% | 438.54  439.09 437.96 436.76
70% | 408.33  408.98 408.14 405.86
75% | 387.77  387.03 385.60 389.76
80% | 365.05  364.49 368.86 372.80
89% | 34439  340.06 333.80 319.40
90% | 343.98  335.65 333.87 320.07
91% | 330.63  330.25 319.90 325.33
95% | 319.36  323.61 329.23 334.59

88



4.1 Test Cases of the Bayonet Reactor

Test cases were run on the bayonet reactor alone to gauge the performance of the model
and its ability to handle various inputs. The reactor’s ability to track the energy requirements for
the various pressures, mixtures, and temperatures were the most important to the operation of the
bayonet reactor within an IES. The outputs of sulfur trioxide conversion, power, and energy per
mol sulfur dioxide were also important for a sense of the operational success of the bayonet model.

The bayonet model required inputs of pressure for the reactor pressure, a maximum
temperature, and incoming flow rates for sulfuric acid and water. The maximum temperature was
used to create a temperature profile based on the same temperature profile used for the efficiency
tests but using the difference between the desired max temperature and the maximum temperature
based on the profile using the previous work.

Figure 34 shows the first test case for the bayonet reactor model. The operational inputs
were 5 bar of pressure, 1181 K or 908 °C, 100 mol/s inflow with 80% molar or 95.6% weight
sulfuric acid. With these operational conditions, the bayonet reactor had a power demand of 18.7
MWth, or 298 kJ/mol SO,. The SOz decomposition had a conversion of 0.787, which led to an
effluent of 63 mol/s of SO, from the reactor. The reactor bed had a nominal pressure drop of 0.14
bar.

The favorable efficiency results are a result of the extremely good conversion results at the
high temperature and low pressure of the reactor. The highest energy demand in the process was
the boiling and reaction. The boiling required 6.4 MWth, and the entire decomposition reaction
required 14 MWth, which gave the process a maximum heat recuperation of over 2 MWth. Even
with the highly favorable conversion for the low-pressure system, the models likely returned more
favorable results than would be seen in reality. This was due to the better efficiency seen at higher
sulfuric acid concentrations when compared to previous work, and the possibility of
overestimation of the heat recuperation giving the operation more favorable results. If the pressure
drop was included in the model the overall efficiency would likely decrease.

The next test case was at 15 bar and a maximum temperature of 1123 K, 850 °C, 100 mol/s
incoming with the sulfuric acid at 89.1 wt%. The temperature profile with the ranges of heat
transfer can be seen in Figure 35. With these inputs, the total thermal power demand for bayonet
operation was 12.2 MWth, or 345 kJ/mol SO». The conversion in the reactor under the conditions
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was 0.588 with the effluent of SO, at 35.3 mol/s. The nominal pressure drop in the reactor bed
under these conditions was 0.11 bar.

Under these operational conditions, the reactor still was under the target efficiency of 450
kJ/mol sulfur dioxide, with a decrease in overall thermal demand even if the process was less
efficient than when operating under lower pressure and higher temperature. The boiling of the
mixture required 5.92 MWth, and the decomposition reaction required 9.32 MWth, with a
maximum heat recuperation of 2.5 MWth.

The next test case was at 86 bar and had a maximum temperature of 1103 K, 830 °C. The
incoming was 200 mol/s with a concentration of sulfuric acid at 81.7 wt%. Figure 36 shows the
temperature profile of the incoming mixture. The total power required for the operational
conditions was 14.0 MWth with an efficiency of 413.3 kJ/mol SO and a conversion of 0.375. The
effluent moles of sulfur dioxide were 33.8 mol/s, and the nominal pressure drop in the reactor bed
was 0.18 bar.

The power demand of the boiling in the process was 9 MWth, and including the single-
phase heat transfer, the power required for heating was 10 MWth. For the reaction the power
required was 12 MWith, this left a maximum heat recuperation of 5.5 MWth. While the efficiency
of the process with these inputs was within the target range of 450 kJ/mol SO> the large amount

of recuperable heat shows the likelihood of the process becoming even more efficient.

4.2 Test Cases of Entire Model

With the establishment of successful independent operational capabilities of the bayonet
reactor model, it was then coupled to a full system model. The full system model was not intended
to act as a flowsheet simulation of the entire process, but instead, serve as a method of verification
for the bayonet reactor model in an ideal system based on previous flowsheet simulations. As
covered in the methodology section, the electrolysis was modeled by finding the ideal system
energy requirements, and not based on real-world experience with electrolyzers. It is expected that
the bayonet reactor model will be used in tandem with electrolysis models that reflect actual design
constraints and operational abilities in the future. Additionally, the supplemental electrical power
demand for the operational system was taken from previous flowsheet modeling to establish an

expectation for the demands of the full system. Like the electrolysis, it is expected that future work
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will incorporate models of a fully operational system that reflect the real-world operational abilities
of the supplementary equipment needed for the successful operation of the hybrid sulfur cycle.

Table 11 shows the behavior and trends of the entire modeled hybrid sulfur cycle. The
weight fraction of the mixture into the bayonet was 0.8 wt fraction sulfuric acid. The total thermal
demand was the thermal demand of the bayonet reactor added to the electrolysis demand and the
supplementary demand with a 0.33 efficiency for the MWe for a Rankine cycle. The makeup water
was the amount of water required to keep the system at a steady state, 0.8 wt fraction sulfuric acid
in the incoming mixture to the bayonet reactor, and to ensure there was enough water in the
electrolyzer for the reaction to proceed to the full extent. The energy to pump the makeup water
was included in the supplementary electrical power. The makeup water could have been negative
as well, depending on both the desired steady-state mixture and the extent of reaction in the
bayonet reactor. A negative result for the makeup water would require boiling off water in the
incoming mixture.

The general trends of the whole model agree with previous work. With the increase of
pressure in the bayonet reactor the reactor sees better efficiency and lower energy demand in both
the bayonet and the overall system. This was the case at every temperature step; however, the
increase in temperature saw better efficiency overall. The electrolysis demand, hydrogen
produced, and supplementary water were all proportional to the conversion of sulfur trioxide and
the amount of sulfur dioxide produced. While the results demonstrated an ideal operation of a
hybrid sulfur cycle with an ideal electrolyzer, a realistic model of an electrolyzer should be

implemented with the bayonet reactor to gauge the feasibility of the results.
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Table 11: Whole model results for bayonet reactor with ideal electrolysis.
Temperature Total Thermal  Bayonet Bayonet Electrolysis Product  Makeup

K Demand Demand  Efficiency Demand Hydrogen  Water

MWth MWth  kJ/mol SO, MWe kals kg/s

1173 125.2 6.8 323.8 39.0 0.043 0.36

86 Bar 1123 106.8 6.7 390.5 33.0 0.035 0.30
1100 98.3 6.7 429.9 30.2 0.032 0.26

1050 80.4 6.3 531.9 24.4 0.024 0.20

1173 128.2 7.3 339.1 39.9 0.044 0.37

76 Bar 1123 109.4 7.1 390.7 33.8 0.036 0.31
1100 100.7 6.9 428.4 31.0 0.032 0.27

1050 82.5 6.5 531.6 25.1 0.025 0.21

1173 131.3 7.5 335.9 40.9 0.045 0.39

66 Bar 1123 112.5 7.2 393.6 34.7 0.037 0.32
1100 103.6 7.1 423.0 31.9 0.033 0.28

1050 84.9 6.7 525.3 25.8 0.026 0.21

1173 135.0 7.7 335.5 42.0 0.046 0.40

56 Bar 1123 116.0 75 392.6 35.8 0.038 0.33
1100 107.0 7.3 422.5 32.9 0.035 0.30

1050 87.8 6.7 517.3 26.7 0.027 0.22

1173 139.4 8.0 338.0 43.4 0.048 0.41

46 Bar 1123 120.4 7.9 396.0 37.1 0.040 0.34
1100 1111 7.6 423.0 34.2 0.036 0.31

1050 91.4 7.2 513.4 27.8 0.028 0.24

1173 144.9 8.4 339.0 45.0 0.050 0.43

36 Bar 1123 126.7 8.1 387.9 38.8 0.042 0.36
1100 116.4 8.0 422.5 35.8 0.038 0.33

1050 96.0 7.5 500.2 29.2 0.030 0.25
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Chapter 5. Conclusions & Recommendations

The four key questions that this work set out to answer were:

1. What lessons can be learned from previous experience with advanced reactors driving
chemical plants?

2. What simplifying assumptions can be made in a reduced-order model of sulfuric acid that
still produces good agreement with past experiments?

3. Can the reaction and thermodynamics be coupled into a simplified model of the overall
integrated energy system?

4. Does the hydrogen production process meet efficiency goals to be competitive with

electrolysis?

The review of the Aktau NPP and nuclear hydrogen identified key safety features of an

IES with a nuclear reactor:

1. Redundancy of thermal supply and dimensions of feedback between the chemical process
and the reactor to reduce transient feedback between the process and the nuclear reactor,
as well as radiation contamination.

2. Implementation of the process and reactor into a grid to address issues of scale by
expanding the usage of the thermal energy supply as well as planned and unplanned
outages.

3. Setting the scale and demand of the chemical process by the power availability of the

reactor.

The Aktau NPP utilized a low-temperature demand process in seawater desalination, but
in the case of a high thermal demand process such as hydrogen production, where an unplanned
outage could result in catastrophic consequences and new dimensions of feedback, new criteria of

evaluation were established:
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1. A high-temperature process requires a direct supply of thermal energy, creating the need
for evaluation of direct feedback and cascading effects between the high-temperature
process and the nuclear reactor and their effects on the overall grid.

2. The ability to fit a high-temperature process, such as thermochemical hydrogen production,
into a grid largely depends on the efficiency and thermal demand of the process.

3. The nature of the feedback between the high-temperature process and the nuclear reactor
in the case of thermal energy supply and demand mismatch greatly depends on the

chemical equilibria within the various processes.

The work done modeling the thermal decomposition of sulfuric acid was based on providing a
method for future work to incorporate the Hybrid Sulfur cycle in an IES grid model and address
these criteria. While key assumptions and design criteria for a flexible model were identified for
use within an IES grid for evaluation of steady state and transients.

While using the established assumptions and design criteria this work was able to replicate
and agree with previous modeling work that showed the ability of the hybrid sulfur cycle to
produce hydrogen with an efficiency competitive with current electrolysis methods. The model
incorporated the temperature and pressure dependency on the decomposition of sulfuric acid. As
well as the effects temperature, pressure, and weight fraction sulfuric acid had on the efficiency of
the bayonet reactor.

The temperature profile used in the model was able to produce results that agreed with
previous work, however, a linear temperature profile produced similar overall results as the
modeled temperature profile and could serve as useful to use with simplified overall grid
evaluation. Therefore, based on the type of IES or grid evaluation, the temperature profile of the
sulfuric acid-water mixture could be altered to fit the desired temperature range or heating fluid
and still produce bayonet reactor energy demand and efficiency results that agree with expected
results of sulfuric acid decomposition. This agnostic method of modeling meant the bayonet model
was a model with the ability to be coupled with any IES with any heating fluid and provide results
that could be used in IES grid evaluation.

For the results of the bayonet reactor, high pressures at high temperatures were the most
efficient and had the lowest energy demand when compared to low-pressure systems with high or

low pressures. This also was consistent with previous work. Increasing pressure lowered
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conversion rates but resulted in an overall more efficient process, provided the temperature was
high enough. The high pressure resulted in decreased total power demand regardless of
temperature. An increase in pressure lowered the ratio of the pressure drop in the reactor bed as
well, increasing the potential for a more efficient process.

The weight fraction of sulfuric acid in the incoming mixture also played a large part in the
efficiency of the process. While the model of the bayonet reactor tended to show higher efficiency
results when compared to previous work, the range of operation, 0.63-0.89 weight fraction sulfuric
acid, did agree with previous work. The trend of the model’s efficiency results above 0.89 weight
fraction was lower than found in previous modeling. However, the operational range of the reactor
demonstrated the ability to provide steady-state results for a bayonet reactor capable of coupling
to electrolysis models and even models of nuclear reactors.

The target of less than 450 kJ/mol SO, maximum efficiency in the bayonet reactor was to
ensure its competitiveness with electrolysis. Under ideal conditions, the maximum hydrogen
produced with a 100 mol/s flow rate into the bayonet reactor, which is still at target efficiency,
could produce up to 1500 metric tons of hydrogen gas per year. The minimum hydrogen produced,
which was inefficient, could produce as much as 730 metric tons of hydrogen per year. While the
amount of hydrogen production modeled is smaller compared to real-world electrolysis plants, the
model showed that small to medium-scale hydrogen production with the hybrid sulfur cycle in an
IES can be an efficient and attractive alternative to electrolysis, especially considering the
scalability of thermochemical cycles. The scalability of thermochemical cycles has the potential
to produce large amounts of hydrogen with comparable or better efficiency.

The agnostic nature of the bayonet model design fit previous work and showed promise as
a method to provide a holistic, steady-state energy demand for an IES with the hybrid sulfur cycle.
For future work involving transients, this method of modeling the chemistry and thermodynamics
of the bayonet reactor showed promise for implementation into a full-scale grid analysis. For
higher fidelity models the specific design and full-scale dimensions of the bayonet reactor are
crucial, and while other work has established efficient designs of a bayonet reactor, the nature of
any possible transient and accident scenarios within an IES with both hydrogen production and a
nuclear reactor could be captured with the current method of modeling. Additionally, other sulfur-
based cycles, such as the Sulfur lodine cycle, could incorporate the methodology of this thesis for

the model of sulfuric acid decomposition within the Sulfur lodine cycle.
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High temperatures and high pressures are the most efficient for the decomposition of
sulfuric acid. This is due to the effect pressure has on raising the boiling point of the mixture,
reducing the overall energy required for vaporization. The effects of pressure and temperature
show the balance between efficiency and scale that can be addressed by the bayonet reactor, where
even with the comparatively poorer conversion results of the chemical reaction at high pressures,
the efficiency is still below the target of 450 kJ/mol SOz by reducing the power requirements for
heating and boiling.

In general, the assumptions used to model sulfuric acid decomposition within a bayonet
reactor overestimated the energy required per mole of sulfur dioxide produce when compared to
previous work. However, the results of the reduced order model still had good agreement, and still
showed the Hybrid Sulfur cycle to have efficiency results competitive with water electrolysis.
Additionally, the range of operation based on temperature, pressure, and weight fraction sulfuric
acid agreed with past research on the bayonet reactor.

While the real-world application of a thermochemical cycle coupled to an advanced reactor
is likely still in the future. The results of this work and other work have shown that the use of the
Hybrid Sulfur cycle, and others, is still promising. The use of an advanced reactor and the
implementation of a hydrogen production process could give large-scale nuclear hydrogen a
significant impact on the reduction of carbon emissions in a hydrogen-powered world. By using
the methodology outlined in this thesis, the impacts of an advanced reactor-powered IES can be

targeted for high temperature chemical operations.
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