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Abstract:

In this meta-study, the major forms of thorium based nuclear reactors were compared using
thermodynamic parameters to find which reactor type holds the highest thermodynamic
efficiency and hence, determine which reactor would be most beneficial to research further
and implement for energy production. Our study found that molten salt reactors had the
best thermodynamic efficiency and also runs at one atmospheric pressure, making it safer
than conventional water reactors. The findings in this study show molten salt reactors
would be the most efficient reactor to replace standard water reactors, which dominate the
market in use of nuclear energy production. This study found a strong link between the
thermal efficiency of the plant and the pressure and temperature at which it runs. Reactor
core volumes also appeared to have a small effect on the efficiencies. Power flux density
was calculated for each style of reactor and compared to other parameters but no distinct
relationship was found between them.
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1. Introduction

There are as many as 7 major types of thorium reactors which all boast many benefits over one
another [1]. The reactors we will be investigating include; Heavy Water Reactors (PHWRS),
Advanced Heavy Water Reactors (AHWR), which is a type of PHWR. High Temperature Gas-
cooled Reactors (HTGRs), pressurized/boiling Light Water Reactor (BWRs/PWRS), Fast
Breeder Reactors (FBRs), Molten Salt Reactors (MSRs) and Accelerator Driven Reactors
(ADS).

1.1- Light Water Reactors (PWR/BWR)

The BWR and PWR are the most common form of reactor today and commonly go by the name
of the light water reactor. These reactors use a core to heat up water either in the reactor vessel as
in a BWR reactor, or heating a primary water cycle, which will then heat up a secondary source
of water to

generate steam. This steam will then be drawn into a turbine where it generates electricity and
the cycle is repeated. An example of the process for each reactor can be seen in figure 1.1 and
1.2 below. These reactors are said to operate at a maximum of 325°C and 289°C respectively and
very high maximum pressures of around 15MPa for PWR and 7MPa for BWR [2]. These
reactors both use the Rankine thermodynamic cycle. A study by Victoria A. Schopflin [3]
showed that light water reactors can be utilised for Uranium-Thorium fuels instead of purely
uranium fuels. However she noted there was no disadvantage or advantage to the two systems.

Figure 1.1 -PWR [4] Figure 1.2 -BWR [4]
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1.2- Pressurized Heavy Water Reactors

Another reactor similar to the light water reactors above is the Heavy water reactor.
These reactors use heavy water as a coolant system instead of normal water and are
meant to provide enhanced neutron economy. Presently it has been found that this reactor
would work less effectively with thorium unless the neutron economy can be increased.
However the AHWR discussed below is a new PHWR which is able to fully utilize
thorium. This reactor can deliver around 930MW (thermal) and utilizes the Rankine
thermodynamic cycle and operates with temperatures of 260-300°C, at pressures of
10MPa [5].

1.2.2- Advanced Heavy Water Reactors

A very new reactor, which is presently being developed in India is the AHWR which

aims to become the next generation of Pressurized Heavy Water Reactor. It runs at 7MPa
and 450°C and uses light water to cool and heavy water as a moderator. The AHWR uses
only Thorium as its fuel source [6]. It is said to operate almost at the same thermal output
as its predecessor the PHWR at 920MWth and runs on the Rankine thermodynamic cycle.

1.3- High Temperature Gas-cooled Reactors (HTGRsS/VHTR)

The High Temperature Gas-cooled Reactors seem to be a promising field for further
research with thorium and are based on two forms; PBR (Pebble Bed Reactor) addressed
below and PMR (Prismatic block reactors) addressed now. The HTGRs use a cooled gas
such as Carbon dioxide or Helium to carry the heat from the reactor and graphite as a
moderator. One paper states a PMR reactor which runs in the range of 700-950°C
producing 200MWth [7]. Most PMR reactors will use a large block of graphite with holes
for fuel and control rods. An example can be seen in figure 1.3.1.2. A beneficial
component of both HTGRs, which was highlighted by Po-Jui Li et al. [8] is that the high
temperature gas can be utilized for a second use in creating Hydrogen gas or other
chemical synthesis as the
gas is already hot enough
for the process to take
place. We thought it
noteworthy to mention as
doing this utilises a lot of
the heat that would be lost,
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hence driving up the thermal efficiency of the system. An example of this reactor and the
secondary use of the system can be seen in figure 1.3.1.

Figure 1.3.1 (HTGR including hydrogen production as secondary use of coolant) [9].
1.3.2- Pebble Bed Reactors (PBR)

The PBR is the secondary form of HTGR. However not much research has been done on
these reactors as of late. This style of reactor uses numerous pellets of fuel as seen in
figure 1.3.1 to sustain the nuclear reaction. Sen and Kadiroglu [10] states it operates most
effectively at temperatures of 900°C and pressures of 10 MPa. These reactors are said to
be quite efficient but a high majority of funding and research on this style of reactor has
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advancements on this style of reactor.

Figure 1.3.2.1: Thorium fuel for Pebble Bed Reactor [12]
Right: PBR fuel, Left: PMR fuel element.

1.4- Molten Salt Reactors (MSR)

The Molten Salt Reactor is a very promising reactor based on its safety, efficiency and
output. It uses molten salt to carry the heat from the reactor and can run at temperatures in
the range of 500°C to 1400°C. Even more beneficial is the fact that MSRs are
hypothetically meant to have little to no pressurization so ideally operate at 1atm. These
reactors are also meant to be immune from meltdowns due to a safety feature that drains
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away the molten salts into a secure containment tank in the case of an emergency and the
lack of pressurization will also prevent the plant from exploding. Molten salt reactors are
known to differ in many ways to the conventional fission reactors. The main difference is
that molten salt acts as a coolant, fuel and moderator. This is because the coolant circuits
have the same composition as the fuel and moderator [13]. Another distinctive feature is
that the temperature greatly exceeds that of a typical pressurized water reactor, where the
water reactors sit at roughly 300°C and the molten salt reactors can sit in a range of 700-
1400°C, where 1400°C is an extreme case, only performed by a molten salt consisting of
a lithium/beryllium fluoride.

1.5-Accelerator Driven Reactors (ADR)

These reactors differ highly from the other reactors explored in this meta-study. An ADR
uses a cyclotron to produce neutrons from heavy elements by a process known as
‘spallation’. This process uses a high-energy proton beam directed at a high-atomic
number target, in which thorium can be used. The neutrons however have a lower
probability of causing additional fission. Despite the lack of fission the target still
requires cooling due to heating by the accelerator beam. A safety feature which many of
the reactors lack is that this reactor can be simply switched off without the reactor
becoming sub-critical by simply turning off the cyclotron. The ADR operates between 3-
8MPa and can reach temperatures up to 500°C [14].
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1.6- Fast-Neutron Reactors (FNR)

Last but not least is the fast-neutron reactor. This reactor is said to be highly compatible
with Thorium and uses fast neutrons to sustain a fission reaction chain. This reactor
eliminates a lot of fuels radiotoxicity, in comparison to all water reactors. It does this by
transmuting the nuclear waste that would be generally unusable and gets even more
energy out of them, thus reducing the levels of actinides which in turn reduces the
radiotoxicity. These reactors generally use liquid metal coolant such as Sodium-
Potassium alloy. Water is an ineffective coolant in this reactor as it acts as a neutron
moderator, which hinders the reactors capabilities.

2. Methodology

This Meta study hopes to distinguish which reactor would be the most beneficial to
further research and develop by comparing the effect of temperature, pressure, volume
and power flux density on the plants thermal efficiency.

2.1-Data collection phase

In this phase the following steps were undertaken to find information and data. This
includes setting search restrictions, including: Restricting results to the last 30 years and
reactor design to full thorium fuels or uranium/thorium combination reactors. We used
the scientific data-bases “Access Science’, ‘science direct’ and “‘Proguest Science and
Technology’ for the majority of our searches. We attempted to focus on the keywords
that were outlined at the start of our meta-study. We also wanted to clarify that our
interpretation of a thorium nuclear reactor is any reactor which either fully or partially
utilises Thorium in conjunction with another fuel or by itself.

2.2-Data processing phase

We decided to focus on how the thermodynamics of the system effected both the reactors
efficiency and its power flux density. Efficiencies were obtained from specific reactors,
whereas calculation of power flux density was calculated by using collected data on
volume and power output and dividing them. These data points were compared to both
temperature, pressure and against one another. Microsoft excel was used to produce the
tables and graphs.
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Core power flux calculated using Power Flux = 2424
volume
Volume for spherical fuel calculated using V= gnr3
Liquid fuel data was obtained from papers
Core volume (if cylinder) nir’h
3. Results
3.1-Efficiency comparisons
Figure 3.1.1
(All data from table 1)
Volume vs Efficiency
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The above graph shows a slight negative linear relationship between the volume and efficiency

of a reactor. We do acknowledge however there are few data points and future research may

be done on this relationship.

Figure 3.1.2
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Pressure vs Efficiency
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There appears to be a strong linear relationship between the pressure and efficiency of the
reactors. Considering numerous reactors, we have noticed a trend that higher pressures of a

reactor correlate to reduced efficiencies. Plants such as the Molten Salt Reactor achieved some

of the highest efficiencies and did so at atmospheric pressure, where the least efficient plants

run on 10MPa.

Figure 3.1.3
Temperature vs Efficiency
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A strong relationship between higher temperatures and higher efficiencies can be seen in the

above graph. Low temperature plants such as the BWR are seen with low efficiencies and High
temperature plants such as the HTGR are seen with much higher efficiencies.

3.2-Tabulated data
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Table 1. Overall thermodynamic data collected ranked by efficiency.

Temp Pressure Thermal output
Place Reactor (c) (MPa) Efficiency (MW) Cycle
1 PMR 785 4.8 48.30% 837 Brayton
2 MSR 750 0.1 48.0% 3000 Brayton
3 FNR 450 0.1 42% 1000 Brayton
4 ADR 500 5.5 40.0% 250 Brayton
5 PBR 900 10 40.0% 1250 Brayton
6 BWR 283.5 7 34.0% 3580 Rankine
7 PWR 307 15 33.0% 3580 Rankine
8 AHWR 450 7 30.9% 920 Rankine
9 PHWR 300 10 30.0% 930 Rankine
Table 2. Power flux densities for all reactors* (see notes).
Core power
Ranking | Reactor flux Efficiency | Source

1 FNR 601.79 42 [1]

2 PWR 214.59 34 [1]

3 BWR 129.25 33 [1]

4 MSR 91.83 48 [2]

5 ADR 47.8 40 [3]

6 PMR 21.00 38 [1]

7 PHWR 11 33 (4]

8 AHWR 10.10 30.9 [5]

9 PBR 5.61 37.7 [6]

4. Discussion

4.1-Light water Reactors

The light water reactors, which encompass both the PWR and BWR were found to have
efficiencies of around 34% (BWR) and 33% (PWR). These two reactors operate at
temperatures around 300°C with the BWR using pressures of 7MPa and PWR using
15MPa, the highest pressure out of all the reactors we investigated. These reactors most
commonly used the Rankine thermodynamic cycle and it was found that thorium when
combined with Uranium is applicable for use with these reactors and can provide
economic and safety benefits, but does not produce any thermodynamic benefit [3]. Light
water reactors are the most widely used reactors for electricity production across the
world. This is largely attributed to their simplicity in design and large understanding and
operational experience. Despite this though they have numerous drawbacks such as high

22




PAM Review 2015, 2

amounts of nuclear waste, low efficiency and safety concerns surrounding meltdowns.
However a redeeming quality which we calculated was a high power flux. The PWR and
BWR respectively were calculated to have Power flux densities of 214MW/m? and
129MW/m?® respectively, some of the highest we calculated.

4.2-Pressurized Heavy Water Reactors (PHWR)
The PHWR has the potential to deliver up to 930 MW [16] and is able to sustain a
thermal efficiency up to 30%. This is due to maximising the benefits of the ‘Rankine’
[17] thermodynamic cycle and also due to the neutron economy of heavy water. These
benefits are a result from the pressurised heavy water system. The limiting factors in the
thermal efficiency include ‘ballooning’ [18] to the pipes due to high pressure and high
temperature; this ballooning is the effect of the volume expansion due to high pressure
and the deformation of the pipes due to heat. This makes the pipe’s metal stretch and in
the end creates a ballooning effect. Another limiting factor is the limited knowledge of
materials to increase the neutron economy high, as thorium needs a higher neutron
economy to be more efficient due to a high conversion ratio of 0.95.
Although there seems to be a potential for this reactor, there is a complete lack of
research in enriching of fuels and the materials used in the main heat transfer pipes. The
heat transfer pipes undergo a ‘ballooning’, which in end, throws out the *‘Rankine’
thermodynamic cycle due to the change in volume, which leads to a loss in efficiency.
Before this reactor can be considered in the future of energy science, research on the
materials to raise the neutron economy [19] and materials in the heat transfer piping must
take place in order for the PHWR to be considered. The power flux was also calculated
and we obtained a value of 11MW/m®. This is a relatively low value in comparison to the
light water reactors, the low value is attributed to the lower thermal output of the plant.

4.3-Advanced Heavy Water Reactors (AHWR)
This reactor is a more innovative reactor, however they are still in construction. The
unique feature of these reactors is that they have been designed with the intension to run
completely on thorium. The main difference between the AHWR and the PHWR is that
the AHWR uses

heavy water as the moderator, and light water as the coolant. The specifications seem
very closely related to the PHWR, mainly differing in the pressure, where the AHWR
runs at around 7MPa, with a moderator volume of 117 m® and the efficiency is found to
be 30.9% [20]. The average fuel temperature of this reactor is 450°C [21]. Calculations of
power flux were relatively low at 10.10MW/m?3. This is due to the large volume in respect
to power. So although the AHWR specifications are much lower than that of other
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reactors such as the molten salt reactors, this reactor is the most promising for an
economic switch from uranium to thorium.

4.4-High Temperature Gas cooled Reactors (PMR/PBR)

Although we found more efficient reactors than the HTGR this does not rule it out as a
good candidate for our future energy needs, both HTGR and PBR use the Brayton
thermodynamic cycle. The PMR had high efficiency’s up to 48.3% although most
reactors are much lower seen in table 3. The main drawback of this form of reactor is its
lower thermal output, being in the range of 837 MWr,. Although most reactors presently
have much lower outputs as seen in table 2 below. What most HTGR’s lack in thermal
output, they make up for in high potential in secondary applications. One such report
outlines that using the coolant to make Hydrogen can drive up efficiencies quite highly
[8]. Both of these reactor types are well suited to use with thorium due to the high
operational temperatures as thorium has a high thermal stability [7].

The pebble bed reactor although slightly less inefficient and with lower outputs than its
PMR counterpart, still has many benefits relating to the pebble based fuel which can be
put into and out of the reactor while operating. A study by S. Sen et al [10] found that
running the PBR at 900°C and 10MPa achieved the highest thermal efficiencies for a
PBR of 40%. The pebble bed reactor however, due to the 2008 report about its safety
concerns, as mentioned in the introduction, has resulted in the lack of research and study
in this field. Needless to say, if the obstacles can be overcome, based on the
thermodynamics alone both these reactors should be highly viable thorium reactors which
can be used to supply our energy needs. The only active HTGR project is the HTR-PM in
China [22]. As seen in the table 3 below the power flux densities were particularly low
for all HTGR’s. We believe this is attributed to large volumes in respect to the output. On
average the Power flux density for HTGRs was 3.36 MW/m°.

TABLE 3 HTGR thermodynamics

Power
Name Temperature | Pressure | Volume | flux Output | Efficiency | Source
FSV(PMR) 785 4.8 370 2.62 837 39.50% | 1
(PBR) / / 1.78 5.62 10 37.70% | 2
HTR-PM (PMR) 750 7 77.75 3.22 250 42% 3
GT-MHR (PMR) 850 7 / / 600 48% 4
HTR-10 (PBR) 700 3 5.01 2.00 10 / 5
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/ Indicates information that we were unable to obtain. Full list of references in bibliography.

4.5-Molten salt reactors

The most distinctive feature of the molten salt reactor is the core. A prominent design for
a core is that the core is described to be a cylinder with the diameter the same size as the
height, and to be filled with an abundance of molten salt with no solid moderator
material. Instead of the traditional method of nuclear fission, the molten salt acts as a
coolant, fuel and a moderator.

Figure 4.5 Diagram of MSR [23]
From studies in the past the
Sparo most fuel economic molten
salt mixture is comprised of
LiF(77.5%)-ThF4(20%)-
UF4(2.5%).[24] When the
compositions for the molten
salt were being researched,
0y the eutectic point of the salt
[t | e v J— was always the goal so the
= - salt will be a molten liquid at
lower temperatures.[25] The
main benefit of a molten salt
fuel is the great heat transfer
abilities as well as high
fission efficiencies with
large power outputs, such as
the thermal power output of
3 GW [26]. Depending on the temperature, the molten salt reactors thermal efficiency
varies. For instance at 750°C the thermal efficiency is 48%, while at 1000°C, the
efficiency is 59% [27]. However, in this study, the 750°C reactor is being observed due to
fact that they are commonly used and implemented.

Coskant Salt

Emargency Dump Tanks

The main thermodynamic cycle in a molten salt reactor is the Brayton cycle [28]. The
Brayton cycle is a common thermodynamic cycle used in newer nuclear fission systems.
This cycle is selected for nuclear fission systems that operate at higher temperatures,
therefore allowing higher cycle efficiencies.

In terms of power flux density, the MSR did quite well with a value of 91.83. This is
ranked 4th overall and this value tied together with high output and high efficiency makes
it an ideal candidate for future energy needs.
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4.6-Fast-Neutron Reactor (FNR)
The fast-neutron reactor has great potential in terms of use with thorium. It has a
reasonable efficiency for a fission reactor sitting at 42%. Although this reactor was
envisioned primarily for use with uranium compounds, there is an alternate road opening
up for this reactor to be used with thorium. With the implementation of thorium fuels, the
sought-after idea of limiting radiotoxicity from the reactor has now become a reachable
goal.

The specifications of a typical FR commercially used are 1000 MW thermal output using
sodium as a coolant [29]. Since the 1950’s there have been many attempts to improve the
output power of the fast-neutron reactors, however the solution was found in the idea of a
molten salt or molten metal reactor. The thermal properties of sodium in the core acting
as a coolant are now ideal. Since the boiling point of sodium is roughly 8930C, this
makes a good coolant for this reactor [30]. Sodium has been compared to H2 as a coolant,
but the thermal transfer efficiency is much higher with the use of sodium.

In comparison to a PWR, the breeder reactors have a much higher power transfer density.
The reason for this is that the breeder reactors have a smaller core being around 5.02m°.
Due to the higher thermal power in a more condensed space, the thermodynamics
increase in complexity that causes slight changes to the output power. The high
temperature creates an expansion amongst the fuel/coolant and from this there is a
decrease in the number of fissile nuclei per unit area, which in turn will reduce the reactor
output [30]. The FNR had the highest power flux density out of all the reactors in this
study. By our calculations it obtained a power flux of 601MW/m®.

4.7-Accelerator Driven Reactors
Lastly we have the Accelerator Driven Reactors. They are still quite experimental and
need much more research until they are fully equipped to meet out energy needs. They
were found to operate at temperatures as high as 500 °C and pressures in the range of 3-
8MPa [31]. Overall this reactor was found to be quite efficient ranking 4th out of all the
reactors we studied. For an experimental reactor, there is a large amount of potential in
this field. The main focus of this reactor is improving how the Proton beam is to react
with the target in the core. One other area that may need extra research is the cyclotron
itself, which only produces around one neutron per 25 MeV produced by the proton beam
[31]. This can be improved by increasing the power, however it takes away from the
overall power produced by the core. The core volume was calculated by making the
assumption of a cylindrical core. Using the data from A. Fokau [32]. The volume was
calculated to be 8.369m3 with a power flux of 47.80 MW/m3, ranking 5th out of all the
reactors we calculated values for.
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5. Conclusion

The area of energy production from nuclear fission is a dynamic area. There are many
variables to account for when looking for the implementation of a reactor. These
variables include economics, safety and practicalities. However this study is focused on
the thermodynamics of the individual reactor types, found by the works of other
researchers. In this study it was found that pressure and temperature play key roles in the
efficiency of all nuclear reactors. The data collected indicates, that an increase of pressure
and decrease of temperature would reduce plant efficiencies. An excellent example of this
is seen in the molten salt reactors with efficiencies being highly temperature dependent
and ranging from 48%-60% between the ranges of 700 and 1000 degrees. Another factor
which still needs further investigation is the effect of core volume on efficiency. We
found a trend downwards in efficiency as the volume increased. However, due to the
number of parameters and the few reactors involved in the data points, we believe it
beneficial to revisit this topic more specifically in the future. One last area of
investigation was the effect of power flux density on plant efficiency. This study found
no direct link between the two variables.

The secondary component of this meta-study hoped to highlight which reactor obtained
the highest thermal efficiencies based on thermodynamic data, while still providing
adequate energy. We found that Light water reactors, despite their high output, are very
inefficient.

Despite this, Light water reactors had some of the highest power flux densities, with only
the fast neutron reactor having higher results. The Heavy water reactors have similarly
low efficiencies but slightly lower outputs and power flux densities. The advantage here
however, is heavy water reactors in the form of the AHWR are more suitable for thorium,
whereas Thorium is less ideal for light water reactors. Molten Salt reactors appear to have
the most attractive characteristics for future development and study, it is highly suitable
for thorium fuels and has high efficiency and moderate power flux densities, while not
compromising a high thermal output. HTGRs are another area of interest which should
have further research and attention, not only for energy production but for secondary
applications as discussed in this study. HTGRs are highly suitable for Thorium and have
relatively high efficiencies, with a lower thermal output. However the power flux density
for these reactors are very low. Lastly, the still very experimental Accelerator Driven
reactors appear to have many beneficial features, such as moderate power flux densities
and relatively high efficiencies. Despite this its thermal output is still quite low and
dependent on better cyclotron technology to create the proton beam strong enough to start
the fission process.
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7. Notes

*Efficiencies are different to Table 1 efficiencies due to different reactor specific calculations.
The data for Table 2 needed both volume and efficiency, hence some reactors from Table 1 were
not applicable.
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