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Abstract: To play a full role in decarbonisation, hydrogen must be produced economically at scale; the role of
nuclear power is interesting to national governments as it is capable of supplying both low-carbon electricity and
high-quality heat. Depending on the hydrogen production technology choice, a plant may require electricity
and/or heat input. This techno-economic evaluation considers not only the costs of the hydrogen plant itself but
also the costs of the power supply it requires. This paper calculates cost estimates for HTSE (High Temperature
Steam Electrolysis) coupled with nuclear heat and electricity, and a thermochemical SI (Sulphur lodine) cycle
coupled with nuclear heat, based on the predictions of technical process models. These estimates are then
compared to estimates made elsewhere for the costs of using wind with low temperature liquid water electrolysis,
and steam methane reformation with carbon capture. This analysis led to the identification of the conditions
under which nuclear-heat-coupled hydrogen production would be competitively priced. Estimates for nuclear-
coupled LCOH:? (levelised cost of hydrogen) in 2050 range from 2.14 to 1.24 £/kg for HTSE, and from 2.88 to 0.89
£/kg for the SI cycle. There is still a great deal of uncertainty around the efficiency of SI and how it may improve
over time, and this limits the accuracy to which the LCOH> can be predicted.

Keywords: nuclear; hydrogen; production; economics; technology readiness levels; steam electrolysis;
thermochemical

1. Introduction

Hydrogen is expected to play a major role in decarbonisation due to its potential as a low carbon fuel and as
a chemical feedstock for sustainable liquid fuels and products [1], while nuclear power is poised to drive
hydrogen production technologies with a stable supply of low carbon electricity and heat at the gigawatt scale
[2,3]. There are a range of hydrogen generation technologies currently being deployed. Alkaline electrolysis, and
PEM (polymer electrolyte membrane) electrolysis are at a high technology readiness level (TRL) and are already
being deployed with nuclear on MW scales [4]; these technologies are mature and only require input electricity
to produce hydrogen from liquid water.

With an input of heat as well as electricity, high temperature steam electrolysis (HTSE) can be conducted
with solid oxide cells; HTSE allows for a large efficiency increase versus the lower temperature electrolysis of
liquid water, and is due to be demonstrated on the MW scale, coupled to a nuclear reactor, between 2023-2025
as part of the Bay Hydrogen Hub in the UK [5]. Worldwide, nuclear-coupled high temperature electrolysis is
reaching high technology readiness levels (7 and above), as several commercial-scale demonstrators are due to
become operational in 2024-2025 [6].
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Thermochemical hydrogen generation methods offer the opportunity to utilise heat exclusively, and do not
require electricity to directly drive the reaction. However, they do require high temperatures, and are in earlier
stages of development than electrolysis technologies.

The levelised cost of hydrogen (LCOH;) is widely used as a measure to compare the costs of different
hydrogen production technologies [7]. The inclusion of heat as an energy vector has the potential to make a
significant difference to the LCOH>. However, not all energy sources are equally suited to producing heat at scale.
In the case of most renewables, electricity would have to first be converted to heat to reach these temperatures,
and of course, all energy transfers incur some energy loss. However, nuclear fission primarily produces heat,
which is usually then used to convert water into steam to drive a turbine and create electricity. Depending on the
technology choice, the efficiency of converting from nuclear heat to electricity is around 33-50% [8]. Utilising
nuclear heat directly, then, could therefore be significantly cheaper than nuclear electricity per kW, due to two
main factors:

e As previously discussed, heat is understood to make some hydrogen generation processes more efficient,
and high temperature heat is an essential prerequisite for the thermochemical processes (should they
prove cheaper or more efficient than other technologies in the longer term they will need a reliable heat
source to scale up);

¢ A not insignificant percentage of the LCOH: is estimated to be due to the cost of the input energy, as
opposed to the OPEX (operational expenditure) and CAPEX (capital expenditure) [9] of a hydrogen
generation plant. If cost savings can be made by using a cheap source of heat energy as opposed to
electricity, this has the potential to dramatically affect the overall cost per unit of hydrogen.

Nuclear energy has a further advantage. Some heat can be siphoned off from existing or future nuclear
plants without significantly affecting the performance of the reactor (diverting lower grade heat from the low
pressure turbines in the secondary steam cycle) so they may continue to generate the majority of their rated
electricity output.

2. Materials and Methods

2.1. Technoeconomic Models

Technoeconomic models are a useful means to evaluate the cost-benefit of different energy generation
systems. In general, they calculate the cost profile of a project throughout its lifetime and weigh this against the
energy production profile. As such, they can help identify the optimal technology choice for new energy
generation projects. The purpose of the technoeconomic assessment performed here is to estimate the
opportunity for nuclear power to contribute to hydrogen production, primarily in the UK.

Renewable sources will contribute their share to the production of hydrogen, but the scale of demand
(across sustainable fuels, grid balancing, and heating applications) is anticipated to rise rapidly over the next 25
years [10]. Nuclear power plants are a reliable source of low-carbon energy with a high-capacity factor, in the
form of electricity and/or heat. This offers advantages in terms of the reliability of the supply of energy to a
hydrogen generation plant (HGP), which can be important when trying to justify the CAPEX costs of an HGP.
Whilst some renewable systems have explored the production of heat (such as concentrated solar thermal
technology [11]), the benefits of this have not yet been fully realised. To be a serious option for powering
hydrogen generation, nuclear technologies must also be cost-competitive with renewables and fossil fuels with
carbon capture. These are the questions to be explored in this paper.

There are existing economic overviews [12-14] as well as numerous technoeconomic models for hydrogen
production, including: HEEP (Hydrogen Economic Evaluation Program) [8], H2A (H2 Analysis) [15], and
G4ECONS (Generation IV spreadsheet calculation of nuclear systems) [16]; but the user often has little visibility
of the proprietary calculations undertaken in between. Other technoeconomic models of nuclear hydrogen
production such as [17] in particular, as well as [18-20], and [21] (which considers carbon capture alongside
cogeneration) go into extensive depth. The model described in this paper was developed to allow for
independent assessment of the efficacy of nuclear hydrogen with a tool that can be updated and added to in
future work. It is built modularly to allow for a mix-and-match selection of reactors and hydrogen production
technologies. Its underlying assumptions are based on mechanistically based process models, allowing for future
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improvements as more R&D and real-world performance data become available. These models pass data to a
technoeconomic model from which the LCOH; is calculated.

2.2. The Technoeconomic Model

LCOH? is defined as the cost per unit that the hydrogen would have to be sold to cover the costs of
generation (the ‘break even’ point) according to Equation (1):

2= + + + (1)

The transport and storage costs are not accounted for in the model, this is an important omission however
this is in line with many other models. None of the counterfactuals explored later in this paper include hydrogen
storage and transport costs in LCOH;. As multiple suppliers are likely to share similar storage and transport
infrastructure, these are not the factors that are expected to cause significant differences in LCOH; based on
hydrogen generation and energy source technology choices. The literature suggests that 5-10% is a reasonable
estimate for the contribution of transport and storage costs to nuclear LCOH; [9]. Intermittent power sources,
such as renewables, may incur greater storage costs as greater storage capacity is required to build sufficient
redundancy into the system. However, this is not explored in this paper.

It is also worth considering that current models do not include decommissioning costs. Some include the
assumption that the net cost of decommissioning will be zero due to material and equipment recycling [22],
though this remains to be demonstrated in practice. Decommissioning costs are included in this paper’s
calculation of nuclear hydrogen LCOH», for both the nuclear plant and the hydrogen generation plant, as
decommissioning costs are an up-front consideration for nuclear builds.

In calculating LCOH; (Equation (2)) the energy source costs have been treated effectively as a utility charge
to the hydrogen generation plant. They are captured in terms of the levelised cost of energy (LCOEnergy)
supplied to the hydrogen generation plant, be it in the form of electricity, heat, or both. LCOEnergy must be
calculated in the model.

2= + (2)

The LCOEnergy needs to be divided by the efficiency of the HGP (efficiency of , Equation (3)) because it
will take more than 1 M] of input energy to produce 1 M] of hydrogen, and the levelised cost of energy is the cost
per unit of energy input.

= (3)

TOTEX refers to CAPEX + OPEX for the HGP, not including the energy costs. The CAPEX and OPEX costs for
the hydrogen generation plant are taken from existing literature [23-26]. A discount rate of 5% is applied: a
fairly common assumption for medium-risk capital builds.

The levelised cost of energy captures all the costs of the nuclear power plant and expresses it as a cost per

unit of heat sent from the nuclear power plant (NPP), to the HGP. Two key assumptions are made here:

e 100% efficiency of heat transport between NPP and HGP. In practice, energy losses will occur during
transfer and will likely be a function of the distance between the nuclear power plant and the hydrogen
generation plant. This is not explored in this work as it is assumed the plants are co-located such that heat
energy loss is minimal.

¢ The model does not consider discrete numbers of nuclear power plants built. The model treats the cost of
heat from the reactor as a sort of ‘utilities charge’, paid per unit of heat by the hydrogen generation plant.
In reality, a whole reactor has to be paid for, even if only a fraction of the output is being used. In this
work, scenarios are selected so that a discrete number of HGPs and NPPs are involved to avoid this issue.

The LCOEnergy includes both heat and electricity. Fortunately, the efficiency of converting one unit of heat

energy into electrical energy is well understood, so all energy can be calculated in terms of the levelised cost of
heat (LCOheat) according to Equation (4):
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= 4

LCOheat is the cost that a unit of heat would need to be charged out at for the NPP to break even—this can
be effectively treated as a utility charge to the HGP. Some of this heat may be used to produce electricity, some
may be sent directly to the hydrogen generation plant. The levelised cost of electricity (LCOE) can be converted
into the levelised cost of heat by multiplying by the efficiency of the NPP according to Equation (5):

= x (5)
Cost saving can be made on successive builds if learning can be applied, expressed according to Equation

(6):
= 2(1= %) (6)

where is the cost of the N® component,  is the cost of the first component, and r is the learning rate (r =
0.1176 % 0.0002). The cost reduction observed for successive South Korean nuclear builds [26] has been used to
fit these parameters. The same learning rate has been applied to HGP cost due to a lack of specific data. While it
should be noted that not many other countries have achieved cost reductions from Nt of kind builds, the South
Korean data shows what could be possible if the frequency of builds is sufficient to allow this cost reduction
(approximately 22 builds in 30 years in the South Korean case).

UK government data predicts the rate at which hydrogen generation technologies are expected to mature.
Specifically, it predicts improvements in efficiency up to the year 2050 [27]. A polynomial was fitted to this data
for HTSE, however, the government report did not include any data on thermochemical processes, due to the low
TRL of these technologies this would be impossible to determine at this stage in development.

Thermochemical hydrogen production process models have been developed for the sulphur iodine (SI)
cycle, the Hybrid Sulphur (HyS) a.k.a. Westinghouse cycle, and the Copper Chlorine (CuCl) cycle. Of these three, SI
was estimated to have the greatest potential efficiency, although the most efficient range of this estimate would
require significant heat integration and work on catalysis to improve yields. Therefore, SI was selected as the
best comparator to HTSE for this study.

The efficiency improvement correlation in Equation (7) was developed for HTSE, assuming that 85% of the
total input energy is supplied as electricity, with the remaining 15% as heat [8]:

0.85
(7.18076 x 105 7.01654 x 102 171775 x 109> )

Z 3 + 2
In order to create the efficiency improvement correlation for SI in Equation (8), an ‘offset’, x (i.e., how many

years behind SI is relative to HTSE) is added to the expression:

x 0.85
(7.18076 x 15 7.01654 x12 171775 % 9) (8)

C -)» ( -»F -7
As a function of the commissioning year, the efficiencies tend towards the maximum that is assumed
possible at full maturation based on current understanding. This is not 100% for thermochemical technologies
due to heat loss. However, developments in heat integration could raise the efficiency from 40% to 80% [10].
The top end of this potential efficiency range is quite optimistic, therefore, in this analysis, a mid-point of 60% is
also considered, and an offset of 0, 15, and 30 years is explored. Ideally, efficiency would be expressed in terms of
the plant temperature, but there is insufficient data to underpin this.

2.3. Scenarios of Interest

The techno-economic assessment was performed for two coupling scenarios:

e HTSE coupled to a High Temperature Gas Reactor (HTGR) at 1093 MW thermal and a nuclear gas turbine
efficiency of 40%, with 85% of the power input to the electrolyser in the form of electricity, and the
remaining 15% as heat;
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e An Sl cycle coupled to a HTGR reactor at 1261.4 MWth.

Baseline CAPEX and OPEX data are taken from the literature ([8] and [23] respectively), and the model then
predicts how LCOH; might vary as a function of the commissioning year and the build number (N* of a kind). It is
expected that a demonstration HTGR will be operational in the UK in the early 2030s [28].

2.4. HTSE Process Model

2.4.1. Electrolysis of Water

Through electrolysis, liquid water or steam can be separated into hydrogen and oxygen (Equation (9)):

1
2 = 2% 2 9)

This reaction is a non-spontaneous endothermic reaction, requiring inputs of work and heat (Equation
(10)); with at least the work component being supplied wholly by electrical energy:

A =N +( A) (10)

where the specific total energy demand of the reaction (equivalent to the enthalpy change A ) is the sum of the
work requirement (the Gibbs free energy change A ) and the heat requirement (the absolute temperature
multiplied by the entropy change A ).

Theoretically, the minimum potential difference required to drive an electrochemical reaction and supply
the work requirement in an electrochemical cell can be related to Gibbs free energy change of the reaction, this
voltage is known as the thermodynamic voltage (Equation (11)):

= (11)

where is Faraday’s constant (96,485 C mol " 1), and is the number of electrons transferred in the reaction (in
the case of water electrolysis: 2 per mol Hz).

The voltage that would be required to theoretically provide the total energy needed by the reaction,
providing the work component as well as extra electrical energy to cover the heat requirement (through losses
that end up as thermal energy in a cell), is known as the thermoneutral voltage; meaning an electrolysis cell that
was perfectly insulated would remain at a constant temperature when operated with this voltage. The
thermoneutral voltage can be related to the enthalpy change of the reaction according to Equation (12):

= (12)

Applying a potential difference over an electrochemical cell, large enough to overcome activation
energies, results in the desired reaction occurring. This cell load will then be, as in Equation (13), the sum of
as well as practical losses, known as overpotentials:

= +( + o+ o+ ) (13)
where:
. is associated with losses incurred in driving material flows of the reactants towards reaction sites in
the cathode or anode;
. and . are associated with losses related to overcoming the activation potential of the reactions

and electron transfer with the electrode in the cathode and anode respectively, they are related to
electrode material properties and reduced by effective electrocatalysts;
. is associated with losses due to electrical resistance in the cell components, for example, the
resistance of the electrolyte, or electrode materials.
The difference between the operating voltage of an electrochemical cell and the thermoneutral voltage,
multiplied by the current through the cell, can be used to calculate the net excess heat (Equation (14)) i.e., the
heat produced by the cell (if > ), or the net heat deficit i.e., the heat taken in by the cell (if < )

=C - ) (14)
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where [ is the current through the electrochemical cell.

When splitting liquid water in alkaline or PEM (proton exchange membrane, also known as polymer
electrolyte membrane) electrolysers, overpotentials are relatively high, requiring a high (significantly above

) and generating more than enough heat to cover the heat requirement of the reaction along with waste heat;

practical liquid water electrolyser systems generally require active cooling. Higher temperature steam
electrolysis systems instead can operate at or below  and thereby increase electrical efficiency.

The molar rate of hydrogen produced , by an electrochemical cell is proportional to the electrical
current through it as in Equation (15):

1
2 = —= 2 2 = 2 (15)
where:
¢ Jis the Faraday efficiency, the selectivity of current directed to the desired reaction versus undesired side
reactions
. , Isthe molar rate of oxygen generation.
. ) is the molar rate of water consumption.

2.4.2. Solid Oxide Electrolysis Cell Model

Solid oxide electrolysis cells (SOECs), also known as solid oxide steam electrolysis (SOSE) cells can process
high temperature steam, rather than liquid water, to conduct HTSE. An advantage to carrying out electrolysis at
higher temperatures is that, as the temperature climbs, the Gibbs free energy change of the water dissociation
reaction decreases, and hence the work requirement for the reaction also decreases, at the expense of a greater
heat requirement. See Figure 1.
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Figure 1. Energy Demand for Electrolysis.

As the Gibbs free energy change of reaction is lower, the thermodynamic voltage decreases, and also at
those higher temperatures, SOEC materials typically exhibit lower electrical resistances and improved reaction
kinetics, this allows a high current density and hence high hydrogen production rate to be achieved at much
lower cell voltages than for liquid water electrolysis. The practical operating voltage can even be lower than the
red (thermoneutral) line in Figure 1, making use of extra external heat input to the system to maintain the
electrolyser’s temperature while achieving even greater electrical efficiencies.
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Since the conversion of heat to electrical energy in modern nuclear power stations using a Rankine cycle is
typically 33-42% efficient, then using heat from the reactor loops directly is advantageous because doing so
bypasses this inefficiency. This requires a closer coupling to the reactor than for liquid electrolysis because
steam must be taken from and returned to somewhere in the secondary loop, however there are numerous
options for locations to withdraw steam in a typical turbine layout.

For SOECs the electrolytic cell consists of a solid oxide electrolyte with porous conducting electrodes
deposited on either side, see Figure 2.
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Figure 2. H; Production in an SOEC.

Porous Cathode

The electrolyte is an oxygen-conducting ceramic oxide, a typical material is yttria-stabilized zirconia (Y203-
Zr02) also known as YSZ. Variations on this material are used in different concepts and industrial designs. The
important feature of this material is that it contains channels along which (only) oxygen anions can diffuse. The
cathode in this model is taken to be nickel-YSZ while the anode in this model is taken to be strontium doped
lanthanum manganoxide (LSM).

In this design, steam is supplied to the porous cathode and, when sufficient electrical potential is applied
between the two electrodes; the water molecules dissociate to form hydrogen gas and oxygen ions at the cathode
-electrolyte interface (Equation (16)).

2 t2 T e L+ T (16)

The oxygen ions are transported through the electrolyte to the anode due to the potential difference and
oxidised at the electrolyte-anode interface (Equation (17)).

1
Z‘HE o +2 17)

Air is used as a sweep gas, inlet to the anode side to remove oxygen, dilute the oxygen concentration, and
thus both increase the diffusion rate of oxygen ions and decrease the rate of corrosion.

On the cathode side, a portion of the outlet is returned as a recycle and mixed in with the inlet, to ensure the
inlet contains a fraction of hydrogen; the purpose of this is to maintain reducing conditions, scavenge oxygen
through the back reaction and avoid oxidation of the nickel in the cathode on the portions of the cell close to the
inlet—thus increasing cell performance and longevity.

The planar stack design modelled is as in Figure 3, with the H20 + H: cathode side streams and the O + air
anode side streams flowing perpendicular to one another. This required the model of each cell to be discretised
in two dimensions, represented by 400 nodes per cell connected in parallel, considering local partial pressures,
current density, and temperature. Material and energy balances are carried out over each node, with the cathode
side flowing between nodes in one direction and the anode side flowing between nodes in the perpendicular
direction. Each cell in the stack is connected to the others in series; the cathode side and anode side inlets to the
stack are divided equally by the number of cells before being distributed to each cell in the series, and the outlets
of each cell are collected and mixed in a cathode side exhaust and an anode side exhaust.
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Figure 3. Exploded-view SOEC Stack, perpendicular planar arrangement.

To prevent significant concentration and ohmic overpotentials, the cells are made as thin as is practicable,
there are also commercial designs of SOECs that follow a tubular arrangement.

The cell voltage is determined with Equation (13), the terms of which shall now be discussed.

The standard thermodynamic potential © is temperature dependant; varying more significantly over the
possible operating temperature range of an SOEC than over the relatively small operating temperature range of
alkaline and PEM electrolysers; substituting Equation (10) into Equation (11) results in Equation (18):

A% A
= ()

A ° and A © are themselves temperature dependant but may be calculated at any temperature through
correlations from thermodynamic tables. For the reaction of the dissociation of steam, this can be approximated
by Equation (19):

0 =129 —0.000292( —273.15) (19)

for temperature in K over the temperature range between =773 — 1773 K[29].
Then, the thermodynamic voltage under cell operating conditions can be found using the Nernst equation

(Equation (20)):
05
= % +— <—2 2) (20)

where the partial pressures ,, , and , of the respective species are assumed to be those of the bulk
stream at that point in the cell, represented by a discretised node.

The cathode and anode activation overpotentials , can be expressed by the Butler-Volmer equation
(Equation (21)), assuming a symmetric electron transfer which is common in literature.
2 -1
;] = 21
2., (21)

where  , represents the exchange current densities of the cathode and anode.
The concentration overpotential in the cathode is found by Equation (22), derived in [30]:

115



New Energy Exploitation and Application | Volume 3 | Issue 1

)

= (22)

where:
. , = the effective diffusion coefficient of steam in the cathode, which is a combination of Knudsen
and molecular binary diffusion;
¢ isthe depth of the cathode layer.
The effective diffusion coefficient can be expressed using Equation (23) by combining the diffusion
mechanisms of molecular diffusion (governed by molecule-molecule interactions, and Knudsen diffusion,

governed by molecule-pore interaction:

where /  is the ratio of the cathode tortuosity to porosity, 1/ ,— , is the reciprocal of the molecular
diffusion coefficient, and 1/ , , isthereciprocal of the Knudsen diffusion coefficient.
, , can be modelled using kinetic theory (Equation (24)):

2 s
2,_3 ,

where is the radius of a pore in the cathode, and , is the molecular mass of H20.
,— , can be found via the Chapman-Enskog theory of ideal gases (Equation (25)):

(24)

1 1 172 3/2
= 0.00133< + ) (25)
2 2 2.2

2= 2

where P is the bulk total pressure in the cathode of the node, , is the molecular mass of hydrogen, , , ,is
the mean characteristic length of the diffusing species (Equation (26)):

2.2 % (26)
And the dimensionless collision coefficient  is found by Equation (27):
_ 10.(1)56;5 N 0.193 N 1.036 . 1.765 @7
: (0476 ) (153 ) 3.89%
where the dimensionless temperature T is found by Equation (28):
= (28)

2.2

Values for , and , are given in [30] as 2.641A and 2.8274, respectively, while values of €/k for H»0, H;
are given as 809.1 K and 59.7 K.

The anode concentration overpotential is set equal to zero because the 0% ions are fully oxidised at the
electrolyte-anode interface without any diffusion in the porous anode significantly limiting the reaction.

In SOECs the electrodes generally have much higher electrical conductivity than the electrolyte, the
electrolyte and its resistance to the 0? transfer is the limiting factor, and so the ohmic overpotential is assumed
to be proportional to electrolyte resistance (Equation (29)):

= (29)

where is the depth of the electrolyte layer. The resistance of the electrolyte is temperature dependant; and for
this electrolyte, the following expression (Equation (30)) from [31] is used:
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where

is the absolute temperature in K.

(

) =299 x 1075

10300)

Parameters used in the SOSE model are collated in Table 1:

Table 1. SOEC parameters.

(30)

Parameter Value Units Reference
Depth of electrolyte layer, 8 pum [32]
Depth of cathode layer, 8 pum [32]
Radius of pore in cathode, 0.5 um [30]
Cathode porosity, 0.4 - [32]
Cathode tortuosity, 6 - [30]

Exchange current densities:

Cathode, ¢ 5500 Am? [30]
Anode, 2100 Am? [30]

The electrolysis stack is placed within a flowsheet as depicted in Figure 4, in which the inlets to the stack
(steam on the cathode side, sweep air on the anode side) are brought up to the stack operating temperature by a
combination of heat transfer and integration with the stack exhaust streams, electrical heaters as well as heat
transfer from low temperature (LT) steam and (optionally) high temperature (HT) steam derived from a nuclear

Lo T
Temperature 250.000]"C |
v
i ]
I T
Feed H20() Fiowrate|  0.0412714 [kgls Splitter
[Tomperaturs TR T Steam_iniet
g m Mixer
Feed_Water  HX_AEG_LigW HXJAEG Vap HX LTS %G Recovery
bbbt 0. 325456 [ke's] Heater Duty |3 4s086-12]W]
Temperature an0.000[°c_| ety Crv T
Air_Outlet LT_Steam_Outlet 7 I_‘—_u

[ Flowsheel Parameters

[Fesanr] o ssrasilogs]

SplitterHTS
HT_Steam Inlet

ool
@

Electric_Heater_Cathode)

Electrolysis Stack

HX_fiTS_Anode

<

[steam Conversion] 0.800057
Flectrolfais Stack ¥, 2.00000

>

Hydrogen Outie™~.
Hydrogen Produced| 0.a0s1798¢ [kg's |
[remperaturs | 100 000]c |

[Minimum X Temp Ditterence | 20.0000[K |

|Avaitability of High Temp Steam | 100000~ | O kuet Canpaicer SO, Siiet
Heat Integration” | | Duty IHm Iniet | ‘Hoi Outlet [ ‘cnm Inlet | |Cn|d out!aql T
HX_AEG_LigW 28865.5 W[ 115528 ¢ |- 69,6514 C |- 20,0000 C - 95.5201]C
HX_AEG Vap oooooa [w- 115.528 ¢~ 115528 c |- 955201 c |- 95.5281°C
HX_LTS 208828 W] 250.000 |- 220000 ¢ |- 955281 |G |- 100.000]°C
HX_CEG_Recovery ss710.2 |wj|- 732.934c[- 120000 ¢ |- 100000 ¢ |- 615.952|C
HX_HTS_Gathode 16024 W] 00000 "G |- 639,412 C |- 519.412|°C |- 771.817]°C

|condenser aaz98.3|w- 120000 |- 100008 ¢ J - 20.0000)°c |- 30.0000]°C

[Hx_aEG_Recovery 115836 |wj- 732.994 |*c]]- 115.528|°c |- 20.0000 |*c - 712.994[*C
|HX_KTS_Anode 37770.0|wjl-| s00.000 |- 732.994|°C 712,994 °c - 771.917|°C

Figure 4. HTSE flowsheet model.
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Energy from Low Tem perature Steam per kg H2 255295 [MUkg |
Energy from High Steam per kg H2 849067 [murka |
Electrical Energy per kg H2 118.856 | MJikg
Total HTS Energy from the Reactor per kg H2 305. 631 [MJikg
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Most of the external energy input is only needed at relatively low temperatures >100 °C to vaporise the feed
steam. When high temperature (>600 °C) steam is available this improves system efficiencies slightly.

The product cathode exhaust gas is eventually put through a condenser using cooling water to remove
residual H20, the H; product could then be fully dried by desiccant scrubbing.

It was found that if low temperature heat from a nuclear reactor was available, but not high temperature
heat (for example from a HTGR), then running the stack slightly above ( =1.02 ) thermoneutral results in
the highest system efficiencies. If high temperature heat is available, then running the stack slightly below ( =
0.94 ) thermoneutral results in the highest system efficiencies.

The following test model conditions specified in Table 2 produced 327 Nm3/h of H; at steady state, with a
system efficiency of 305 M] of heat from reactors per kg of H, produced. A range of results were scaled to match
the scenario used in the economic analysis.

Table 2. HTSE Flowsheet steady state process parameters.

Parameter Value Units
Active area of a cell 0.1 m?
Number of cells 1000 -
Stack operating temperature 733 °C
Stack voltage 1240 \
Stack current 783 A

Reactor heat allocated to Hz production - -

Via Electricity 972 kW
As LT Steam 209 kW
As HT Steam 69 kw
Steam Conversion (Fraction of steam inlet to stack consumed) 0.8 -
Air ratio (02 inlet / produced) 2 -
Fraction of cathode side exhaust recycled to inlet 0.5 -
Minimum temperature difference for heat exchange 20 °C

2.5. SI Cycle Process Model

The goal of a hydrogen-producing thermochemical cycle is to find a sequence of chemical reactions that,
overall, consume water and produce hydrogen (with oxygen as a by-product) while requiring minimum heat
input, producing no additional products and consuming no additional reagents, resulting in an autocatalytic cycle.

The SI cycle is one such thermochemical cycle made up of three reactions:

(1) Bunsen Reaction (~120 °C, liquid phase), Equation (31):

20)+ 20+2 , O~ 2 4 )+2 () (31

This reaction is exothermic and so requires cooling to achieve the desired efficiency. The product of the
reaction is a two-phase solution, with a light phase containing sulphuric acid and a heavy phase containing
iodine and hydrogen iodide. The phases are separated and then are directed towards the two follow up reactors.

(2) H2504 Decomposition (700-800 °C, gas phase), Equation (32):

1
2 4()- 2 ()+ 2()"‘5 2() (32)
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The light phase from the Bunsen reaction is distilled to form a sulphuric acid stream which then undergoes
sulphuric acid decomposition in the gas phase. This reaction is endothermic, requiring a heat input to sustain.
The H:0 and SO; products, along with the water from the distillation of sulphuric acid, are recycled back to the
Bunsen reaction whereas the O is removed as an overall cycle product.

(3) HI Decomposition (400-550 °C, gas phase), Equation (33):

1 1
() =3 20)+520) (33)

The heavier phase from the Bunsen reaction is boiled to form a vapour which undergoes hydrogen iodide
decomposition. This reaction is endothermic, requiring a heat input to sustain. The I; product is recycled back to
the Bunsen reaction whereas the H: is removed as the overall cycle product.

Fresh H20 must be supplied to the Bunsen reaction to sustain the cycle. The overall reaction of the cycle is
then the same as Equation (9).

In the model of this process, each of the reactions takes place within its own reaction chamber, and the
flowsheet and separation pathways follow the design depicted in Figure 5.

H,0 (1)
H2804
0; (9). Distillation
505 (g). s
Dilute H,S0,(g) .
H,0 (g) H2S04 i
Decomposition H,50, (aq),
Dilute H,50, (aq), Reactor H,0 (1) ks
H,0 (D)
03 (aq), @
1, (aq),
0 (9), HI (aq), . .
50, (), #,50, (ag), 5 i Light | H,50, (ag),
> H,0 (1) phase | Ha O ()]
hY
Y
rd I; (aq),
H,0 (D Heavy ]Lf; (aq),
Bunsen phase | H,0 (1)
1, (ag), Reactor Hy (g),
Dilute HI (aq), 1,(q)
G —
H,0 () i (@) Dilute HI (g),
] s H;0(g)
N ———
HI
Decomposition
Reactor

Figure 5. SI Cycle Flowsheet.

Model basis and assumptions:

¢ Inlets of Iz and SO: to the Bunsen reactor are closed once steady state operating conditions are reached;

« Simplified reaction kinetics, assuming that each reaction is elementary; assuming that the first step
(breakdown to SO3 + H>0) in the two-step decomposition of H2504 is instantaneous above 700 °C and so
this reaction is limited by the subsequent reduction of SO3 to SO>;

¢ The temperature and pressure in each reaction chamber, the water inlet flowrate to the system, and the
flowrate out of each reaction chamber are all controlled by manually tuned PI (Proportional-Integral)
controllers;

e A detailed heat integration analysis was not performed however the power required to change the
temperature of streams and to maintain reaction chamber temperatures is calculated;

¢ Mixing and separation units were assumed to be 100% efficient, but the equipment to achieve this was
not sized;

o Power to operate the wider flowsheet around the electrolyser is not considered (e.g., energy
requirements for pumping were neglected);
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o All three reactors are assumed to be well mixed systems and the mixture properties are calculated for an

ideal mixture.

The governing equations which characterise the liquid phase and gas phase reaction chambers, as well as
kinetic parameters, are given in Appendix A. It is noted that some of these assumptions are known to be gross
approximations, a specific example being the phase equilibrium in these process steps. For this reason, this
process can be judged to be relatively immature and this should be taken into account when reviewing the
economic data. Setting aside these concerns, LCOH, can however be used to assess the potential of this
technology and drive the need for R&D to underpin the assumptions which have been outlined.

The following test model conditions specified in Table 3 produced 320 Nm?/h of H; at a steady state, these
results were scaled to match the scenario used in the economic analysis.

Table 3. SI cycle steady state process parameters.

Parameter Value Units

Bunsen Reactor

Setpoint Temperature 120 °C

Liquid Volume Setpoint 4.5 m

H2504 Decomposition Reactor

Setpoint Temperature 720 °C
Volume 1 m?
Pressure Setpoint 7 bar

HI Decomposition Reactor

Setpoint Temperature 450 °C
Volume 10 m?
Pressure Setpoint 22 bar
H>0 inlet flowrate 4 mol/s

2.6. Integration and Counterfactuals

The thermochemical process models were used to calculate the possible efficiencies of a hydrogen
generation plant, as a function of the heat exchange within the process. This efficiency was then used by the
technoeconomic model when calculating possible LCOH>. Where there was a range of possible process
efficiencies, an upper and lower bound were used, as well as a mid-point, to make LCOH; estimates.

The LCOH; of nuclear-hydrogen couplings must be compared to other production routes in order to
determine cost-competitiveness. Offshore wind scenarios are selected to represent renewables and ‘green’
hydrogen in the UK [33], and Steam Methane Reformation (SMR) [22] and Autothermal Reformation (ATR) [34]
with carbon capture and storage are selected to represent ‘blue’ hydrogen. Published estimates of LCOH> from
other authors are used to make this comparison: the UK Offshore Renewable Energy Catapult, the IEA
Greenhouse Gas R&D Programme, and Phase 1 of the BEIS hydrogen supply Programme: HyNet Low Carbon
Hydrogen Plant respectively.

3. Results of Economic Analysis

Table 4 gives the levelised cost of electricity and heat for the NPP which are key inputs to the economic
model:
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Table 4. LCOE and LCOheat for Nth of a kind HTGRs.

Nt of a Kind HTGR LCOE (£/MWh) LCOheat (E/MWh)
1 29.4-33.0 14.7-15.5
10 23.7-24.8 11.9-12.4

Table 5 shows that the SI process is predicted to have the best process efficiency of the thermochemical
processes studied. This is why SI was chosen as the best comparator for HTSE in the technoeconomic assessment.
All costs in the results section are normalised to 2016 values, including the counterfactuals. Process model
descriptions for the CuCl and HyS cycles are available as supplementary material.

Table 5. Efficiencies calculated by the process models for hydrogen production processes.

Technology M] of Reactor Heat Required to . . Efficiency
Produce 1 kg H> (High Heating Value Hz = 141.9 M]/kg)
PEM 470 30.2%
HTSE 330-300 43-47.3%
SI 297-174 47.8-81.6%
HyS 546-293 26.0-48.4%

In line with the range of efficiency predicted by the technical modelling work, three values for the efficiency
of the SI cycle to tend towards are selected: 80%, 40%, and a mid-point of 60%. The results for each of these
efficiency estimates are shown in Table 6 for 1% of a kind builds, and Table 7 for 10" of a kind builds.

Table 6. LCOH; predictions in £/kg for 1% of a kind plants.

Technology Commissioning Year: 2040 Commissioning Year: 2050
HTSE 2.16 2.14
SI'with 80% efficiency 1.32-1.57 1.31-1.45
SI'with 60% efficiency 1.77-2.09 1.89-1.94
SI with 40% efficiency 2.62-3.10 2.59-2.88

Table 7. LCOH; predictions in £/kg for 10% of a kind plants.

Technology Commissioning Year: 2040 Commissioning Year: 2050
HTSE 1.55 1.53
SI'with 80% efficiency 1.04-1.23 1.03-1.14
SI'with 60% efficiency 1.39-1.64 1.37-1.52
SI'with 40% efficiency 2.06-2.44 2.03-2.26

Commissioning year has a small impact on LCOH; for HTSE, and a slightly larger impact on SI of all
efficiencies, with little difference between 1%t and 10™ of a kind builds. This is because the maturation rate is a
function of the year, not the number of builds, in the model calculations, and a more sophisticated estimate might
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take both into account. With all other parameters equal, the difference between 1%t and 10" of a kind builds is
significant, reducing costs by around 20-30%. However, as previously noted, this assumes a build rate of almost
one plant per year.

To compare these estimates with those for non-nuclear sources, they are plotted against counterfactuals
from offshore wind [33], Steam Methane Reformation, [22] and Autothermal Reformation (ATR) [34] in Figure 6.

Based on the current set of assumptions, Tables 6 and 7 suggest that in order for the SI process to compete
with HTSE, it would have to have a minimum efficiency of greater than 60%. The greatest impact by far is made
by the assumed future practical efficiency of the SI process: between 40-80% the LCOH> approximately halves
and a 40% efficiency would not be sufficient to be competitive. This highlights the importance of heat integration
to the LCOH for the SI process. Figure 6A shows that, under the current assumptions, a nuclear-SI coupling with
a possible S efficiency of 40% is unlikely to compete economically with alternatives. With an SI efficiency of 80%,
this coupling would outperform almost all technologies economically, with only autothermal reformation with
carbon capture possibly proving cheaper before 2040. A greater understanding of the limitations (and costs) of
heat integration in the SI cycle is essential to narrowing this uncertainty range. Furthermore, given the
assumptions with respect to phase equilibria, it is highly unlikely that experimental SI plants operating today
achieve an overall efficiency of 10%, substantially below the minimum required for this technology to be
competitive with HTSE. Substantial improvements in suitable heterogeneous catalysts would be required to
close this efficiency gap [35,36].

If an SI cycle efficiency of 60% can be achieved, as in Figure 6B, the effects of the ‘offset’ years can be seen.
This refers to how many years behind the development of HTSE SI is believed to be, i.e., if HTSE has a TRL of 7
now (as an industrial scale demonstrator is being established), then the ‘offset’ predicts how many more years it
will be until S/ is also mature enough (currently TRL < 3) for an industrial-scale demonstrator to be sensible. To
some extent, this offset can be adjusted by increases and decreases in funding and research. The technology
development could be accelerated beyond the algorithm’s current predictions, with concentrated effort. The
effect of the offset is also significant (though less so than efficiency). This could make the difference between
competing with only 1% of a kind HTSE in 2040, and outperforming all except autothermal reformation and 50%
of akind HTSE.

Of course, reductions in plant CAPEX can make a big difference to LCOH,. LCOH is predicted to drop by
around 28% between the 1%t and 10" build of a HTSE, if the learning rate is applied to CAPEX costs. The effect of
the discount rate has not been explored here, but previous work has shown its impact on LCOH> to be sizeable
[37].

4. Discussion

HTSE offers significantly greater efficiencies than liquid water electrolysis through the use of nuclear heat,
and this LCOH> analysis has shown that nuclear coupled HTSE should be competitive with hydrogen generated
from renewables on a purely cost basis; this is without even accounting for the inherent advantages of a nuclear
coupled technology such as: high scale, high capacity factor, flexibility in siting close to users, and non-
intermittent supply reducing buffer storage requirements. HTSE remains the most promising hydrogen
generating technology to couple with nuclear energy for at least the medium-term future, as thermochemical
methods are unlikely to reach the market in a form where they could economically compete in this time period.

By the 2040s and beyond, when the UK’s Advanced Modular Reactor (AMR) programme, with its interest in
HTGRs, coincides with the potential arrival of operational-scale thermochemical hydrogen production
technologies, thermochemical technologies could begin to compete with HTSE technology. This analysis shows
that to maximise the benefits of nuclear power for hydrogen production, both high temperature reactors and
thermochemical technologies that exploit them should be developed in parallel. Whilst this could present an
opportunity for national governments wishing to decarbonise most cost-effectively, additional understanding is
required to accurately assess the scope of this opportunity.
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It is important to remember that LCOH; is just one measure of the economic performance of a system.
LCOH; does not capture the ability of a system to match supply to demand, and takes account only of cost, not of
pricing structures. More significantly perhaps it neglects the impact on the economy as a whole (gross value add)
which could be a major differentiator when considering the coupling between energy security and climate
change.

5. Conclusions

This paper identifies a series of conditions that, if met, would make nuclear-HTSE and nuclear-
thermochemical couplings a highly attractive option:
¢ Reduce CAPEX by realising cost savings due to learning in successive HTGR-HTSE builds;
¢ Development of catalysis and heat integration systems to achieve a theoretical hydrogen production
efficiency of around 60 % for the SI cycle;
e Accelerate the maturation rate of thermochemical technology through research and development to close
the TRL gap (from current TRL < 3).
Currently, the efficiencies reported by process models of individual hydrogen production technologies are
used by the techno-economic model, but there is an ambition to more closely integrate these modules in future.
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Appendix A

The governing equations of the SI Cycle gas phase reaction chambers are as follows (Equations (A1)-(A16)):

_ o + (Al)
= (A2)

=1 or = (A3)
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where:
= the total molar flowrate of material into the reaction chamber;
= the total molar flowrate of material out of the reaction chamber;
= the mole fraction of component within the reaction chamber;
= the molar inventory of component within the reaction chamber;
= the total molar inventory within the reaction chamber;

A '

= the volume of the reaction chamber;

= temperature within the reaction chamber;

= pressure within the reaction chamber;

= pressure of the reaction chamber outlet (
= the volume specific molar rate of reaction, a function of  and

( ¢ - ).0)
=(C.)
A —A +
= ()
= ()
= ()

represents a PI function) (specified);
( =1,2..n);

= the stoichiometric coefficient of component in the reaction;
= the concentration of component within the reaction chamber;

= the internal energy of the reactor system;

= the molar specific enthalpy of the reactor system.

= the enthalpy of component at ;

= the enthalpy of component at the inlet temperature, ;

temperature to the temperature of the reactor contents;

= the enthalpy of reaction (a function of

);

= the heat flux from outside the reactor system;

= the setpoint temperature for the reactor (

represents a PI function).

(A4)

(A5)
(A6)

(A7)

(A8)

(A9)

(A10)

(A11)

(A12)
(A13)
(A14)
(A15)

(A16)

= the molar specific enthalpy change required by the reactor system to change component from the inlet
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The governing equations of the SI cycle liquid phase reaction chamber are as follows (Equations (A17)-
(A33)):

—_= - + (A17)

= (A18)

=1 or = (A19)
= , (A20)

= (A21)
= () (A22)
= c ¢ = )0 (A23)

= (C.) (A24)

=— (A25)

—_— = ) A o A + (AZ 6)
= (A27)
- = , (A28)

A= - (A29)
A = () (A30)
= () (A31)

= () (A32)

= ( - ) (A33)

where:
= the total molar flowrate of material into the reaction chamber;
= the total molar flowrate of material out of the reaction chamber;
= the liquid mole fraction of component within the reaction chamber;
= the molar inventory of component within the reaction chamber;
= the total molar inventory within the reaction chamber;
= the volume of reaction chamber (  represents a PI function - representing level /volume control);
= the volume of the reactor inventory;
= temperature within the reaction chamber;
= density of the reaction chamber inventory;
= the volume specific molar rate of reaction, a functionof and ( =1,2..n);
= the stoichiometric coefficient of component i in the reaction;
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= the concentration of component within the reaction chamber;
= the enthalpy of the reactor system;
= the molar specific enthalpy of the reactor system.
= the enthalpy of component at ;
= the enthalpy of component at the inlet temperature, ;
A =the molar specific enthalpy change required by the reactor system to change component from the inlet
temperature to the temperature of the reactor contents;
= the enthalpy of reaction (a function of );
= the heat flux from outside the reactor system;
= the setpoint temperature for the reactor ( represents a PI function).

The volume specific molar rates of reaction for the three reactions are modelled according to the following
kinetics (Equations (A34)-(A40)):

= 4l 22l 2 ] (A34)

P = o 2 4] (A35)
=2( 3] 1P— 3l 22D (A36)

17 1 (__1{1_29;.15» (437)
L= (__2> (A38)

iz (__3) (A39)
= (_;3) (A40)

Using absolute temperature in K, molar concentrations in mol 1! and the activation energies and pre-
exponential factors from [38] given in Table Al.

Table Al. HTSE steady state process parameters.

Parameter Value Units

Eq 4.187 k] mol?
Ez 73.1 k] mol?
E3 108 k] mol !
E3 184 k] mol !
A1 3x10° L?molts?
Az 6.8 x 10* st

Az 1.596 x 107 Lmolts?
As 1x101! st
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