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Abstract: Hydrogen produced without carbon emissions could be a useful fuel as nations look to
decarbonize their electricity, transport, and industry sectors. Using the iodine-sulfur (IS) cycle
coupled to a nuclear heat source is one method for producing hydrogen without the use of fossil
fuels. An economic dispatch model was developed for a nuclear-driven IS system to determine
hydrogen sale prices that would make such a system profitable. The system studied is the HTTR-
GT/H,, a design for power and hydrogen cogeneration at the Japan Atomic Energy Agency’s High
Temperature Engineering Test Reactor. This study focuses on the development of the economic
model and the role that input data plays on final calculated values. It was found that the input
electricity prices, whether using historical data or a host of synthetic time histories, produce signi-
ficantly different breakeven hydrogen sale prices. As such, great care should be used in these eco-

nomic dispatch analyses to select reasonable input assumptions.

Keywords: Nuclear; Economic Dispatch; Integrated Energy Systems; Iodine-Sulfur Cycle;

Stochastic Optimization

1. Introduction

In recent years, research on hydrogen use, production methods, and economics has
increased as countries began attempting to reduce their carbon footprints. As a power
source, hydrogen offers flexible electricity generation, with the potential to serve as load
following or peaking power units. Hydrogen could also be used to shift electricity
demand to off-peak hours, acting as a large-scale demand response or energy storage
medium. Producing hydrogen via nuclear power and using it as a flexible load resource
is being investigated by numerous organizations [1-3]. Several of these nuclear
hydrogen configurations are also currently in development.

These nuclear integrated energy systems (IES) could provide economic benefits to
nuclear power plants (NPPs). Competing with cheap fossil resources and declining

renewable energy costs has left NPPs at an economic disadvantage [4]. Hydrogen
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production allows NPPs to diversify their revenue streams, and has potential to increase 35
NPP profitability [5]. 36

In Japan, fossil fuel import requirements have led to high electricity prices and in- 37
vestigation into methods of producing electricity cheaply and locally [6]. Nuclear power 38
could be advantageous to fossil fuels, since uranium is much more energy dense, re- 39
quires less frequent imports, and can be stored onsite for future use. Furthermore, fol- 40
lowing their initial installation, sources of renewable energy do not require any addi- 41
tional imports. Combining these technologies in a way that also reduces carbon emis- 42
sions while maintaining low electricity prices is important for the future of Japan’s elec- 43
tricity system. An IES that enables NPPs to sell a secondary commodity instead of losing 44

money on electricity sales could help boost overall system profitability. 45

Besides addressing cost and security concerns, hydrogen produced via nuclear energy 46
could help in meeting the greenhouse gas reduction goals set by Japan’s Ministry of Eco- 47
nomy, Trade, and Industry (METI). METI has also set cost-reduction goals for hydrogen 48
produced via low- or zero-emission sources [7]. With sufficient infrastructure, this clean 49
hydrogen could be used to aid in decarbonizing Japan’s industry or transport sections. 50
Currently in Japan, hydrogen is sold at a wholesale price of ~100 ]PY/Nma. METI's goal 51
is to reduce this price to 30 ]P\{/Nm3 by 2030, and to 20 ]PY/Nm3 by approximately 2050 52
[7]. 53

Government and research entities in Japan have also achieved expertise in nuclear 54
high-temperature gas-cooled reactors (HTGRs) and the applications thereof. The oper- 55
ating High-Temperature Engineering Test Reactor (HTTR) has aided in acquiring HTGR 56
experimental and operational experience. The HTTR is a 30-MWt, helium-cooled reactor 57
that uses graphite moderated prismatic fuel assemblies. The outlet temperature is 58
950°C—high enough to integrate different process applications (e.g., hydrogen produc- 59
tion) for testing purposes [8]. 60

The iodine-sulfur (IS) cycle for hydrogen production appears a strong candidate for 61
pairing with an HTGR [9]. The IS cycle utilizes a Bunsen reaction to convert water, I,, 62
and SO, into HI and H,SO,. The HI is then split up into its hydrogen and iodine com- 63
ponents. A side reaction converts the H,50O, into SO,, water, and oxygen, thus complet- 64
ing the cycle. This cycle requires high quality heat at upwards of 800°C, meaning that 65
coupling with the current fleet of light-water reactors is difficult [10]. The Japan Atomic 66
Energy Agency (JAEA) has emphasized this hydrogen production system [11], going so 67
far as to design an HTTR and IS cycle cogeneration facility known as the HTTR-GT/H,. 68

The HTTR-GT/H, is a design for coupling the HTTR with an IS cycle in order to 69
demonstrate hydrogen-HTGR coupling capabilities. The process diagramed in Figure 1. 70
adds an intermediate heat exchange system to the HTTR in order to send heat to the 71
nuclear-IS. A turbine for generating electricity is also planned. Thus, the demonstration 72
could entail the choice of whether to dispatch and sell hydrogen or electricity, depend- 73

ing on regional electricity prices, hydrogen agreements, or other economic incentives. 74
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Figure 1. Process diagram for a nuclear-IS connecting the HTTR with an IS hydrogen production

facility [12].

While the technical development of the HTTR-GT/H, has been detailed in previous
studies, this report focuses on developing a techno-economic model to flexibly dispatch
the HTTR-GT/H, for electricity and/or hydrogen cogeneration. The goal is to investigate
the potential impacts of different input assumptions or real-world conditions on the
profitability of such a system. This work seeks to improve our understanding of the as-
sumptions necessary for eventually making investment decisions pertaining to com-
mercial hydrogen systems.

The HTTR-GT/H, system was chosen for this economic model, due to its simple
design and the availability of process modeling data. Compared to commercial-scale
systems, the HTTR-GT/H, is relatively small, both in terms of nuclear plant size and hy-
drogen production. The small size means that electricity price feedback to the operation
changes of the HTTR-GT/H, would be minimal. The HTTR-GT/H, has undergone de-
tailed process modeling and has developed operation modes. Knowing the operating
conditions for both the electricity sale and hydrogen sale modes makes the economic
dispatch easier to model, and the smaller nature of this system helps further simplify the
problem, since the system would participate in fewer electricity markets and have a
lessened impact on the electricity and hydrogen markets at large. This makes the impact
of certain inputted data (e.g., electricity price data) more readily apparent. These effects
and assumptions should be known prior to expanding this modeling methodology to

larger, commercial systems as part of a broader study.
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The HTTR-GT/H, dispatch model acts as a price-taker model. Electricity is sold 98
when regional electricity prices exceed the HTTR’s operating costs, and hydrogen is pro- 99
duced when the electricity price falls below HTTR-GT/H, electricity production costs. 100
The hydrogen is produced via the co-located IS cycle, as detailed in [12]. The price-taker 101
assumption means that the model does not have any feedback between the changing 102
load from the nuclear-IS cycle and grid electricity prices. This assumption is generally 103
made for small generators and loads, such as the HTTR-GT/H,. 104

The goal of the dispatch model is to determine the price at which the system can 105
sell hydrogen while breaking even economically. This price, also known as the levelized 106
cost of hydrogen (LCOH), is the point at which sufficient money is made to justify build- 107
ing the hydrogen facility and dispatching energy to hydrogen production instead of 108
selling only electricity. 109

The dispatch model was developed using the Risk Analysis Virtual Environment 110
(RAVEN) model, developed at Idaho National Laboratory [13]. Two RAVEN plugins, 111
the Holistic Energy Resource Optimization Network (HERON) and the Tool for Eco- 112
nomic Analysis (TEAL)—also developed at Idaho National Laboratory —were used for 113
creating the dispatch algorithm and tracking the economic parameters within the model 114
[14]. 115

2. HTTR-GT/H, Dispatch Model Methodology 116

The HTTR-GT/H, dispatch model was developed to generate insights into the optimal 117
dispatch of nuclear IES and how different factors can affect that dispatch. As such, this 118
model demonstrates how the HTTR-GT/H, might best be dispatched in response to fluc- 119

tuating hourly electricity prices throughout the year. The model also allows for invest- 120
igation of different input assumptions and their effect on the stochastic optimization of 121
decision to dispatch hydrogen or electricity. 122
2.1. Modeling Framework 123

The RAVEN framework is a multi-purpose optimization, data analysis, and uncer- 124
tainty quantification code. It can be used in conjunction with the HERON plugin to de- 125
velop economic dispatch models. 126

HERON creates a two-loop dispatch algorithm that incorporates RAVEN’s optim- 127
ization and synthetic time history generation abilities. The general structure of the 128
stochastic dispatch model is given in Figure 2. The outer loop optimizes some grid para- 129
meter(s) (e.g., generator capacity), while the inner loop samples synthetic time histories, 130

performs the economic dispatch, and tracks discounted cash flows via the TEAL plugin. 131
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Figure 2. General schematic of the HERON dispatch model workflow [15].

The HERON plugin was used to build the HTTR-GT/H, dispatch model in RAVEN.
HERON simplified the creation of this model, which might otherwise prove complicated
for typical RAVEN users. HERON enables users to quickly develop inputs based on
technology prices, commodities such as electricity or hydrogen, and the hydrogen and
electricity markets. HERON then translates these user-friendly inputs into RAVEN
scripts that utilize RAVEN’s sampling, data transfer, and stochastic optimization capab-
ilities to perform the dispatch.

Figure 3 shows the decision process for the HTTR-GT/H, dispatch model. This spe-
cific dispatch model utilizes an inner loop to perform the hydrogen/electricity (e- in Fig-

ure 3) dispatch, and an outer loop to track hydrogen prices.

Parallelized Inner Loop

Sample Economic
e- price Dispatch
Output NPVs
Set H, Pri Sample Economic Expected Completed and
€Lz Price e- price Dispatch Value of NPV associated
H, prices
Sample Economic
e- price Dispatch

Figure 3. Algorithm used in the HTTR-GT/H, price-taker dispatch model. The model can run a
different inner loop for each stochastic time history in order to generate an expected net present

value.

2.2. Synthetic Time History Production

For the dispatch model to perform the stochastic optimization, a method of produ-
cing synthetic data was required. An autoregressive moving average (ARMA) model

coupled with a Fourier series detrending model, known as a FARMA model, was
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trained and used to produce synthetic electricity-price time histories. RAVEN’s capabil- 152
ities allow users to train a FARMA on historical, time-dependent datasets, then sample 153
that model to create synthetic time histories. The FARMA model takes a time history as 154
input and uses a Fourier fast transform to extract the signals that occur on different time 155

scales. The Fourier detrending equation is given in Equation 1, as taken from [16]: 156
1)

After the Fourier detrending, the ARMA statistically quantifies the noise and allows 157
for stochastic reproduction in future samples. The Fourier detrend pulls out all the 158
strong, time-dependent trends in the dataset, leaving the noise. An ARMA algorithm can 159
be used to model that noise. Equation 2 describes the ARMA process: 160

)

where is the output vector for a given dimension n. The input vectors, 6 and ¢, are 161
n by n matrices, and a is the error term. The variables and are the autoregressive and 162
moving average terms, respectively. When parameter is zero, only the moving average 163
is used. When is zero, the process is exclusively autoregressive. 164

The dispatch model can then sample the FARMA model and produce large num- 165
bers of synthetic time histories for stochastic optimization purposes. As a price-taker 166
model, its dispatch is based on economic decisions dependent on the electricity prices 167
from trained FARMA. 168

Historical electricity prices for the HTTR operating region (i.e., the Tokyo region of 169
Japan’s electricity system) were used for training the FARMA model. The HTTR-GT/H, 170
was assumed ineligible for the non-fossil or baseload markets, due to its status as a 171
small-scale test reactor. Larger commercial reactors could likely participate in the spot 172
and intraday markets, in addition to the baseload and non-fossil markets. The input data 173
were separated into 30-minute increments covering a 1-year period. Prices reflect 2018 174
historical prices. 175

RAVEN'’s advanced clustering methods were leveraged to improve the accuracy of 176
the synthetic price data [17]. While the Fourier detrending is useful for capturing sea- 177
sonal effects, the clustering takes it a step further by isolating those segments with major 178
differences. 179

RAVEN clustered the data set into representative 4-day periods. Each representat- 180
ive 4-day period is known as a cluster, and each cluster was trained as an individual 181
FARMA. By training these individual 4-day clusters—as opposed to a single 182
FARMA —over the year, RAVEN can achieve improved accuracy by further isolating the 183
effects of long-term seasonal trends. Each specific 4-day window, or segment, is then as- 184
signed to the cluster that best represents it. The clustering algorithm offers improved ac- 185
curacy compared to overtraining the FARMA over the entire year. 186

Figure 4 shows each cluster and the time at which it occurred in the year. Each pan- 187
el shows the 4-day periods that are similar to each other and are thus representable by a 188
single FARMA model. Note that the 4-day periods in the shoulder months (usually in 189

the spring and fall) tend to be similar. Additionally, the summer or winter peaks may 190



Energies 2021, 14, x FOR PEER REVIEW 7 of 19

Electricity Price (JPY/kWh)

have only a few 4-day segments in their cluster. This is a feature of the clustering al-
gorithm: by training a different FARMA for each representative window, the peak price
events will not impact the production of synthetic data for the more typical shoulder

months.
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Figure 4. Four-day segments plotted by cluster, as produced by RAVEN when training the
FARMA.

In Figure 5, a complete synthetic time history is plotted against the original data.
This synthetic history reflects a possible time history of electricity prices that is statistic-
ally similar to the original input data. The FARMA can be sampled many times over to
produce a broad range of synthetic time histories statistically similar to the input price

profile.
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Figure 5. Historical 2018 Tokyo region electricity prices plotted against the synthetic time history
produced by sampling the RAVEN FARMA.

For each model run, the FARMA was sampled 100 times to reduce the modeling
uncertainties in the input electricity prices. The price duration curve (PDC) is shown in
Figure 6.

The historical PDC is largely identical to the average synthetic PDC, except when

comparing the 100 or so highest electricity price hours.
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Figure 6. PDC comparison between the synthetic and historical data.
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This dispatch model will be used to investigate the impact of the PDC discrepancy 213
found in the 100 or so highest electricity price hours. Therefore, the model was run in 214
two modes: one using 100 synthetic price histories and returning the expected breakeven 215
sale price of hydrogen, and the other using the historical PDC to determine the expected 216

breakeven sale price of hydrogen. 217
2.3. HTTR-GT/H, Dispatch Dynamics 218

After sampling the FARMA to produce a synthetic dataset, the model dispatches 219
either electricity or hydrogen, depending on the electricity price at each time step. When 220
the electricity price exceeds the cost of producing electricity, electricity is produced and 221
sold. When the electricity price falls below the cost of producing electricity, hydrogen is 222
produced and sold. In this manner, the model chooses the most economically advant- 223
ageous commodity to produce and sell during each hour. 224

The dispatch algorithm assumes that the HTTR-GT/H, operates in one of two 225
modes, as put forth by Yan et al. [12]. These modes are given as (a) and (b) in Table 1. 226
The dispatch algorithm decides between dispatching electricity in accordance with op- 227
eration mode (a), or dispatching hydrogen in accordance with mode (b). The system is 228
assumed flexible enough to switch back and forth between modes within the 30-minute 229
time steps allotted. Note that these configurations are based on proposed test designs for 230
the HTTR-GT/H,, which may not necessarily utilize the HTTR’s entire 30-MWt heat for 231

hydrogen/electricity production. 232
Table 1. HTTR-GT/H, operational modes (reproduced from [12]). 233
Operation mode —» a b
Reactor outlet temp, °C 850 950
Reactor power, MWt 30 30
IHX 2nd side in/out temp, °C 374/570 150/900
IHX 2nd side flow, kg/s 9.85 2.57
IHX heat transferred, MWt 10 10
PPWC heat transferred, MWt 20 20
Turbine inlet temp. °C 568 568
Turbine inlet pressure, MPa 4.06 4.08
Turbine flow, kg/s 9.85 9.15
Compressor pressure ratio 1.38 1.34
GT system pressure loss, % 7% 2%
Reactor bypass flow, % 0 72
HT heat to hydrogen plant, MWt 0 0.7
Heating temp to hydrogen plant, °C - 840
Power generation, MWe 0.6 0.3
Hydrogen production, Nm*/h 0 29.5
234
The IS cycle design developed by JAEA is sized to provide 29.5 Nm/ hr of hydro- 235
gen, as per the design in [12]. 236

The amount of hydrogen delivered during each hour ( is represented in Equation 3. 237

When the price of electricity () falls below the electricity production cost (), the system 238
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dispatches hydrogen in accordance with the previously defined operation modes. When 239
electricity price is higher than the cost of producing electricity, hydrogen is not pro- 240

duced; instead, the power is used to make electricity. 241

(3a)

(3b)

2.4. Cash Flow Analysis 242

Once the dispatch is complete, the model collects economic data to produce a sys- 243
tem net present value (NPV). These cash flows include the capital cost, operating and 244
maintenance costs of the IS cycle, and an assumed hydrogen storage cost. Revenue 245
comes from the sale of hydrogen and electricity. 246

The NPVs in this report represent a differential NPV, shown in Equation 4. NPV, 247
is the NPV of the HTTR-GT/H, when only electricity is sold and no hydrogen process 248
has been built. NPV, serves as a baseline against which NPV, is compared. When 249
ANPV is positive, the cogeneration system is more profitable than only selling electricity. 250
When ANPV is negative, the system would be more profitable focusing on electricity 251
and not building the IS unit. Thus, when ANPV is 0, the profitability of the cogeneration 252
system equals that of only generating electricity. This is the breakeven point, at which 253

the hydrogen price represents the LCOH for this system. 254
4)

Using ANPV means that only cash flows that differ between reference and cogen- 255
eration cases need to be tracked. Expenditures such as fixed HTTR costs and capital in- 256
vestments associated with the nuclear reactor can be disregarded, as they are equivalent 257
in both the reference case and cogeneration cases. The limitation of this method is that 258
ANPV only reflects the nuclear-IS profitability relative to the reference case, rather than 259

determining its absolute profitability. More information on the economics of the HTTR- 260

GT/H, are required before an analysis of total system profitability can be conducted. 261
Equation 5 gives the mathematical basis for disregarding equivalent cash flows that 262
appear in both the reference and cogeneration NPVs. 263

(5a)

(5b)

(50)

The NPVs are calculated by summing the discounted cash flows associated with 264
each case. Equation 6 details the NPV calculation. For this analysis, the discount rate, r, 265
is 8%. 266

(6)

The cash flows accounted for in the cogeneration case are (1) cost of electricity gen- 267

eration from HTTR-GT/H,, (2) IS capital and operating cost, (3) hydrogen storage, (4) 268
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revenue from electricity sale, and (5) revenue from hydrogen sale. Only the cost of elec- 269
tricity generation and revenue from electricity sale are tabulated in the reference case. 270
The simulation is run for 1 year and used for every year of the project’s 30-year lifetime. ~ 271

The output for this model is the breakeven cost of hydrogen. Hydrogen prices ex- 272
ceeding the LCOH would make building the nuclear-IS system and strategically dis- 273
patching hydrogen more profitable than just selling electricity. Prices below the LCOH 274
mean that the system would lose money relative to only selling electricity. The model 275
allows for investigating the uncertainty that certain model inputs (e.g., electricity price 276
data) impose on the LCOH. 277

To find the LCOH, the hydrogen price was varied, and the point at which ANPV 278
equaled zero was found. This can either be achieved via optimization or by sweeping 279
the solution space on a grid and locating the zero point. For this analysis, the grid sweep 280

was used, since the only variable being perturbed was the hydrogen price. 281
2.5. Economic Parameters 282

The cost of hydrogen production from the nuclear-IS system is given in Figure 7, as 283
estimated by JAEA in [18]. The capital cost is driven by the capacity of the IS cycle. For 284
example, the provided capital cost of 3.4 ]PY/m3 was multiplied by the IS cycle capacity 285
of 29.5 m’/hr and the 8,760 hours in the year. The loss of chemicals during operation of 286

the IS was treated as a variable operating cost. 287

Loss of chemicals
0.2JPY/Nm?

Capital cost
3.4JPY/Nm?

Operational cost
2.0IPY/Nm?

H, production cost

25.4JPY/Nm3

Nuclear heat
19.9JPY/Nm?

288
Figure 7. Cost breakdown of hydrogen production by nuclear-IS system. Note that, for this ana- 289
lysis, the capital cost is taken on a capacity basis (i.e., Nm’ of capacity). The figure is reproduced 290
from [18]. 291

The dispatch model also assumes a hydrogen storage cost for a tank sized to hold 4 292
hours of production from the IS cycle. Storage flexing and hydrogen overproduction is 293
not included in this analysis. The storage acts as a simple addition to the capital cost. A 294
price of $600/kg was used [5], equivalent to 5326.5 ]PY/Nm3 at an exchange rate of 106 295
JPY =1 USD. 296



Energies 2021, 14, x FOR PEER REVIEW 12 of 19

3. Results

Two scenarios were run: dispatch using synthetic price histories and dispatch using
the historical PDC. For the synthetic case, each dispatch instance was run with 100 syn-
thetically generated electricity price time histories to produce a more stochastic optim-
ization. The historical case used the 2018 historical electricity prices as input. The outer
loop varied hydrogen prices from 0 to 120 ]PY/NmS.

A sample 8-hour dispatch window is shown in Figure 8. The amount of revenue
that the system would generate during each hour is calculated for hydrogen and electri-
city sale while operating in hydrogen production mode and electricity production mode,
respectively, as shown in Figure 8a. Hydrogen or electricity is then produced, depend-

ing on which opportunity cost is greater (see Figure 8b).

(a) _ 3000
—_
-g.l 2000
3 1500
=
&= 1000
= 500
5
Q I:
& 0 2 4 & B
Hour
— Electricity Opportunity Cost ——Hydrogen Opportunity Cost
(b) 350 20
= e
-g 300 s E
%’ 250 -E.
T 200 10 3
& e
& 150 . E
I o
=100 oo
= =]
B 0 ol
@ 50 'g
= I
0 5
0 1 2 3 4 5 & 7 8
Hour
Electricity Dispatch (kWH) ——Hydr g en Dispach m3)

Figure 8. Example of dispatch logic over an 8-hour period. (a) The opportunity cost for producing
hydrogen or electricity. (b) Hydrogen or electricity modes dispatched in accordance with higher

opportunity cost. This strategy ensures that electricity is sold only when profitable.

3.1. Stochastic Optimization of LCOH
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The stochastic optimization case performed economic dispatch on 100 different syn-
thetic price time histories generated by sampling the trained electricity-price FARMA.
The individual economic parameters were gathered for each of these runs, and the mod-
el returned the expected ANPV.

Figure 9 shows the relationship between hydrogen price and ANPV. Breakeven
LCOH occurs at 67.5 ]PY/m3, when the ANPV is zero. Hydrogen prices were evaluated
in increments of 10 ]PY/m3 (from 20 to 120 ]PY/ms), with higher resolution around the

breakeven price of hydrogen.

4.0E+07
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=2
< 1.5E+07
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5.0E+06

0.0E+00
0 20 40 60 80 100 120 140

-5.0E+06 .
Hydrogen Price (JPY/m3)

Figure 9. ANPV for various hydrogen prices, using the synthetic PDC as input. The red dot rep-
resents the breakeven LCOH.

Hydrogen prices above and below the LCOH offer insight into the system dynam-
ics. With the IS cycle dispatched while hydrogen prices are less than the LCOH, too few
hydrogen-producing hours exist to recover the capital expenditures incurred by build-
ing the IS unit. With hydrogen prices greater than LCOH, hydrogen sale becomes eco-
nomically advantageous in ample time, ultimately recovering—even exceeding—the
capital cost.

Figure 10 shows the number of hours per year during which the IS cycle dispatches
hydrogen. At 40 ]PY/m3 or less, the hydrogen price is so low that the IS unit is never eco-
nomically advantageous to dispatch. An LCOH of 67.5 ]PY/m3 equates to 431 expected
hours of hydrogen production per year. Price increases result in boosting the number of
hours in which hydrogen production is economically advantageous. At a high enough

hydrogen price, the system would choose to dispatch hydrogen exclusively.
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Figure 10. Utilization rate of the IS unit, plotted against the hydrogen price in the stochastic op-
timization scenario. As the hydrogen price rises, hydrogen deployment becomes increasingly
more economically advantageous than electricity sale, thus the number of hydrogen production

hours increases. The red dot represents the breakeven LCOH.

Table 2 summarizes the expected parameters for dispatch at the LCOH.

Table 2. Expected dispatch values for the system at a levelized hydrogen cost of 67.5 ]PY/mS.

Parameter Expected Value (per year)
Hydrogen Produced 127,020.4 m3
Electricity Produced 5,126.6 MWh

Hours of Hydrogen Production 431.2 Hours

3.2. LCOH with Historical Price Duration Curve

Comparing the stochastically optimized LCOH to one optimized using historical
PDC data is useful for understanding the implications of the distribution tails on cost.
The stochastic optimization case outputs the expected LCOH under a wide range of pos-
sible synthetic PDC. LCOH optimization using the historical dataset gives an example of
the LCOH found on a PDC that is slightly skewed to higher prices.

As with the stochastic case, Figure 11 shows that hydrogen is not dispatched at low
hydrogen prices, and that there is a range in which a small amount of energy is dis-
patched for hydrogen production despite the inability to recover the IS capital cost. In
this case, when hydrogen prices fall below approximately 80 ]PY/mB, the system does
not dispatch hydrogen. At 80-98 ]PY/mS, a small amount of hydrogen is dispatched. At
98.1 ]PY/mS, the ANPV equals zero, thus representing the LCOH.
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Figure 11. ANPV for various hydrogen prices, using the historical PDC as input. The red dot rep-

resents the breakeven LCOH.

Figure 12 shows the IS unit’s utilization rate plotted against the hydrogen price. The

utilization rate is zero hours when the hydrogen price is low. At an LCOH of 98.1

]PY/ms, the IS unit produces hydrogen during 637 hours. Figure 12 shows the utilization

rate of the IS under different hydrogen price conditions.
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Figure 12. Utilization rate of the IS unit, plotted against the hydrogen price. As the hydrogen price

rises, hydrogen deployment becomes increasingly more economically advantageous than electri-

city sale, so the number of hydrogen production hours increases. The red dot represents the break-

even LCOH.

Table 3 summarizes the dispatch parameters found at an LCOH of 98.1 ]PY/ms.

Table 3. Dispatch values for the system at a levelized cost of hydrogen of 98.1 ]PY/m3.

Parameter

Expected Value (per year)

Hydrogen Produced

18,791.5 m?
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Electricity Produced 5,064.9 MWh
Hours of Hydrogen Production 637.0 Hours
4. Discussion 369

The reported LCOH values should not be relied on as a basis for making invest- 370
ment decisions. Rather, they help us understand the implications of different inputs, so 371
that when economic competitiveness is evaluated, the correct breadth of input data can 372
be applied. 373

The effects of price distribution can be viewed by comparing the stochastic optim- 374
ization case to the historical PDC case. The hydrogen dispatch is driven by two factors: 375
the hours having the lowest electricity prices and the price of hydrogen. By raising the 376
price of hydrogen, selling hydrogen becomes more profitable during more hours. Lower 377
electricity prices and more incidences of low electricity prices also make hydrogen more 378
economically advantageous than electricity. 379

The lowest-priced hours of the electricity price distribution are what dictate system 380
profitability, since the capacity is fixed and the hydrogen price varied. The stochastic op- 381
timization case uses synthetic price histories in an attempt to produce the expected 382
LCOH. On average, the synthetic histories showed lower electricity prices at the tail than 383
did the historical price distribution. This led to a lower LCOH than in the historical case. 384

This lowest-priced hour distribution phenomenon is illustrated in Table 4. The low- 385
est 500 hours of electricity prices from the year are averaged and compared with the 386
LCOHs for several different synthetic histories. The average electricity price over the 387

year is also provided. The LCOH shares a stronger correlation with the bottom-hour av- 388

erage than with the total yearly price average. 389
Table 4. Impacts of the distribution tail on LCOH. 390
Average Electricity Average Yearly Elec- LCOH
Scenario Price, Cheapest 500 tricity Price (PY/m’)
Hours (JPY/kWh) (JPY/kWh)

Minimum 2.14 6.91 38.1

Minus 1 Standard Deviation 3.16 7.73 45.0

Mean 5.92 10.56 68.2

Historical' 6.80 11.09 83.2

Plus 1 Standard Deviation 7.87 13.40 88.0

Maximum 8.43 14.84 94.0

391

Synthetic data produced using the ARMA method outputted cheaper bottom-500- 392
hour price averages, as well as overall average prices that were lower than the historical 393
averages. This meant that the distribution of PDCs was slightly more favorable to hy- 394
drogen dispatch than the historical PDC. As such, the LCOH was lower in the stochastic 395

case than in the historical case. 396

I The historical scenario is only scenario not produced by sampling the ARMA model.
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This analysis demonstrates that careful consideration should be taken when apply- 397
ing PDCs to this type of economic dispatch problem. The breakeven price of hydrogen 398
highly depends on the PDC input. Stochastic optimization helps reduce uncertainty, but 399
care should still be taken to produce PDCs that are meaningful in in regard to the chosen 400
timeframe of analysis. For example, using a 2020 PDC to predict the 2030 LCOH would 401
be inappropriate. A projection of 2030 prices would be acceptable, but the best practice 402
would be to use a host of projected possibilities to produce an expected LCOH. 403

The results from this study also show that lower overall electricity prices and more 404
incidences of low prices would provide greater economic incentives for hydrogen pro- 405
duction. This means that NPPs in locations with depressed electricity prices due to 406
factors such as zero- or negative-bid renewable energies, mild climates, or low electricity =~ 407
demand could provide hydrogen at a lower price, yet still breakeven or potentially turn 408
a profit. 409

Several other pathways exist for reducing the LCOH. Reducing capital expendit- 410
ures would depress the LCOH. The effects and sizes of potential storage options could 411
be explored in more detail. Additional cashflows generated by the NPP’s ability to par- 412
ticipate in other areas of the electricity market would lower the ANPV and thus the 413
LCOH, as well. Before investment decisions are made, each of these sensitivities should 414

be investigated to better understand their feedback. 415

5. Conclusions 116

This analysis explored the economics of dispatching a nuclear-IS cogeneration unit. 417
The results demonstrate the economic potential of such a system when compared to only 418
selling electricity. These results highly depend on input assumptions, specifically the 419
magnitude and distribution of electricity prices. The LCOH in this report should not be 420
taken as a final value for the HTTR-GT/H,’s profitability, but as an exploration of the im- 421
pacts of input assumptions on the final answer. Special care should be taken in this type 422
of dispatch analysis to produce a host of meaningful electricity price time histories that 423
represent possibilities for the evaluation years. In this regard, the FARMA approach 424
shows great potential. 425

This study also serves as another indicator that dispatching hydrogen and electri- 426
city could be more economically advantageous than just selling electricity in the right 427
conditions. Much of the nuclear hydrogen production and dispatch work focuses on 428
light water reactors and U.S. electricity markets while focusing on electrolysis hydrogen 429
production technology. This study performs the economic dispatch on a unique reactor, 430
hydrogen production system, and electricity market and shows the breakeven price of 431
hydrogen. Performing these analysis at different locations and with different technolo- 432
gies is important for understanding the economic competitiveness of producing hydro- 433
gen from nuclear. 434

Efforts to further this research could include running a larger stochastic optimiza- 435
tion case aimed at optimizing the size of the IS unit on a commercial reactor, or at op- 436

timizing different sensitivities (e.g., capital cost). 437
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