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ABSTRACT

A reference design for a commercial-scale high-
temperature electrolysis (HTE) plant for hydrogen production
was developed to provide a basis for comparing the HTE
concept with other hydrogen production concepts. The
reference plant design is driven by a high-temperature
helium-cooled nuclear reactor coupled to a direct Brayton
power cycle. The reference design reactor power is 600
MW,, with a primary system pressure of 7.0 MPa, and reactor
inlet and outlet fluid temperatures of 540°C and 900°C,
respectively. The electrolysis unit used to produce hydrogen
includes 4,009,177 cells with a per-cell active area of 225
cm’. The optimized design for the reference hydrogen
production plant operates at a system pressure of 5.0 MPa,
and utilizes an air-sweep system to remove the excess oxygen
that is evolved on the anode (oxygen) side of the electrolyzer.
The inlet air for the air-sweep system is compressed to the
system operating pressure of 5.0 MPa in a four-stage
compressor with intercooling. The alternating-current (AC)
to direct-current (DC) conversion efficiency is 96%. The
overall system thermal-to-hydrogen production efficiency
(based on the lower heating value of the produced hydrogen)
is 47.1% at a hydrogen production rate of 2.356 kg/s.

An economic analysis of this plant was performed using
the standardized H2A Analysis Methodology developed by
the Department of Energy (DOE) Hydrogen Program, and
using realistic financial and cost estimating assumptions. The
results of the economic analysis demonstrated that the HTE
hydrogen production plant driven by a high-temperature
helium-cooled nuclear power plant can deliver hydrogen at a
competitive cost. A cost of $3.23/kg of hydrogen was
calculated assuming an internal rate of return of 10%.

INTRODUCTION

The United States is exploring the feasibility of a
hydrogen-based economy with the goals of reduced oil
consumption, independence from foreign energy, and reduced
greenhouse gas emissions. The Idaho National Laboratory

(INL) has an on-going project funded by the Department of
Energy (DOE) under the Nuclear Hydrogen Initiative
studying nuclear-powered high-temperature electrolysis of
steam using solid-oxide cells for large-scale hydrogen
production [1-4].

Because high temperature electrolysis is an evolving
technology, a reliable cost estimate for the INL high
temperature electrolysis design was needed to compare it
with the cost of other concepts, already developed or under
development. A few researchers and organizations have
developed methodologies and cost analyses for specific
designs of their chosen application. Ivy [S] has provided a
summary of hydrogen production costs by various companies
for production rates ranging from 200-1000 kg/year to
~100,000 kg/year.  The systems were based on low
temperature electrolysis using either potassium hydroxide or
proton exchange membrane (PEM) electrolyzers. Estimated
costs, shown in Figure 1, were $4.15/kg for a large system
(~1000 kg/day), $8.09/kg for a medium system (~100
kg/day), and $19.01/kg for a small system (~20 kg/day),
respectively. These costs were based on an assumed plant
lifetime of 40 years and electrolyzer cell stack lifetimes of 5-
15 years.

Hitachi of Japan, see Karasawa [6], also calculated the
cost of producing centralized hydrogen by both the
thermochemical sulfur-iodine (S.-I.) and electrolysis
methods. Hitachi considered the steam-methane reforming
process for producing hydrogen as a cost target. The total
cost included costs for production, delivery, and distribution.
Each cost consists of a fixed cost and a variable cost. The
fixed cost was calculated by multiplying the capital cost by a
capital rate. The capital rate is the sum of plant depreciation
(scrap value being 10% of the total capital cost), property
taxes of 1.4%, insurance of 0.6%, maintenance and repair of
3%, a remuneration of 2.5%, and a general charge of 1%. A
plant construction fee was excluded as it is less than 10% of
the capital cost. The variable cost is the sum of a raw
material fee, a utility fee, and a labor fee. A plant life of 10
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years was assumed. However, it should also be noted that
Hitachi based their S.-I. process costs on a General Atomic
report, Brown et al. [7], using an exchange rate of 110 Yen/$.

In Japan, the power generation cost for light water
reactors is 5.9 Yen/kWh,. Thus, for a thermal efficiency of
34%, the heat cost is ~2 Yen/kWh,. The hydrogen production
cost from such a plant was $1.30/kg in 2004 currency. Table
1 shows that for the S.-I. process cost to be competitive with
that of the steam-methane reforming, the thermal efficiency
has to be above 50% and the thermal power of the nuclear
reactor has to be ~3000 MW,.

Table 2 shows the cost of the hydrogen generation by a
PEM electrolysis system. Power needed in the electrolysis
system was 4.3 kWh/nm® (47.95 kWh/kg). Karasawa [6]
concluded that a thermal power of >600 MW, and power cost
of <$0.027/kWh are needed for the process to be competitive
with the steam reforming process for hydrogen generation.

Table 1. Hydrogen production cost ($/kg) for S.-I.
process.

Thermal Thermal Efficiency of S.-I. process
Power
(MWt) 45% 55%
Heat Cost ($x100/kWh)
1.82 1.17 1.82 1.17
15 5.04 4.47 4.51 4.04
60 3.75 3.19 3.31 2.85
300 2.87 2.30 2.48 2.02
1000 2.46 1.90 2.11 1.64
3000 2.22 1.65 1.88 1.41

These studies concluded that for the new process to be
competitive with the steam-methane reforming process, the
thermal power has to be cheap and the plant size has to be
large.

The present paper performs lifecycle cost analysis of the
reference design for a commercial-scale high-temperature
electrolysis (HTE) plant for hydrogen production. The
primary advantage of HTE over conventional electrolysis is
its higher efficiency, which is due to both the higher power-
cycle efficiency and electrolyzer efficiency associated with
high-temperature operation. From thermodynamics, the
electrical energy requirement for steam electrolysis decreases
with increasing temperature, while the thermal energy
requirement increases. Consequently, at higher temperatures,
a larger fraction of the total electrolysis energy input can be
supplied in the form of heat, increasing the overall process
efficiency. In terms of electrochemical kinetics, activation
and ohmic overpotentials also decrease dramatically with
temperature. This combination of factors combined with
power conversion efficiencies in excess of 50% for the high-
temperature helium-cooled reactor operating at 900°C reactor
outlet temperature (discussed later), also results in hydrogen
production efficiencies greater than or comparable to other
hydrogen production processes currently being developed,
including  high-temperature  thermochemical hydrogen
production processes [8].

UniSim process-analysis software, a derivative of the
HYSYS software, was used in the optimization of the
commercial-scale hydrogen production plant coupled to a
high-temperature nuclear reactor.  The optimized design
described in this paper includes a nuclear reactor power
source coupled to the Brayton power cycle and integrated
with a HTE plant. The lifecycle cost analysis was performed
using the H2A (Hydrogen Analysis) methodology developed
by the DOE Hydrogen Program [9]. This methodology
utilizes a spreadsheet analysis tool that requires detailed plant
performance information, along with financial and cost
information to calculate lifecycle costs for a specific set of

Table 2. Hydrogen production cost ($/kg) for electrolysis
method [6].

Thermal Power Cost ($x100/kWh)

Power
(MW?1)

5.36 4.55 3.64 2.73

15 3.48 3.08 2.65 2.21

60 3.15 2.76 2.32 1.88

300 2.92 2.52 2.09 1.65

1000 2.81 242 1.98 1.54

3000 2.74 2.35 1.91 1.48




assumptions. These assumptions can be varied to perform
sensitivity studies. The following sections discuss the
reference INL HTE design concept along with operating
conditions and performance parameters used to develop the
lifecycle cost estimate.

HELIUM RECUPERATED BRAYTON POWER CYCLE

INL [10, 11] previously analyzed three advanced nuclear
reactor—power cycle combinations, including: a high-
temperature helium-cooled reactor coupled to a direct helium
recuperated Brayton cycle, a supercritical CO,-cooled reactor
coupled to a direct supercritical CO, recompression cycle,
and a sodium-cooled fast reactor coupled to a tertiary steam
Rankine cycle. The three advanced nuclear reactor power
cycle concepts were capable of operating with reactor outlet
temperatures in the range of 550 to 900°C. These high
temperature reactor concepts result in higher power cycle
efficiencies (33 to 55%) than that of current generation light
water reactors (30 to 35%). In addition, the availability of
high temperature process heat from these advanced reactors
can further enhance hydrogen production efficiencies. Based
on these results, a high-temperature gas-cooled nuclear
reactor coupled to a helium recuperated Brayton power cycle
(as shown in Figure 2 with 600 MW, power and a power
conversion efficiency of 53.2%) was selected as the reference
power source [12]. The primary helium coolant in Figure 2
exiting the reactor at 900°C, is split at T1, with more than
85% of the flow going to the power cycle and the remainder
(£15%) going to the intermediate heat exchanger (IHX) to
provide process heat for the HTE loop. The cooler helium
leaving the IHX (stream 3 in Figure 2) is then returned to the
reactor at the inlet pressure and mixed with the primary

Nery High 4
Temperature
Reactor M1

Recuperator

8

Reactor
Heat

Turbine

Turbine
Power
Precooler
HPC
Power

Prec
Q

High 12 \atercnn\er
Pressure
Compressor

LPC

Intercooler
Power

Low
Pressure
Compressor

—

1

Figure 2. Process flow diagram for helium recuperated
direct Brayton cycle.

coolant returning to the reactor. The helium exits from the
power turbine at a reduced pressure and temperature, and
then passes through a recuperator and precooler where it is
further cooled before entering the low-pressure compressor.
To improve compression efficiency, the helium is again
cooled in an intercooler before entering the high-pressure
compressor. The helium exits the high-pressure compressor at
a pressure that is slightly higher than the reactor operating
pressure of 7 MPa. The coolant then circulates back through
the recuperator where the recovered heat raises its
temperature to the reactor inlet temperature of 540°C,
completing the cycle.

HIGH TEMPERATURE ELECTROLYSIS PROCESS

Various concepts of coupling nuclear reactors with the
HTE hydrogen production plant were evaluated [10, 11].
These concepts included operating the HTE plant at pressures
of 3.5 and 7.0 MPa, and with and without the use of sweep
gas to remove the excess oxygen from the anode side of the
electrolyzer. These studies optimized hydrogen production
rates and efficiencies using various operating parameters for
several plant components. Based on the results of these
parametric studies, an air-sweep system was selected for the
reference design. While slightly higher overall hydrogen
production efficiencies (an increase of 1.0 — 1.5%) can be
achieved when no gas sweep system is used, concerns with
the handling of the high temperature oxygen product gas led
to the decision to use an air-sweep system for oxygen
removal from the electrolyzer anode [12].

The operating pressure of the HTE plant was also
evaluated. A higher operating pressure yields pressurized
hydrogen, which result in smaller components and lower
system pressure drops for a given mass flow rate, but lower
overall hydrogen production efficiency. Based on these
consideration and analyses performed at system operating
pressures of 3.5 and 7.0 MPa, an operating pressure of 5.0
MPa was selected for the reference design. The decision to
operate at 5.0 MPa was also influenced by the need to deliver
the hydrogen gas at elevated pressure for storage or pipeline
transport. Therefore, for this application, it is logical to
compress the liquid water feedstock at the process inlet since
liquid-phase compression work is very small compared to
compression of the gaseous product.

Based on the above considerations, a discussion of the
coupled high temperature nuclear reactor and HTE hydrogen
production plant design developed by the INL and used in the
H2A lifecycle cost analysis is provided in the following
section.

COUPLED REACTOR POWER CYCLE AND THE
HIGH TEMPERATURE ELECTROLYSIS PLANT

The overall process flow diagram for the high-
temperature helium-cooled reactor coupled to the direct
helium Brayton power cycle and the HTE plant with air
sweep is presented in Figure 3. The inlet liquid water
feedstock at 15.6°C is pressurized to the process pressure of
5.0 MPa. Downstream of the pump, condensate from the
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Figure 3. Process flow diagram for helium-cooled reactor/direct Brayton/HTE system with air sweep.

water knockout tank is recycled back into the inlet stream at
M3. The water stream is then vaporized and pre-heated in the
electrolysis recuperator, which recovers heat from the
electrolyzer output streams.

Downstream of the electrolysis heat recuperator, at M2,
the steam is mixed with recycled hydrogen product gas to
maintain reducing conditions on the steam-hydrogen
electrode. The inlet steam-hydrogen (90-10% by volume)
mixture is heated in the IHX to the electrolysis operating
temperature using high-temperature process heat from the
nuclear reactor. The steam-hydrogen mixture then enters the
solid oxide electrolysis cell (SOEC) stack, where oxygen is
electrolytically removed from the steam, producing hydrogen
and oxygen. An additional process heater is also used to add
heat from the reactor primary system to the electrolysis
process to maintain the electrolyzer operating conditions at

800°C. Downstream of the electrolyzer, the hydrogen—rich
product stream flows through the electrolysis recuperator
where the product stream is cooled and the inlet process
stream is preheated. The product stream is cooled further at
the water separation tank, where the residual steam is
condensed, yielding dry hydrogen product. The cooled
product stream is split at T2 and a fraction of the product
hydrogen is recycled into the inlet process stream, as
discussed previously. A recirculating blower is required to
repressurize the recycle stream to the upstream pressure at
M2.

The process flow diagram shows air being used as a
sweep gas to remove the excess oxygen that is evolved on the
anode side of the electrolyzer. The inlet sweep air is
compressed to the system operating pressure of 5.0 MPa in a
four-stage compressor with intercooling. After exiting from

4



the final compression stage, the air enters the IHX at about
171°C and is heated to the electrolyzer operating temperature
of 800°C using heat obtained directly from the nuclear
reactor. The sweep air then enters the electrolyzer and exits
mixed with additional oxygen. Finally, it passes through the
electrolysis recuperator to preheat the incoming inlet gas.
Some of the sweep air compression work is recovered by
expanding it in a sweep-air turbine.

The INL developed an integral electrolyzer model for
direct incorporation into the UniSim system analysis code
[13]. This electrolysis model for UniSim calculates the
electrolyzer heat requirements. An embedded spreadsheet is
used to calculate the Nernst potential, operating voltage,
current and electrolysis power based on the integral
electrolyzer model.

ECONOMIC ANALYSIS OF A REFERENCE DESIGN

As noted earlier, the H2A economic analysis
methodology developed by the DOE requires detailed
information on plant design and performance in order to
calculate lifecycle cost. Therefore, basic information was
collected on stream composition, flow rates, temperatures,
pressure, thermal duty, heat rates, heat transfer coefficients,
component design, and performance information at each of
the locations shown in Figure 3 and are used for input to the
H2A lifecycle cost analysis. All of this information is
provided in detail in [14].

Development of the H2A methodology was initiated in
February 2003 to improve the transparency and consistency
of the analysis approach, to improve the understanding of the
differences among analyses, and to seek better validation of
analysis studies by industry. The first task of the H2A effort
was to develop a standardized approach and set of
assumptions for estimating the costs of hydrogen production
and delivery technologies. Applying the same methodology
to each production and delivery technology, will lead to an
equitable comparison across various options.

The standardized approach and set of assumptions for
estimating the lifecycle cost of hydrogen production was
incorporated into a spreadsheet and used for the economic
analyses of the INL reference HTE design. This standardized
spreadsheet provides a method of documenting information
utilized in the performance of the economic analyses. The
information incorporated in the spreadsheet and given in the
INL report [14] includes:

* Original source(s) of all the data

* Feedstock and energy inputs, plant size, co-products, etc.

* Process flowsheet and flow stream data (flow-rate,
temperature, pressure, composition of each stream, etc.).

* Process efficiency and hydrogen product conditions.

» Economic assumptions (after-tax rate of return, depreciation
schedule, plant lifetime, income tax rate, capacity factor,
etc.).

* Calculation of the discounted cash flow (all technologies
use the same methodology to calculate cash flow).

 Plant-gate H, selling price, cost components in $/kg,
operating efficiency, total fuel and feedstock consumption,
and emissions.

* Sensitivity of the $/kg cost to feedstock cost, co-product
selling price, capital cost, operating cost, internal rate of
return, conversion efficiencies, etc.

* Quantification of the level of uncertainty in the analysis.

The results of lifecycle costing exercises depend on
various financial assumptions. To facilitate a common basis
for comparing alternative hydrogen production technologies,
a standard set of assumptions were developed. These
assumptions are delineated in the following section.

ASSUMPTIONS

A set of common cost assumptions was incorporated into
the H2A economic analysis spreadsheet. These assumptions
can be varied to test the sensitivity of costs to the most
critical assumptions. The set of base case assumptions used in
the H2A methodology are [9]:

* Analysis Methodology - Discounted Cash Flow (DCF)
model that calculates a levelized H, price that yields a
prescribed Internal Rate of Return (IRR)

* Reference Financial Structure - 100% equity with 10% IRR
- include levelized H, price plot for 0 to 25% IRR - model
allows debt financing

» Reference Year Dollars - 2005, to be adjusted at half-decade
increments (e.g., 2005, 2010)

* Technology Development Stage - All Central and Forecourt
cost estimates are based on mature, commercial facilities

* Inflation Rate - 1.9%, but with resultant price of H, in
reference year constant dollars

* Income Taxes - 35% Federal, 6% State; 38.9% Property
Taxes; Insurance - 2%/year of the total initial capital cost

» Sales Tax - Not included because facilities and related
purchases are wholesale and through a general contractor
entity

» Working Capital Rate - 15% of the annual change in the
total operating costs

* Analysis Period - 40 years for Central; 20 years for
Forecourt

* Facility Life - 40 years for Central with case exceptions; 20
years for Forecourt with case exceptions

* Depreciation Type and Schedule for Initial Depreciable
Capital Cost — Modified Accelerated Cost Recovery System
(MACRS), 20 years for Central with case exceptions; 7 years
for Forecourt

 Construction Period and Cash Flow - Variable for Central; 0
for Forecourt

* Planned Replacement Capital — Post-startup capital costs
spread over time based on specific replacement estimates.
Depreciation is based on MACRS schedule and 7 years or
same as the replacement period if it is shorter than 7 years.

» Unplanned Replacement Capital - Specified percentage of
initial depreciable capital cost for unplanned replacement



capital expenses occurring during a year. Depreciation is
based on MACRS schedule and 7 years.

* Project Contingency - % adjustment to the total initial
capital cost to represent the mean or expected cost value.
Periodic replacement capital includes project contingency.

* Process Contingency - % adjustment to the total initial
capital cost to represent the mean or expected overall
performance.

» Land Cost - $5000/acre purchased for Central; $0.50/sq.ft.
per month for long-term lease for Forecourt

* Capacity Factor - 90% for Central, with case exceptions;
70% for Forecourt

» Average Burdened Labor Rate for Staff - $50/hour for
Central; $15/hour for Forecourt

* General and Administrative (G&A) Rate - 20% of the staff
labor costs above

* Forecourt Maintenance — 5%/yr of initial depreciable capital
cost for small capacity and 3%/yr for large capacity

* Co-produced and Co-generated Electricity Price - $30/MWh
with sensitivities ($20/MWh low and $50/MWh high)

* CO; incentive (when CO; sequestration is not plausible) -
not included in Base cases, sensitivity included at $100/tonne
C ($27.3/tonne CO,) for Central and Forecourt.

* O, Credit - Not included in Base cases, sensitivity included
at $20/tonne for Central and Forecourt.

* Salvage Value - 10% of initial capital, with case exceptions;
0% for Forecourt

* Decommissioning - 10% of initial capital, with case
exceptions; 0% for Forecourt

* Hydrogen Pressure at Central Gate — 2.17 MPa (300 psig).
If delivered at higher pressure, take credit for pressure >2.17
MPa.

* Central Storage - Buffer only as required for efficient
operations

* Hydrogen Storage Pressure at Forecourt — 43.19 MPa (6250
psig)

» Forecourt Compressed H, Storage - 87.5% of maximum
daily production (based on 35% of production divided by an
assumed 40% dispensable hydrogen fraction)

* Hydrogen Purity - >98%; CO <10 ppm, sulfur <10 ppm

* Sensitivity Variables and Ranges — Based on applying best
judgment of 10% and 90% confidence limit extremes to the
most significant baseline cost and performance parameters

The above assumptions along with basic process
information calculated using the UniSim model shown in
Figure 3 were input to the H2A spreadsheet to calculate the
lifecycle cost for the hydrogen production process. The input
to the spreadsheet and calculated lifecycle costs are described
in more detail in the next two sections.

INPUT TO H2A LIFECYCLE ANALYSIS

Input for the H2A lifecycle cost analysis for the
reference HTE design included plant performance and
process information obtained from the UniSim model of the
reference HTE design. Financial data, and cost information
(including capital, operating, maintenance, variable

production, and replacement costs) were primarily based on
the assumptions described earlier, but many of these values
can also be changed by the user to perform sensitivities on
the important financial assumptions. Plant-specific financial
input by the user includes information on the construction
time, plant startup date, plant design production capacity,
plant operating capacity factor, capital expenditure rate
during construction, and revenue and operating costs during
startup. Most of the financial input uses the recommended
guidelines of the H2A methodology [15]. Construction costs
were assumed to be evenly distributed over a 3 year
construction period. The 1 year startup period and the startup
revenues and costs (fixed and variable) were estimated by the
INL. The plant salvage value and decommissioning costs are
taken per the assumptions of the H2A analysis methodology.
Plant capital cost includes uninstalled and installed system
and equipment costs, indirect depreciable capital costs
(including site preparation, engineering and design, licensing
and permitting, and associated contingencies), and non-
depreciable capital costs (primarily the cost of the plant land).
Plant equipment costs include equipment costs for both the
nuclear and the hydrogen production plant. The nuclear
equipment costs are based on estimates developed by General
Atomics for a pre-conceptual design [16]. For the nuclear
equipment, an installation multiplier (the ratio of installed and
uninstalled costs) of 1.35 was used based on the General
Atomics pre-conceptual design report. For the hydrogen
production plant equipment, installation factors are based on
the various equipment references [17-19]. The total installed
cost of plant equipment is $469,159,854. This represents the
total depreciable direct capital investment.

The total indirect depreciable capital costs (engineering
and design, contingencies and licensing/permitting fees)
amount to $203,338,738. Adding these costs to the direct
depreciable costs, gives a total depreciable capital cost for the
reference HTE plant of $672,498,592. The only non-
depreciable cost assumed in the reference plant lifecycle
analysis was the cost of land required for the plant site. The
land required for the plant (including the exclusion area) was
assumed to be 200 acres. At an assumed cost of $5000 per
acre (H2A guideline), the total non-depreciable land cost is
$1,000,000. Adding this cost to the total direct and indirect
depreciable capital costs gives a total capital investment cost
for the reference HTE plant of $673,498,592. Additional
costs to be considered in the reference HTE plant lifecycle
analysis are the operation and maintenance (O&M) costs and
variable production costs. The operations and maintenance
costs include burdened labor and material costs, various plant
permits, licenses, fees and taxes.

These total fixed O&M costs amount to $36,827,633/yr.
The variable production costs include the cost of the nuclear
fuel ($17,800,000 per year) and demineralized water
($790,888), which is the feedstock for the electrolyzer.
Adding these variable costs to the fixed O&M costs give a
total fixed and variable yearly O&M cost of $55,418,521.

The only remaining costs to be considered in the
reference HTE plant lifecycle analysis are the planned and



unplanned yearly replacement costs. The planned
replacement costs are the yearly cost of replacement of 1/3 of
the Solid Oxide Electrolyzer (SOE) modules, which amounts
to $17,186,667/yr. In the lifecycle analysis, unplanned
replacement costs were assumed to be 2.0% of total
depreciable costs per year, and amount to $13,449,972.

The financial and cost information described above
provided the input for the H2A lifecycle spreadsheet analysis
of the reference HTE hydrogen production plant. Tables 3
and 4 summarize the capital investment and operational cost
information developed for the reference HTE plant.

RESULTS OF H2A LIFECYCLE ANALYSIS

The results of the H2A lifecycle cost analysis include a
cash flow analysis for the plant construction and startup
periods, and for the operating life of the plant. The required
hydrogen cost (price) in 2005 dollars is also determined
based on the plant hydrogen-production capacity and
assuming an after-tax internal rate of return (IRR) of 10%. A
critical assumption in this analysis is the assumed reactor
outlet temperature. A reactor outlet temperature of 900°C
rather than 950°C was chosen for the reference HTE plant
design because the lower temperature is more consistent with
the operating temperature range of currently available
materials and components. This reactor outlet temperature,
along with the details of the power cycle and electrolyzer
yields an overall hydrogen production efficiency of 47.1%.

To achieve an after tax internal rate of return of 10% the
required hydrogen price calculated using the H2A
spreadsheet methodology is $3.23/kg. This represents the
price or cost of the hydrogen leaving the plant gate at 5 MPa
pressure, and does not include any additional storage,
delivery, fuel taxes or other costs that the consumer might pay
at the pump. The breakdown of these costs showing the
different cost contributions is shown in Table 5.

As expected, capital costs ($2.36/kg H,) represent the
largest contribution to the total hydrogen cost because of the
high construction costs for the nuclear reactor. In this case,
nuclear plant capital costs represent about 70% of the total
capital cost, or approximately $1.65/kg of hydrogen. Fixed
operation and maintenance costs ($0.57/kg of hydrogen) are
relatively high (~18%) because they include operation and
maintenance costs for both the reactor and the hydrogen
production plant. The variable costs ($0.28/kg of hydrogen)
contribute about 8.7% and include the nuclear reactor fuel
cost, a reserve for replacement costs of unplanned equipment,
the SOE cells, decommissioning, and raw material costs. The
cost of the SOE modules was estimated to be $200/kW of
power to the electrolysis stack and, as noted earlier, it is
assumed that 1/3 of the modules are replaced each year. The
unplanned replacement costs were assumed to be 2% of the
total direct depreciation costs per year. Since the reactor
power source provided both electricity and process heat to
drive the hydrogen production process, there are no utility or
raw material cost contributions to the total hydrogen
production cost. The feedstock cost contribution ($0.012/kg
of hydrogen) represents the cost of the demineralized water

Table 3. Summary of capital investment costs ( 2005 $).

Capital Cost Items Cost, $
Direct depreciable costs (equipment 469,159,854
and systems)
Indirect depreciable costs (site prep., 203,338,738
engineering, permitting)
Total direct and indirect 672,498,592
depreciable cost
Non-depreciable cost (land) 1,000,000
Total capital investment cost 673,498,592

Table 4. Summary of operating costs ( 2005 $).

O&M, Variable and Replacement Cost, $/yr.
Cost Items
Fixed O&M costs (staff, taxes, 36,827,633
permitting)
Variable production costs (nuclear 18,590,888
fuel and feedwater stock)
Replacement costs (SOE modules and 30,636,639
unplanned replacements)
Total yearly costs 86,055,160

feedstock, which feeds the electrolysis process. Although the
electrolysis process also produces oxygen, which could be
sold as a byproduct of the hydrogen production process, the
reference HTE design does not attempt to recover the oxygen
byproduct. Therefore, while the sale of the oxygen byproduct
would lower the overall cost of the hydrogen production
process by about $0.17/kg, no credit for the production of
oxygen was taken in this cost analysis.

Figure 4 is a plot of the calculated cash flow for the
reference HTE design for a calculated design hydrogen
production rate of 2.356 kg/s, an operating capacity factor of
90%, and an operating life of 40 years. The equivalent yearly
hydrogen production rate for the plant for these conditions is
66,870,251 kg/yr. Figure 4 shows that the initial capital
investment is recovered approximately 8 years after the start

Table 5. Hydrogen cost and cost contributions (2005 $)

Hydrogen Cost

(Year 2005 $/kg of H,) $3.229
Capital Cost Contribution ($/kg of H,) $2.364
Decommissioning Cost Contribution

($/kg of Hy) $0.002
Fixed O&M Cost Contribution

($/kg of Hy) $0.573
Feedstock Cost Contribution

($/kg of Hy) $0.012
Other Raw Material Cost Contribution

($/kg of Hy) $0.000
Byproduct Credit Cost Contribution ($/kg

of Hy) $0.000
Other Variable Costs (including utilities)

Contribution ($/kg of Hy) $0.278
Total O&M ($/kg of H,) $0.863
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Figure 4. Cumulative cash flow for reference HTE plant.

of operation and the cumulative after-tax income over the life
of the plant of slightly less than $5 billion.

SENSITIVITY STUDIES

Several sensitivity analyses were performed to evaluate
the impact of various economic assumptions on hydrogen
lifecycle production costs. The assumed after-tax internal
rate of return was found to have a significant impact on the
cost of hydrogen production. Figure 5 shows that a variation
of the internal rate of return from 0 to 25% results in
hydrogen production cost variations between $1.64/kg of H,
and $7.40/kg of H,, respectively. Figure 6 is a tornado plot
that shows the sensitivity of hydrogen production costs to the
various economic and operational assumptions used in the
H2A economic analysis of the reference HTE plant. The
tornado plot shows the impact on hydrogen production cost
when a single variable is changed while holding other
variables constant at their base case values. In the tornado
plot, the parameters that have the largest impact on
production costs are shown at the top, and the parameters that
have the least impact on hydrogen production costs are
shown at the bottom.  Therefore, the importance of
parameters on hydrogen production costs decreases as the
plot is read from top to bottom. As indicated in the plot, the
after-tax internal rate of return has the greatest impact on
hydrogen production costs. Unplanned replacement costs are
next in importance. In this analysis, unplanned replacement
costs were assumed to be 2% of the total direct depreciation
costs per year. When the unplanned replacement costs are
varied from 0 to 10%, the resulting hydrogen production
costs vary between $2.94/kg and $4.39/kg, respectively. The
third most important parameter in the cost analyses is the
assumed cost of the SOE modules. In this analysis, the cost
of the SOE modules was assumed to be $200 per kW of
electricity to the electrolysis stack. If this cost is varied
between $100 and $300/kW, the corresponding cost of
hydrogen varies from $2.83 to $3.63/kg, respectively.
Variations in the size of the plant staff, the cost of major
reactor system components and the frequency at which the
SOE cells are replaced, all appear to have moderate affects on
the cost of hydrogen production. Variations in engineering
design costs seem to have only a small impact on hydrogen

Hydrogen $/kg

©

\

/

Hydrogen Cost ($/kg)
N B

o

10 15 20 25
IRR (%)

o
[6)]

—e— Hydrogen $/kg

Figure 5. Calculated hydrogen production cost as a
function on internal rate of return.

production cost. Because the cost of the hydrogen plant
equipment (turbomachinery, heat exchangers, piping, etc.) is
low compared to the cost of the nuclear plant equipment and
the SOE modules, the impact of variations in major hydrogen
plant equipment costs has the least impact on hydrogen
production costs of the parameters considered.

CONCLUSIONS

This paper presents results of a lifecycle cost analysis of
the optimized design for a reference commercial-scale high-
temperature  electrolysis (HTE) plant for hydrogen
production. The reference HTE plant is driven by a 600 MW,
high-temperature helium-cooled reactor coupled to a direct
Brayton power cycle with a reactor outlet temperature of
900°C.  Plant parameters used in the reference plant
optimization are based on previous parametric studies
performed using the UniSim process analysis software [10,
11]. Based on the standardized H2A analysis methodology,
and the various assumptions discussed in this paper, the
estimated price of the hydrogen leaving the plant gate at 5
MPa pressure would be $3.23/kg. This estimated price is
most sensitive to the assumed after-tax internal rate of return
and the cost of unplanned replacement costs. Compared to
the current hydrogen commodity price of about $2.50/kg
(based on steam-methane reforming), this estimated cost is
not unreasonable considering the volatility of the cost of the
natural gas and the fact that the HTE technology does not
emit greenhouse gases.

Isothermal operation of the electrolyzer was assumed.
An air sweep system is also included in the reference design
to remove oxygen from the anode side of the electrolyzer
because of concerns with handling of the high-temperature
oxygen product gas. Predicted overall thermal-to-hydrogen
efficiency values for the reference design with an air-sweep
system resulted in hydrogen production efficiencies that were
only 1.0-1.5% lower than that for the equivalent design with
no sweep-gas system [10]. The operating pressure of 5.0
MPa for the HTE process loop was selected to be consistent
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Figure 6. Tornado plot showing sensitivity of hydrogen cost to parameter variations.

with the need to deliver the hydrogen product gas at elevated
pressures for storage or pipeline transport. This pressure also
represents a trade off between the need for larger components
at lower pressures and the need for more massive components
for pressure containment at higher pressures. The overall
thermal-to-hydrogen efficiency for the reference case is
47.1%.

The lifecycle cost analysis of the reference HTE design
resulted in a calculated hydrogen cost of $3.23/kg, assuming
an after-tax internal rate of return of 10%. This represents the
cost of hydrogen leaving the plant gate, and does not include
any additional storage, delivery, fuel taxes or other costs that
the consumer might pay at the pump. A breakdown of the
component costs contributing to the total cost of $3.23/kg
shows that capital costs account for over 70% of total costs
(i.e., $2.36/kg of Hy). This is expected because of the high
construction costs for the nuclear reactor. Fixed operating
and maintenance costs ($0.57/kg of H,) are relatively high
because they include operation and maintenance costs for
both the reactor and hydrogen production plant. Yearly
variable costs ($0.28/kg of H,) include the reactor fuel cost, a
reserve for unplanned equipment replacement costs, and the
yearly replacement cost of the solid oxide electrolysis cells.
The cost of the SOEC modules was estimated to be $200/kW
of power to the electrolysis stack and it is assumed that 1/3 of
the modules are replaced annually. The feedstock cost
contribution ($0.012/kg of H,) represents the cost of the
demineralized water feedstock, which feeds the electrolysis
process. Although the electrolysis process also produces
oxygen, which could be sold as a byproduct of the hydrogen
production process, the reference HTE design does not
attempt to recover the oxygen byproduct. Therefore, while

the sale of the oxygen byproduct would lower the overall cost
of the hydrogen production process, no credit for the
production of oxygen was taken in this cost analysis.

The information presented in this paper is intended to
provide baseline hydrogen production costs for the optimized
reference nuclear-driven HTE hydrogen production plant so
that operating parameters and costs can be compared with
other hydrogen production methods and power cycles to
evaluate relative performance characteristics and plant
economics.
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