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EXECUTIVE SUMMARY 

This technical evaluation (TEV) has been prepared as part of a study for the Next 
Generation Nuclear Plant (NGNP) Project to evaluate integration of high temperature 
gas-cooled reactor (HTGR) technology with conventional chemical processes. This TEV 
addresses the integration of an HTGR with high-temperature steam electrolysis (HTSE). 
The main products are hydrogen and oxygen. 

An HTGR can produce steam, high-temperature helium, and/or electricity. In 
conventional processes, these products are generated by the combustion of fossil fuels 
such as coal and natural gas, resulting in significant emissions of greenhouse gases such 
as carbon dioxide. Heat or electricity produced in an HTGR could be used to supply 
process heat or electricity to conventional processes without generating any greenhouse 
gases. This report describes how nuclear-generated heat and electricity could be 
integrated into the HTSE process, provides a preliminary economic analysis of the 
process, and assesses greenhouse gas (GHG) emissions of the conventional steam 
methane reforming (SMR) process and nuclear-integrated HTSE. 

The following list identifies the major conclusions drawn by evaluating the nuclear-
integrated HTSE process against the conventional process, SMR: 

 Four and one third 600-MWt HTGRs are required to support the production of 
719 tons/day of hydrogen and 5,668 tons/day of oxygen using HTSE. An SMR 
process requires 2078 tons of natural gas to produce the same amount of 
hydrogen. The SMR process emits 3,393 tons/day of carbon dioxide (CO2). The 
nuclear-integrated HTSE process emits 0 tons/day. 

 At a 12% internal rate of return (IRR), the price of hydrogen from an HTGR with 
a 750°C outlet temperature using HTSE is $3.67/kg. Estimated SMR prices vary 
from $1.26/kg to $2.51/kg. 
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1. INTRODUCTION 

This technical evaluation (TEV) has been prepared as part of a study for the Next Generation 
Nuclear Plant (NGNP) Project to evaluate integration of high-temperature gas-cooled reactor 
(HTGR) technology with conventional chemical processes. The NGNP Project is being 
conducted under U.S. Department of Energy (DOE) direction to meet a national strategic need 
identified in the National Energy Policy to promote reliance on safe, clean, economic nuclear 
energy and to establish a greenhouse-gas-free technology for the production of hydrogen. The 
NGNP represents an integration of high-temperature reactor technology with advanced hydrogen, 
electricity, and process heat production capabilities, thereby meeting the mission need identified 
by DOE. The strategic goal of the NGNP Project is to broaden the environmental and economic 
benefits of nuclear energy in the U.S. economy by demonstrating its applicability to market 
sectors not being served by light water reactors. 

An HTGR produces steam, high-temperature helium, or electricity. A summary of these products 
and a brief description is shown in Table 1. In conventional processes, these products are 
generated by the combustion of fossil fuels such as coal and natural gas, resulting in significant 
emissions of greenhouse gases such as carbon dioxide. Heat or electricity produced in an HTGR 
could be used to supply process heat or electricity to conventional processes without generating 
any greenhouse gases. The use of an HTGR to supply process heat or electricity to conventional 
processes is referred to as a nuclear-integrated process. This report describes how 
nuclear-generated heat or electricity could be integrated into conventional processes and provides 
a preliminary economic analysis to show which nuclear-integrated processes compare favorably 
with conventional processes. 

Table 1. Project outputs of an HTGR. 
HTGR Product Product Description 
Steam 540 to 593°C and 17 to 24 MPa 
High-Temperature Helium Up to 750°C and 9.1 MPa 
Electricity Generated by Rankine cycle with thermal efficiency of 40% 

 
In 2009, an independent review team considered three hydrogen production technologies to be 
combined with a next generation nuclear plant.1 Those technologies included the sulfur iodine 
(SI) process, the hybrid sulfur (HyS) process and the HTSE process. The review team 
recommended the HTSE process as the first choice for the NGNP Project, with HyS as the second 
option. The purpose of this TEV is to present the process modeling and economic results from 
producing hydrogen from high-temperature steam electrolysis combined with a high-temperature 
gas reactor. These results are used in other process models developed under the NGNP program 
where HTGR-integrated hydrogen may be integrated with industrial processes. The economics of 
this TEV are used to estimate the overall economics of these combined nuclear and industrial 
processes. 

The Advanced Process and Decision Systems Department at Idaho National Laboratory (INL) has 
spent several years developing detailed process simulations of chemical and thermodynamic 
processes. The processes included HTSE combined with a variety of nuclear reactors. These 
simulations have been developed using HYSYS Process and ASPEN PLUS—state-of-the-art, 
steady-state, thermodynamic, and chemical process simulators developed by Hyprotech and 
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ASPEN. This study makes extensive use of these models and the modeling capability at INL to 
evaluate the integration of HTGR technology with potential hydrogen production technologies. 

This TEV assumes familiarity with HYSYS Process and APSEN PLUS software, so a detailed 
explanation of the software capabilities, thermodynamic packages, unit operation models, and 
solver routines is beyond the scope of this TEV. Also assumed is a familiarity with 
thermodynamic, heat exchange, and heat recuperation systems; hence, a thorough explanation of 
these technologies is also considered to be beyond the scope of this TEV. 

2. MODELING OVERVIEW 

2.1 Introduction 

The purpose of this modeling effort is to predict the flow of hydrogen output of HTSE 
combined with a 600 MWt reactor. The hydrogen and oxygen flows are used with other 
process models where the hydrogen may be used in substitute of hydrogen from other 
processes. The model also includes the resources needed to accomplish the production 
rates including electrical power and water usage. By combining this model with other 
process models being developed in the NGNP program, an overall picture of nuclear 
integrated chemical processing may be achieved. The scale of the modeling within 
Section 2 is based on a steam methane reforming (SMR) process that produces 
719 tons/day of hydrogen. 

2.2 Hydrogen Production via Steam Reforming of Methane 

Hydrogen is a key element for making fuels and other industrial chemicals. Industry is 
currently making hydrogen from natural gas via steam reforming. Water and methane are 
feeds for the process in which some of the methane is used to make steam and the 
remainder is combined with the steam to create hydrogen and carbon dioxide. The two 
basic chemical equations describing the process, methane reforming and gas shift, are: 

224 3HCOOHCH   (1) 

222 HCOOHCO  . (2) 

Figure 1 is a simplified block diagram showing the major process components. The 
process was modeled using ASPEN PLUS process modeling software. Four processes 
were modeled: methane reforming, gas shift, cleanup, and cooling. 
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Figure 1. Hydrogen production through the steam reforming of natural gas. 

2.3 Hydrogen Production via HTSE 

Hydrogen can also be produced using a high-temperature nuclear reactor by way of 
HTSE. The heat and electrical power from the reactor can be used to split water using 
solid oxide electrolysis cells, (SOEC) to create hydrogen and oxygen. The process heat 
from the reactor reduces the amount of electricity needed to split the water, thus 
increasing the efficiency of the process when compared to low-temperature electrolysis. 
Figure 2 is a simplified diagram of the process. The HYSYS process modeling software 
was used to model the HTSE process. The process model included heat recuperation and 
the power from a nuclear high-temperature gas reactor. HYSYS allows for accurate mass 
and energy balances and contains components like compressors, turbines, pumps, valves, 
and heat exchangers to simulate components in the process. Figure 3 diagrams the HTSE 
process in detail. 
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Figure 2. Hydrogen production via HTSE. 

 

Figure 3. Process flow diagram of HTSE process. 
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RESULTS OF PROCESS MODEL 

The block flow diagram of the hydrogen processes shown in Figure 4 includes the input and 
product streams for each process. The size of each process was adjusted to the hydrogen 
production expected from a typical steam reformer, equaling 700 tons/day of hydrogen. To 
achieve this, the steam reformer requires 2,000 tons/day of natural gas resulting in nearly 
3,400 tons/day of carbon dioxide emissions. Nearly 12 MWe of electricity is needed to support 
the process along with 1,360 gal/minute of water to supply steam and cooling.  

 
Figure 4. Block flow diagram of hydrogen production technologies. 

The HTSE process produces no carbon dioxide but has a 930 MWe electrical load. The electrical 
power is primarily for the actual electrolysis process as shown in Table 2. The process requires 
264 MWt of process heat from the reactor to create the steam necessary for the electrolysis 
process. The recuperating heat exchangers have a total duty of 230 MWt. It is assumed in this 
analysis that the steam generator can deliver 700°C steam to the electrolysis cells. The HTSE 
process requires the feed stream to be heated to 800C, requiring additional topping heat from 
another heat source. This heat source could come from a combustor, electricheating or waste heat 
from a neighboring process, which may need to use the hydrogen from the HTSE process. The 
topping heat is 15 MWt. This analysis assumes that the topping heat either comes from electric 
heating or from other processes. If the heat is supplied by a neighboring process, the carbon 
footprint should already be accounted for by that process, making the carbon footprint of the 
hydrogen process at zero. This process requires much more water than the steam reforming 
process. The primary need for the water is for cooling of the reactors, as seen in Table 2. The 
electrical and process heat needs require 4.3 high-temperature gas reactors rated at 600 MWt. The 
hydrogen product has a purity of 99.9% with water as the remaining component. Oxygen is a by-
product of the HTSE process that may also be used in other chemical processes. The purity of the 
oxygen stream is 99.99% with water as the remaining component. 

The hydrogen production efficiency was calculated for both processes. The hydrogen production 
efficiency is defined as the thermal value of the hydrogen product divided by the sum of thermal 
value of the feed streams, process heat in, and thermal equivalent of the electric power. The 
efficiency is basically the thermal value of the hydrogen output divided by the thermal value of 
the input. For the steam reforming case, the hydrogen production efficiency is the higher heating 
value of the hydrogen divided by the sum of the higher heating value of the natural gas and the 
thermal energy equivalent of the electrical power input. The thermal value of the electricity is 
found by the electrical power divided by the efficiency of the power cycle. The power cycle 
efficiency in this study was assumed at 40%. The hydrogen production efficiency for the HTSE 
process is the higher heating value of the hydrogen product divided by the sum of the thermal 
energy of the electrical power produced, the process heat from the reactor, and the topping heat. 
The hydrogen production efficiency for the steam reforming case is influenced primarily by the 
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natural gas input, whereas the electrical power has the greatest influence for the HTSE case (see 
Table 2). The HTSE case has an efficiency of 40.4%, very close the power cycle efficiency for 
the electrical power, whereas the steam reforming case has an efficiency of 79.4%. 

Table 2. Hydrogen production summary. 

 
Steam Methane 

Reforming 
High Temperature 
Steam Electrolysis 

Inputs   
 Natural Gas Rate (ton/day) 2,078 0 
 # 600 MWt HTGRs Required n/a 4.3 
Intermediate Products   
 Syngas (ton/day) 8,768 n/a 
  Syngas Produced /Natural Gas Fed (lb/lb) 4.2 n/a 
Outputs   
 Hydrogen (ton/day) 719 719 
  Hydrogen Production Efficiency 79.4% 40.4% 
  (Power Cycle Efficiency = 40%)   
 Oxygen (ton/day) 0 5,668 
Utility Summary   
 Total Power (MWe) 11.5 930 
  Electrolyzers n/a 923 
  NG Reformer 3.5 n/a 
  Gas Cleaning 3.6 n/a 
  Water Treatment 2.8 0 
  Cooling Towers 0.6 6.9 
  Power Block 1.0 n/a 
  Pumps n/a 0.5 
  Recirculator n/a 0.1 
Process Heat   
 Total Process Heat (MWt) n/a 278 
  Process Heat from Reactor (MWt) n/a 264 
  Topping Process Heat (MWt) n/a 14.9 
Water Consumption   
 Total Water (gpm) 1,364 9,914 
  Water Consumed/Hydrogen Produced 
(lbm/lbm) 11.5 83.3 

CO2 Emissions   
 Emitted (ton/day CO2) 3,393 0 

 
3. ECONOMIC MODELING 

The economic viability of the HTSE process was assessed using standard economic evaluation 
methods. The economics were evaluated for the HTSE process combined with a single 600 MWt 
HTGR with a Rankine steam power cycle. Future work will include an economic analysis of the 
SMR process. The total capital investment (TCI), based on the total equipment costs, along with 
the variable and fixed operating costs were first calculated for the cases. The present worth of the 
annual cash flows (after taxes) was then calculated for the TCI, as well as the TCI at +50% and -
30%of the HTGR cost, with the debt-to-equity ratios equal to 80%/20%. The following sections 
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describe the methods used to calculate the capital costs, fixed and variable operating costs, and 
the methods used for the economic assessments. All calculations assume that a 600 MWt HTGR 
is used to produce only hydrogen and oxygen via HTSE by supplying electricity and process heat.    
The economic analysis includes the HTSE process, the power cycle, and the reactor. 

For the nuclear-integrated cases, the estimates of capital costs and operating and maintenance 
costs assumed the nuclear plant was an “nth of a kind”, (NOAK).   In other words, the estimates 
were based on the costs expected after the HTGR technology is integrated into an industrial 
application more than 10 times. The economic modeling calculations were based on two capital 
cost scenarios: a current best estimate of $2,000/kWt [“INL/BEA Pre-Conceptual Design Report 
name”] and a target of $1,400/kWth [personal communications with Larry Demick] where kWth is 
the thermal rating of the plant. In comparison, light water nuclear reactor costs are approximately 
$1,250/kWth. Based on the two capital cost scenarios for HTGR technology, the nominal capital 
cost for a 600 MWth HTGR would be $1.2 billion; the target capital cost would be $840 million.  
 

3.1 Capital Cost Estimation 

The capital installed costs for the HTSE process are based on a report by Harvego et al.2 
which assumes hydrogen production from a 600 MWt high-temperature gas reactor with 
an outlet temperature of 900C. At that temperature, the power cycle efficiency is 53% 
with a corresponding hydrogen production rate of 2.4 kg/sec. For the current NGNP case, 
the power cycle efficiency is 40% with a hydrogen production flow rate of 1.75 kg/sec. 
The hydrogen production system in the Harvego report used air as the sweep gas, 
whereas this analysis used steam for the sweep gas. The change in type of sweep gas was 
selected to be able to provide an oxygen product.  Water as a sweep gas is more easily 
separated from oxygen generated than the nitrogen from the air in the air sweep option.  
Heat exchanger costs in the HTSE process were adjusted in this analysis to account for 
the different sizes. Air sweep compressor costs (including intercoolers) were removed 
and a water pump for the sweep gas was added. The water for the sweep side is heated to 
make steam which sweeps the oxygen from the electrolyzers.  The water is removed from 
the oxygen by condensing and recycled.  To size the sweep pump, the flow rate of the 
pump was adjusted until the outlet molar composition of the electrolysis unit was 50% 
oxygen and 50% steam. The same installed cost factors found in the Harvego report were 
used to adjust the cost of the equipment. The costs from the Harvego report are 2005 
costs; Table 3 shows the adjusted capital costs. This analysis is performed using 2009 
costs; therefore the Chemical Engineering Plant Cost Index (CEPCI) was used to adjust 
the costs to 2009 dollars. Uninstalled costs are the basic cost of the equipment from the 
manufacturer. Installed costs are the uninstalled costs plus the additional materials and 
labor needed to place and install the equipment. 

Harvego et al. used A Guide to Chemical Engineering Process Design and Economics3 to 
estimate the costs of the separation tanks, steam generators, and heat recuperators. This 
analysis uses the separation tank cost found in Harvego et al., but linearly interpolates the 
cost of the steam generators and recuperators based on the overall heat transfer 
coefficient and heat transfer area product (UA) of the heat exchangers, because the heat 
exchanger sizes differ between cases. The topping heaters do not have a UA in the 
process model, but a similar approach was used in scaling the cost using the heat duty 
instead of the UA.  



    Form 412.09 (Rev. 10)

 Idaho National Laboratory   

 
NUCLEAR-INTEGRATED HYDROGEN 

PRODUCTION ANALYSIS 

Identifier: 
Revision: 
Effective Date: 

TEV-693 

 1 

 05/15/10 Page: 12 of 151

 

 

The pumps and hydrogen circulator come directly from the Harvego report and differ 
only in quantity. Harvego et al. used the Matches’ Process Equipment Cost Estimates 
Website4 to obtain the capital costs for these components. The H2-MHR Pre-Conceptual 
Design Report: HTE-Based Plant5 was used by Harvego et al. to cost the water supply 
system, piping, electrical capital, and miscellaneous equipment. 

In the Harvego report, the cost of the electrolysis cells is $200/kWe, based on the power 
into the cells. This was derived from a 2007 goal of the Solid State Energy Conversion 
Alliance (SECA) for solid oxide fuel cells. The goal was set to $400/kWe for the fuel 
cells, but because solid oxide electrolysis cells run at twice the voltage for the same 
current density, the electrolysis cells are half the cost. At a recent SECA conference, the 
goal for solid oxide fuel cells has changed to $175/kWe, which when halved for SOEC 
comes to $87.5/kWe.6 Consulting with HTSE experts, INL, and Ceramatec, a NOAK 
goal of $100/kWe was used for this study.7,8  

The 4.74 installed cost factor is based on the Lang factor for predominately fluid 
processing plants. The Lang factor is the multiplier used on the major equipment cost to 
account for installing a process in a plant. The 1.2 cost factor is based on Reference 5. 
The 1.8 cost factor is based on consultation with experts at INL and Cerametec on 
HTSE.7,8 

A percentage breakdown of the installed capital costs of the HTSE process without 
reactor and power cycle costs is shown in Figure 4.  The results show that 2/3 of the cost 
is due to the electrolysis cells.  The results indicate that a sensitivity study of the cell cost 
could be beneficial.  However when cost of the reactor and the cost of the power cycle, 
the capital cost of the HTSE process is only 8.41% , see Figure 5. 

Table 3. Capital costs of HTSE connected to a 600 MWt HTGR. 

Equipment 
2005 Uninstalled 

Costs 
2009 Uninstalled 

Costs 
Installed  

Cost Factors 
2009  

Installed Costs 

Water Separation Tanks $143,980 $157,449 4.74 $746,310 

Recycle Pumps  $18,800 $20,559 4.74 $97,448 

Water Supply System $1,000,000 $1,093,550 1.2 $1,312,260 

Water Pumps $41,400 $45,273 4.74 $214,594 

Heat Recuperators $1,186,193 $1,297,161 4.74 $6,148,543 

Steam Generators $765,529 $837,144 4.74 $3,968,062 

Topping Heaters $190,000 $207,774 4.74 $984,851 

Hydrogen Circulator $19,600 $21,433 4.74 $101,595 

HSTE Piping $1,250,000 $1,366,937 1.2 $1,640,325 

Electrical $2,000,000 $2,187,100 1.2 $2,624,519 

Misc. Equipment $2,500,000 $2,733,874 1.2 $3,280,649 

Solid Oxide Electrolyzer $21,383,267 $23,383,667 1.8 $42,090,600 

Total Installed Cost    $63,209,757 
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Figure 4. Installed capital costs of HTSE without reactor and power cycle costs. 

The capital costs presented are for inside the battery limits, and exclude costs for 
administrative offices, storage areas, utilities, and other essential and nonessential 
auxiliary facilities. The estimate presented is a study (factored) estimate which has a 
probable error up to ±30%.9 Fixed capital costs were estimated from literature estimates 
and scaled estimates (capacity, year, and material) from previous quotes. Capacity 
adjustments were based on the six-tenths factor rule: 

  (3) 

where C1 is the cost of the equipment item at capacity q1, C2 is the cost of the equipment 
at capacity q2, and n is the exponential factor, which typically has a value of 0.6.10 It was 
assumed that the number of trains did not have an impact on cost scaling. Cost indices 
were used to adjust equipment prices from previous years to values in July of 2009 using 
the CEPCI.  
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Table 4. CEPCI data. 
Year CEPCI Year CEPCI 
1990 357.6 2000 394.1 
1991 361.3 2001 394.3 
1992 358.2 2002 395.6 
1993 359.2 2003 402 
1994 368.1 2004 444.2 
1995 381.1 2005 468.2 
1996 381.7 2006 499.6 
1997 386.5 2007 525.4 
1998 389.5 2008 575.4 
1999 390.6 July 2009 512 

 

After cost estimates were obtained for each of the process areas, the costs for water 
systems, piping, instrumentation and control, electrical systems, and buildings and 
structures were added based on scaling factors for the total installed equipment costs.11 
These factors were not added to the cost of the HTGR or the power cycle. Table  presents 
the factors utilized in this study: 

Table 5. Capital cost adjustment factors. 
Year Factor 
Water Systems 7.1% 
Piping 7.1% 
Instrumentation and Control 2.6% 
Electrical Systems 8.0% 
Buildings and Structures 9.2% 

 

Finally, an engineering fee of 10% and a project contingency of 18% were assumed to 
determine the total capital investment (TCI). Neither engineering fees nor contingencies 
were applied to the HTGR costs. Table  presents the capital cost estimate breakdown for 
the HTSE. These cost factors are applied only to the installed costs of the HTSE 
equipment; therefore, the numbers in Table 6 show those costs only as applied to HTSE 
alone. The water systems, piping, instrumentation and control, electrical systems, and 
buildings and structures costs are already incorporated in the reactor and power cycle 
costs and are represented by the numbers shown. Figure 5 shows the total capital 
investment cost for all three major components for nuclear-integrated hydrogen 
production. The HTSE TCI is only 8.41% of the total TCI. 

Cost estimators at the INL performed a capital cost analyses for a number of nuclear 
integrated industrial processes.  The HTSE and power cycle capital costs are a part of 
many of these analyses.  In appendix D is the capital cost analyses for ammonia 
production.  Based on this analysis and scaled to a 600 MWt reactor, the total capital 
costs of the reactor, power cycle and HTSE are $1,025,100,000; $170,600,000; and 
$109,900,000.  The total capital cost is $1,305,600,000. 



    Form 412.09 (Rev. 10)

 Idaho National Laboratory   

 
NUCLEAR-INTEGRATED HYDROGEN 

PRODUCTION ANALYSIS 

Identifier: 
Revision: 
Effective Date: 

TEV-693 

 1 

 05/15/10 Page: 15 of 151

 

 

 

Figure 5. Total capital investment cost for HTSE hydrogen production connected to a 600 
MWt HTGR. 

Table 6. Total capital investment, HTSE connected to a 600 MWt HTGR.  
 Installed Cost Engineering Fee Contingency Total Capital Cost 
Nuclear       $1,025,000,000 
Power Cycle $133,258,047 $13,325,805 $26,385,093 $172,968,945 
HTSE Total  $ 84,706,502   $ 8,470,650   $ 16,771,887   $ 109,949,039  
  HTSE Major Equipment $63,209,150 $6,320,915 $12,515,412 $82,045,477 
  Cooling Towers $4,657 $466 $922 $6,045 
  Water Systems $4,488,180 $448,818 $888,660 $5,825,658 
  Piping $4,488,180 $448,818 $888,660 $5,825,658 
  I&C $1,643,559 $164,356 $325,425 $2,133,340 
  Electrical Systems $5,057,105 $505,710 $1,001,307 $6,564,122 
  Buildings and Structures $5,815,670 $581,567 $1,151,503 $7,548,740 
Total Capital Investment    $1,307,917,985 
Total Capital Investment (+50% HTGR)    $1,820,417,985 
Total Capital Investment (-30% HTGR)    $1,000,417,985 
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3.2 Estimation of Revenue 

Yearly revenues were estimated for the HTSE case. Revenues were estimated for low, 
average, and high prices for hydrogen.  

Table 7. Annual revenues, HTSE connected to a 600 MWt HTGR. 
 Price Generated Annual Revenue 
Oxygen 0.04586 $/kg 13.8 kg/s $18,351,646 
Hydrogen - Low 1.50 $/kg 1.75  kg/s $76,158,819 
Hydrogen – Avg. 3.25 $/kg 1.75 kg/s $165,010,774 
Hydrogen - High 5.00 $/kg 1.75 kg/s $253,862,730 
Annual Revenue, low $94,510,465 
Annual Revenue, average $183,362,420 
Annual Revenue, high $272,214,375 

 
3.3 Estimation of Manufacturing Costs 

Manufacturing cost is the sum of direct and indirect manufacturing costs. Direct 
manufacturing costs for this project include the cost of raw materials, utilities, and 
operating labor and maintenance. Indirect manufacturing costs include estimates for the 
cost of overhead and insurance and taxes.9  

Table 8 shows the items that need to be considered for operation and maintenance. The 
expected duration of the electrolysis cells for NOAK is 8 years. Assuming that one-eighth 
of the cells are replaced every year, and based on the $100/kWe cost of the cells, the 
yearly replacement cost is $2,714,310. The number of staff members is an estimate based 
on the Harvego document. The water usage for the electrolyzer and the sweep gas comes 
from the HTSE process model. The cooling tower water usage is calculated from the 
ambient heat load from the model and from using the estimation procedure found in 
Keeper.12  The electrical power usage and product flow rates are found in the process 
model. Finally, it was necessary to estimate the water needed to start the system by 
considering the sweep gas and the electrolysis recycle loops. The volumes of each major 
component were estimated by allowing a 10-minute resident time of the flow in each 
vessel.  

Labor costs are assumed to be 1.15% of the total capital investment. Maintenance costs 
were assumed to be 3% of the total capital investment.13 The power cycles and HTSE 
were not included in the TCI for operation and maintenance costs, as they were 
calculated separately. Taxes and insurance were assumed to be 1.5% of the total capital 
investment, excluding the HTGR, an overhead of 65% of the labor and maintenance costs 
was assumed, and royalties were assumed to be 1% of the coal or natural gas cost.13 
Table 9 provides the manufacturing costs for the HTSE case. Availability of the nuclear 
plant was assumed to be 92%.  
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Table 8. Operations and maintenance cost considerations for HTSE. 

Water usage (gpm) 436.9 

Initial water need (gallons) 19,400 

Electrical power (kWe) 214,000 

Oxygen product (m3/s) 10.2 

Hydrogen product (m3/s) 20.4 
 

Table 9. Annual manufacturing costs, HTSE connected to a 600 MWt HTGR. 
 Price Consumed Annual Cost 
Direct Costs 
 Materials 
  Water Clarification 0.024 $/1000 gal 629,136  gal/day $5,167 
  Water Treatment 1.315 $/1000 gal 356,976 gal/day $157,621 
  HTSE Cell Replacements 0.024 $/lb H2 333,333 lb/day H2 $2,714,310 
  Nuclear Fuel 4.22 $/MWt-h 600 MWt $20,416,590 
 Utilities 
  Water 0.046 $/k-gal 629,136 gal/day $9,718 
 Labor and Maintenance $3,110,680 
O&M Nuclear $8,276,996 
Indirect Costs 
 Overhead $2,021,942 
 Insurance and Taxes $4,243,770 
Manufacturing Costs $40,956,793 

 
3.4 Economic Comparison 

To assess the economics of the HTSE case, several economic indicators were calculated. 
The IRR for low, average, and high hydrogen selling prices was calculated. In addition, 
the fuel price necessary for a return of 12% was calculated. The following assumptions 
were made for the economic analyses: 

 The plant startup year is 2014 

 A construction period of five years for the nuclear plant that begins in 
2009 

− It is assumed that all reactors come online at the same time  

− Percent capital invested for the HTGR is 20% per year 

 Plant startup time is one year 

− Operating costs are 85% of the total value during startup 

− Revenues are 60% of the total value during startup 
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 The analysis period for the economic evaluation assumes an economic life 
of 30 years, excluding construction time (the model is built to 
accommodate up to 40 years) 

 An inflation rate of 2.5% is assumed 

 Debt-to-equity ratios of 80%/20% and 55%/45% are calculated; however, 
results are only presented for 80%/20% as this would be most consistent 
for an NOAK plant 

− The interest rate on debt is assumed to be 8% 

− The repayment term on the loan is assumed to be 15 years 

 The effective income tax rate is 38.9% 

− State tax is 6% 

− Federal tax is 35% 

 Modified Accelerated Cost-Recovery System (MACRS) depreciation is 
assumed. 

3.4.1 Cash Flow 

To assess the IRR and present worth (PW) of each scenario, it is necessary to 
calculate the after tax cash flow. To calculate the after tax cash flow (ATCF) it 
is necessary to first calculate the revenues (Rk), cash outflows (Ek), sum of all 
noncash, or book, costs such as depreciation (dk), net income before taxes 
(NIBT), the effective income tax rate (t), and the income taxes (Tk), for each 
year (k). The taxable income is revenue minus the sum of all cash outflow and 
noncash costs. Therefore the income taxes per year are defined as follows: 

  (4) 

Depreciation for the economic calculations was calculated using a standard 
MACRS depreciation method with a property class of 15 years. Depreciation 
was assumed for the total capital investment over the five year construction 
schedule, including inflation.  

 

 

 

 

 
Table  presents the recovery rates for a 15 year property class: 

Tk  t Rk  Ek  dk 
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Table 10. MACRS depreciation. 
Year Recovery Rate Year Recovery Rate 

1 0.05 9 0.0591 
2 0.095 10 0.059 
3 0.0855 11 0.0591 
4 0.077 12 0.059 
5 0.0693 13 0.0591 
6 0.0623 14 0.059 
7 0.059 15 0.0591 
8 0.059 16 0.0295 

The ATCF is then the sum of the before tax cash flow (BTCF) minus the 
income taxes owed. Note that the expenditures for capital are not taxed but are 
included in the BTCF each year there is a capital expenditure (Ck); this includes 
the equity capital and the debt principle. The BTCF is defined as follows: 

  (5) 

The ATCF can then be defined as: 

  (6) 

3.4.2 Internal Rate of Return 

The IRR method is the most widely used rate of return method for performing 
engineering economic analyses. This method solves for the interest rate that 
equates the equivalent worth of an alternative’s cash inflows to the equivalent 
worth of cash outflows (after tax cash flow), i.e., the interest rate at which the 
PW is zero. The resulting interest is the IRR (i'). For the project to be 
economically viable, the calculated IRR must be greater than the desired 
minimum annual rate of return (MARR). 

  (7) 

IRR calculations were performed for an 80%/20% debt-to-equity ratio (results 
for the 55%/45% ratio can be found in Appendix C for HTSE) for +50% TCI 
and -30% TCI for the HTGR at low, average, and high prices. In addition, the 
price of hydrogen necessary for an IRR of 12% and a PW of zero was 
calculated for each case at each debt-to-equity ratio. The IRR and hydrogen 

BTCFk  Rk  Ek Ck

ATCFk  BTCFk Tk

PW (i'%)  ATCFk 1 i' k  0
k 0

N


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price required (for an IRR of 12%) was solved for using the Goal Seek function 
in Excel. 

4. ECONOMIC MODELING RESULTS 

Table 11 presents the results for an 80%/20% debt-to-equity ratio for HTSE. Figure  depicts the 
associated IRR results for HTSE.  

Table 11. HTSE connected to a 600 MWt HTGR IRR results for 80%/20% debt-to-equity ratio. 
TCI -30% HTGR TCI TCI +50% HTGR 

IRR $/kg IRR $/kg IRR $/kg 

HTSE 

$1,000,417,985 $1,307,917,985 $1,820,417,985 
3.31 $1.50 1.22 $1.50 -1.08 $1.50 
13.79 $3.25 10.28 $3.25 6.70 $3.25 
21.65 $5.00 16.88 $5.00 12.10 $5.00 
12.00 $2.90 12.00 $3.67 12.00 $4.96 

 

 

Figure 6. HTSE connected to a 600 MWt HTGR IRR 80%/20% debt-to-equity economic 
results. 
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The cost of hydrogen for an 80% debt to 20% equity and a 12% IRR is $3.67/kg. The cost of the 
hydrogen ranges from $2.90/kg to $4.96 based a +50% to a -30% on the capital cost of the 
reactor.  

It is likely that many industrial processes will require more than 1.75 kg/s of hydrogen.  The price 
of hydrogen production would likely go down if considering economy of scale.  

 

5. CONCLUSIONS AND RECOMMENDATIONS 

For a 600 MWt high-temperature gas reactor with an outlet temperature of 750°C dedicated to 
hydrogen production using HTSE, the following conclusions may be made: 

 HTSE delivers 1.75 kg/s of hydrogen and 13.8 kg/s of oxygen  

 The hydrogen is produced with no production of carbon dioxide 

 Based on a 12% IRR and 80/20 debt-to-equity, the cost of hydrogen is $3.67/kg 

 Total installed capital cost for HTSE is $82 million 

 Total capital investment is $1.3 billion 

 Two-thirds of the installed capital cost for the HTSE process is electrolysis cells 
excluding the cost of the reactor and power cycle 

 78% of the total capital investment is the reactor cost 

 2,300 gallons per minute of water is needed for the process, most of which is used 
for the condenser of the power cycle. 

For these conclusions, one is assuming NOAK for the reactor and HTSE costs. 

Based on an INL report,2 a 600 MWt reactor with an outlet reactor temperature of 900°C can 
produce 2.36 kg/s of hydrogen. This is a 35% increase of hydrogen production. The increase is 
due to an increase in the power cycle efficiency from 40% to 53%, resulting in the higher 
production of hydrogen. At this temperature the need for topping heat goes away for the HTSE 
process. 

Water is also a major concern due to the cooling need of the power cycle loop. By using an 
air-cooled tower, the reduction of water usage may be achieved. 

It is recommended that: 

 A similar analysis, as outlined in this TEV, is performed at a reactor outlet 
temperature of 900°C 
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 A process model is developed using air-cooled condensers as opposed to water 
cooled. 

 A similar analysis is performed considering economy of scale. 

 A sensitivity analysis of the cell costs should be performed. 
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Appendix A 
 

Appendix A 
Steam Methane Reforming Detailed Results 

The model of the steam methane reforming process and results in Appendix A were developed using 
Aspen Plus version 2006 (20.0.2.3781) from AspenTech on a desktop computer running Microsoft 
Windows XP Professional Version 2002 Service Pack 3. 
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Appendix B 
High Temperature Electrolysis Results 

The model of the high-temperature steam electrolysis process and results in Appendix B were 
developed using HYSYS.Plant version 2.2.2 (Build 3806) from Hyprotech Ltd. on a desktop 
computer running Microsoft Windows XP Professional Version 2002 Service Pack 3.  

 

Figure B-1. Flow diagram of HTSE process. 
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Appendix C 
55%/45% Debt to Equity Results 

Table C-1. HTSE connected to a 600MWt HTGR IRR results for 55%/45% debt-to-equity ratio. 
TCI -30% HTGR TCI TCI +50% HTGR 

IRR $/kg IRR $/kg IRR $/kg 

HTSE 

$1,000,417,985 $1,307,917,985 $1,820,417,985 
3.66 $1.50 1.83 $1.50 -0.20 $1.50 
12.27 $3.25 9.48 $3.25 6.54 $3.25 
18.30 $5.00 14.69 $5.00 10.96 $5.00 
12.00 $3.18 12.00 $4.04 12.00 $5.48 

 
  

 

Figure C-1. HTSE connected to a 600 MWt HTGR IRR economic results for 55%/45% 
debt-to-equity ratio. 
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Appendix D 
Cost Estimate Support Data Recapitulation 

Appendix D is a cost estimate of the nuclear assisted production of ammonia using high 
temperature steam electrolysis without an air separation unit.  The cost estimate was performed 
by a team of cost estimators at the INL.  The capital cost of hydrogen production can be found by 
summing the HTGR, Rankine power cycle, and HTSE costs for the production of 7.51 kg/s of 
hydrogen. 
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