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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 the economics of integrating a
High Temperature Gas-cooled Reactor (HTGR) with conventional chemical processes.
This TEV addresses the economic impact of increasing HTGR reactor outlet temperature
(ROT) on hydrogen production via steam methane reforming (SMR) of natural gas.

The production of hydrogen via SMR has previously been addressed in detail in
TEV-953, “Nuclear-Integrated Hydrogen Production via Steam Methane Reforming
(SMC) Process Analysis,” (INL 2010a). The development of detailed process models for
both conventional SMR hydrogen production and nuclear-integrated SMR hydrogen
production with a reactor outlet temperature of 750°C (1,382°F) were discussed in this
previous technical evaluation. In addition, TEV-961 evaluated the impact of increasing
the ROT to 925°C (1,697°F) on the nuclear-integrated SMR process (INL 2010b). The
development of detailed process models for the conventional SMR process and nuclear-
integrated SMR process with a ROT of 725, 775, 825, 875, and 925°C, all of which
included carbon capture, were discussed in the preceding TEV. This report is a follow-up
to TEV-961, and evaluates the economics of the six cases modeled. For this analysis, two
HTGR cost scenarios were considered: nominal cost refers to the anticipated cost to
build a single HTGR, and target cost refers to the HTGR cost for larger installations
when three or more HTGRs can be co-located. Significant results from this evaluation

are:

. For the nominal HTGR total capital investment (TCI) scenario, increasing the
ROT from 725°C (1,337°F) to 875°C (1,607°F) or above in the absence of a
carbon tax results in a decrease in the break-even natural gas price from
$10.20/1,000 scfto $7.35/1,000 scf when compared to the conventional SMR
process.

. For the nominal HTGR TCI scenario and a natural gas selling price of

$6.50/1,000 scf, a tax of about $62/ton CO; equates the performance of the 725°C
(1,337°F) ROT HTGR-integrated case with the conventional SMR case. If the
ROT is increased to 875°C (1,607°F), a carbon tax of only $13/ton CO; is
required to equate the HTGR-integrated case with the conventional SMR case.

. For the target HTGR TCI scenario, increasing the ROT from 725°C (1,337°F) to
825°C (1,607°F) or above in the absence of a carbon tax results in a decrease in
the break-even natural gas price from $5.60/1,000 scf to $4.50/1,000 scf or lower
when compared to the conventional SMR process.

. Increasing the HTGR ROT to 875°C (1,607°F) or above significantly stabilizes
hydrogen product price if a carbon tax is imposed.
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. For the HTGR-integrated SMR flowsheet, increasing the ROT has a positive
impact on process economics. However, there appears to be very little economic
benefit to pushing the ROT beyond 875°C (1,607°F).

An effort is currently underway by NGNP to refine and update the HTGR capital cost
estimate. As part of this update, appropriate material costs will be quantified for an
HTGR operating at 750°C (1,382°F) and an HTGR operating at 950°C (1,742°F). Once
the HTGR capital cost estimates have been updated, it is highly recommended that this
study be updated to reflect the appropriate capital cost for each case.
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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 the economics of integrating a
High Temperature Gas-cooled Reactor (HTGR) with conventional chemical processes.
The NGNP Project is being conducted under the U.S. Department of Energy (DOE)
direction to meet a national strategic need identified in the 2005 Energy Policy Act 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.

The HTGR produces steam, high-temperature helium that can be used for process heat,
and/or electricity. Previous studies conducted by Idaho National Laboratory (INL) over
the past year have used an HTGR outlet temperature of 750°C which reflects the initial
HTGR design and results in a more conservative cost analyses (higher unit costs for the
nuclear heat option). Additionally, a 50°C temperature approach was assumed between
the primary and secondary helium loops when helium was the delivered working fluid.
As a result, the maximum helium stream temperature available for heat exchange in those

studies was 700°C (1,292°F).”

Although initial HTGR implementations will likely target an HTGR outlet temperature of
750°C (1,382°F), temperatures of 950°C (1,742°F) are anticipated for later designs.
Unlike previous INL studies performed during the last year, this study removes the
750°C (1,382°F) maximum HTGR outlet temperature assumption. Instead, the impact of
increasing the HTGR reactor outlet temperature (ROT) is assessed. For this study, a 25°C
(45°F) temperature approach is assumed between the primary and secondary helium
loops, as opposed to the 50°C (90°F) assumption used in previous studies. This study
investigates the impact of varying ROTs from 725°C (1,337°F) to 925°C (1,697°F).
Hence, using the 25°C (45°F) temperature approach assumption between the primary and
secondary loops, high-temperature helium can be delivered at temperatures between
700°C (1,292°F) and 900°C (1,652°F). HTGR product conditions assumed for this

analysis are shown in Table 1.

a. See TEV-666, TEV-667, TEV-671, TEV-672, TEV-674, TEV-693, TEV-704, TEV-953, TEV-954, and

INL/EXT-09-16942.
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Table 1. Projected outputs of the NGNP.

HTGR Product

Product Description

Steam 540°C (1,004°F) and 17 MPa
High-Temperature Helium Delivered between 700-900°C (1,292-1,652°F) and 9.1 MPa

Electricity Generated by Rankine cycle

The production of hydrogen via steam methane reforming (SMR) of natural gas has
previously been addressed in detail in TEV-953, “HTGR-Integrated Hydrogen
Production via Steam Methane Reforming (SMR) Process Analysis,” (INL 2010a). The
development of detailed process models for both conventional SMR hydrogen production
and nuclear-integrated SMR hydrogen production with a reactor outlet temperature of
750°C (1,382°F) were discussed in this previous technical evaluation. A follow-on
process modeling study, TEV-961, “Sensitivity of Hydrogen Production via Steam
Methane Reforming to High Temperature Gas Reactor Outlet Temperature Process
Analysis,” evaluated the impact of increasing the ROT to 925°C (1,697°F) on the
nuclear-integrated SMR process (INL 2010b). The development of detailed process
models for the conventional SMR process and nuclear-integrated SMR process with a
ROT of 725, 775, 825, 875, and 925°C, all of which included carbon capture, were
discussed in the preceding TEV." The models documented in TEV-961 are used as the
basis for the economic analysis conducted in this report. This TEV assumes familiarity
with TEV-953 and TEV-961; hence, detailed descriptions of the process models
documented in TEV-953 and TEV-961 are not presented here.

Economic analysis of the conventional and nuclear-integrated SMR processes was
addressed in detail in TEV-954, “HTGR-Integrated Hydrogen Production via Steam
Methane Reforming (SMR) Economic Analysis” (INL 2010c). In that report, detailed
economic models for both conventional SMR hydrogen production and nuclear-
integrated SMR hydrogen production with a reactor outlet temperature of 750°C
(1,382°F) were developed. The models documented in TEV-954 are used as the basis for
the economic analysis conducted in this report. This TEV assumes familiarity with
TEV-954; hence, detailed descriptions of the economic models documented in TEV-954

are not presented here.

The economic models used for this analysis have been developed in Microsoft Excel
(Excel 2007). This study makes extensive use of these models; this TEV assumes
familiarity with Excel. A detailed explanation of the software capabilities is beyond the

scope of this study.

This TEV first presents the general process configuration on which the economic models
are based, followed by results and discussion of the economic analysis.

b

50°C to 25°C in TEVs 953 and 961, respectively.

The assumption for temperature approach between the primary and secondary helium loops changed from
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2. SENSITIVITY ANALYSIS DESCRIPTION

2.1

2.2

Baseline Process Configuration

The process configurations used as the bases for this study have been documented
in TEV-961. The block flow diagram from TEV-961 for the HTGR-integrated
process is shown in Figure 1. Refer to TEV-961 and TEV-953 for additional
details of the processes considered.
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Figure 1. Block flow diagram for the HTGR-integrated SMR case with carbon
capture.

Cases Considered

One conventional SMR case and five nuclear-integrated cases are considered in
this study. The five nuclear-integrated cases increase the HTGR ROT by 50°C
(90°F) from 725°C (1,337°F) until a maximum ROT of 925°C (1,697°F) is
achieved. Hence, a total of six cases are compared and evaluated in this study, all
of which include carbon capture:

Case 1 — Conventional non-nuclear-integrated SMR
Case 2 — Nuclear-integrated SMR with an ROT of 725°C (1,337°F)

Case 3 — Nuclear-integrated SMR with an ROT of 775°C (1,427°F)
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2.3

24

Case 4 — Nuclear-integrated SMR with an ROT of 825°C (1,517°F)
Case 5 — Nuclear-integrated SMR with an ROT of 875°C (1,607°F)
Case 6 — Nuclear-integrated SMR with an ROT of 925°C (1,697°F).

A small cryogenic separation unit was added to Case 6 to remove nitrogen from
the fuel gas. As detailed in TEV-961, this change was necessary to prevent
buildup of inert gas in the recycle loop.

Economic Modeling Approach

The economic viability of the SMR process at each HTGR operating temperature
was assessed using standard economic evaluation methods, specifically the
internal rate of return (IRR). Details of the economic model framework,
methodologies, assumptions, and inputs are documented in TEV-954; hence, only
modeling results will be presented in this analysis.

For this analysis, two HTGR cost scenarios were considered: nominal cost refers
to the anticipated cost to build a single HTGR, and target cost refers to the HTGR
cost for larger installations when three or more HTGRs can be co-located.

Study Limitations

As HTGR and hot gas circulation system temperatures rise, the materials of
construction and process control components — such as high temperature valves,
gas circulation pumps, and heat exchangers will likely increase, as will the costs
to maintain these custom-manufactured components. Currently, some equipment
components for service exceeding 750°C are in early to mid stages of
development and demonstration. Fabrication costs using potentially more exotic
metal alloys, new manufacturing techniques, and quality assurance/quality control
procedures will likely increase the costs of the HTGR reactor and energy transfer
systems. For example, new welding procedures may need to be developed in
conjunction with welder certification and weld inspection specifications. This
report does not account for the potential costs increases that may be encountered
with the higher system temperatures. This is a significant limitation in the current
economic analysis.

An effort is currently underway by NGNP to refine and update the HTGR capital
cost estimate. As part of this update, appropriate material costs will be quantified
for an HTGR operating at 750°C (1,382°F) and an HTGR operating at 950°C
(1,742°F). Once the HTGR capital cost estimates have been updated, the capital
and equipment maintenance costs in this study should be readdressed.
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ECONOMIC MODELING RESULTS AND OBSERVATIONS

Economics were evaluated for each case listed in Section 2.2. The total capital
investment (TCI), based on the total equipment costs, annual revenues, and annual
manufacturing costs, were first calculated for the cases. The present worth of the annual
cash flows (after taxes) was then calculated for the TCI at both the nominal and target
HTGR cost. Additionally, the economics were analyzed for multiple owner/operator
scenarios, with the HTGR and SMR facilities operated by independent organizations or a
single owner/operator. Finally, the IRR and hydrogen product price were calculated for
each case. The following sections present the economic results.

3.1 Capital Cost

Table 2, Figure 2, and Figure 3 present the capital cost estimate and breakdown
for each case. For the HTGR-assisted cases, the HTGR accounts for
approximately 50% of the total capital cost. As stated in Section 2.4, a limitation
of this study is that no attempt has been made to quantify the capital cost
difference between the cases due to differences in material of construction of the
HTGR. The required HTGR capacity is somewhat different for each scenario (see
TEV-961); hence, a difference in capital cost for the HTGR in each scenario is

shown in Table 2.
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Table 2. Total capital investment ($).
Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

(Conventional) | (725°C ROT) (775°C ROT) (825°C ROT) (875°C ROT) (925°C ROT)

HTGR — Nominal Cost N/A 294,908,160 288,569,531 319,161,251 354,627,564 376,477,078
HTGR — Target Cost N/A 206,435,712 201,998,672 223,412,876 246,139,295 263,533,955
HTGR Power Cycle N/A 45,156,434 35,156,274 35,899,061 36,922,086 39,746,513
Steam Methane Reformer 136,649,425 126,917,731 122,130,700 116,475,225 110,438,425 109,475,288
Water Gas Shift Reactors 3,806,204 3,784,394 3,758,065 3,730,508 3,710,554 3,568,419
Selexol™ 27,626,811 27,485,094 27,294,346 27,085,447 26,887,172 25,897,388
CO, Compression 8,560,621 8,511,283 8,399,498 8,273,893 8,140,708 8,029,864
PSA System 32,186,596 32,046,248 32,065,402 32,099,786 32,194,466 31,971,686
Cooling Towers 8,511,283 181,223 197,108 214,866 232,753 225,334
Water Systems 15,431,207 14,123,744 13,763,003 13,339,460 12,893,890 12,720,927
Piping 15,431,207 14,123,744 13,763,003 13,339,460 12,893,890 12,720,927
1&C 5,650,864 5,172,075 5,039,973 4,884,873 4,721,706 4,658,367
Electrical Systems 17,387,275 15,914,078 15,507,609 15,030,378 14,528,326 14,333,438
Buildings and Structures 19,995,367 18,301,190 17,833,751 17,284,935 16,707,575 16,483,454
TCI — Nominal HTGR Cost N/A 606,625,400 583,478,263 606,819,142 631,899,114 656,308,684
Fossil Plant 291,236,860 266,560,806 259,752,458 251,758,831 243,349,464 240,085,092
HTGR N/A 340,064,594 323,725,805 355,060,312 388,549,650 416,223,591
TCI - Target HTGR Cost N/A 518,152,952 496,907,404 511,070,767 526,410,845 543,365,560
Fossil Plant 291,236,860 266,560,806 259,752,458 251,758,831 243,349,464 240,085,092
HTGR N/A 251,592,146 237,154,946 259,311,937 283,061,381 303,280,468
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Figure 2. Capital cost breakdown for Case 1 - Conventional SMR.
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Figure 3. Capital cost breakdown for HTGR-integrated scenarios, Cases 2 — 6.
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3.2 Revenue

Yearly revenue for each case is presented in Table 3. The revenues presented for
the fossil portion are for selling hydrogen and heat at market price. The market
price for hydrogen used in this study is $1.13/lb ($2.50/kg) and lies within the
range specified in the “NGNP Pre-Conceptual Design Report” (INL 2007).

The revenues presented for the fossil plant are the same for the independent
owner/operator scenario and the single owner/operator scenario. However, the
revenues for the HTGR plant are dependent on the financial scenario selected:

. For the single owner/operator scenario, the revenues from the HTGR plant
are zero for most cases, as all products would be used internally as
feedstock to the fossil plant. However, for a few cases electricity is
produced beyond what is consumed in the fossil plant. In these cases, a
small revenue stream would be realized from electricity export to the grid.

. For the independent owner/operator scenario, the revenue from the HTGR
plant would come from heat and electricity sales to the fossil plant.

The values presented in Table 3 for the HTGR plant are for the independent
owner/operator scenario, and are based on setting the price for heat and/or
electricity to achieve a 15% IRR for the HTGR plant.
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Table 3. Annual revenue ($).
Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
(Conventional) (725°C ROT) (775°C ROT) (825°C ROT) (875°C ROT) (925°C ROT)
Fossil Plant
Hydrogen 265,030,396 265,030,396 265,030,396 265,030,396 265,030,396 265,030,396
Heat (Steam) 1,280,265 9,558,591 7,529,696 5,283,807 2,945,695 4,540,602
Annual Revenue - Fossil 266,310,661 274,588,986 272,560,091 270,314,202 267,976,091 269,570,997
HTGR Plant
Heat (Helium) N/A 34,820,773 38,355,345 43,015,233 47,782,010 50,674,786
Electricity N/A 16,599,937 10,653,255 10,883,950 11,251,651 12,490,081
Annual Revenue - HTGR N/A 51,420,710 49,008,600 53,899,182 59,033,660 63,164,867
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33 Manufacturing Cost

Manufacturing costs for each case are presented in Table 4. The costs presented
are for the single owner/operator scenario; hence, intermediate products such as
heat and electricity are not shown.® The natural gas price assumed in this analysis
is $6.50 per 1,000 scf.

As the HTGR temperature is increased, natural gas consumption is reduced;
hence, higher operating temperatures lead to reduced manufacturing costs. As can
be seen in Table 4, operating costs level out above an ROT of 875°C (1,607°F).

¢ Manufacturing costs for the independent owner/operator scenario are similar to the single owner/operator scenario.
However, there would be additional costs to the fossil plant for heat and electricity. These costs have been
previously presented as revenues for the HTGR plant in Table 3.
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Table 4. Annual manufacturing costs ($).
Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
(Conventional) (725°C ROT) (775°C ROT) | (825°C ROT) (875°C ROT) (925°C ROT)
Direct Costs
Materials
Natural Gas 107,388,840 94,947,450 89,054,160 82,287,790 75,303,150 74,211,800
Makeup H,O Clarifying 7,797 11,493 10,517 9,434 8,304 8,918
Wastewater Treatment 184,842 177,229 178,197 179,165 179,616 173,810
HDS Catalyst 22,496 22,595 24,202 26,016 28,134 20,020
Zinc Oxide 58,321 58,038 58,582 59,386 61,259 52,299
Reforming Catalyst 39,866 32,708 32,952 33,228 33,580 29,495
HTS Catalyst 15,365 15,343 15,286 15,227 15,189 13,784
LTS Catalyst 20,823 20,803 20,727 20,649 20,600 18,679
Selexol™ Solvent 4,455 3,939 3,694 3,413 3,124 3,078
CO, Sequestration 10,615,692 10,516,619 10,283,797 10,026,206 9,758,709 9,545,701
Utilities
Electricity 8,077,253 N/A N/A N/A N/A N/A
Water 14,452 21,302 19,492 17,486 15,390 16,529
Royalties 1,073,888 949,475 890,542 822,878 753,032 742,118
Labor and Maintenance 12,086,330 11,062,273 10,779,727 10,447,991 10,099,003 9,963,531
Indirect Costs
Overhead 7,856,114 7,190,478 7,006,823 6,791,194 6,564,352 6,476,295
Insurance and Taxes 4,368,553 3,998,412 3,896,287 3,776,382 3,650,242 3,601,276
Nuclear Costs
Fuel N/A 6,035,499 5,905,775 6,531,855 7,196,301 7,704,863
0&M N/A 2,446,824 2,394,233 2,648,049 2,917,419 3,123,593
Annual Manufacturing Costs 151,835,088 137,510,481 130,574,991 123,696,351 116,607,704 115,705,792
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34 Calculated Price of H,

Economic results for each case are presented in Table 5 for the nominal HTGR
cost scenario and in Table 6 for the target HTGR cost scenario. For the
independent owner/operator scenarios (designated as “Separate” in the tables
below), heat and electricity from the HTGR plant are sold to the hydrogen plant at

a price that returns an IRR of 15%.

Table 5. Required hydrogen selling price to achieve a 15% IRR for the nominal HTGR TCI (§).

g Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
2 .
A —~ <
25 =9 | E ES Ea| ES Ea | BES Ea | ES Ea | ES E A
Sa 59| § ©C2 02| 0% 0% |0cE 0% |0ocE o0%|locE oF
== 25| S |5 2| 2% Ef|&F RF|&F EEF|®F &%
£e 5| 82 |vp VElvye UVE| Ve VDE|lUH U V@ U
g~ oL z o g Lol HeE ¢ |lLE | eE Lol HE oo
= g BE G2l e L | B G| s Ly | &G 4a
z &) S TV | S T e T el o7 | ol o>
0 0.70 0.75 0.76 0.75 0.76 0.76 0.76 0.76 0.76 0.76 0.77
25 0.73 0.77 0.80 0.77 0.79 0.77 0.78 0.76 0.77 0.77 0.78
4.50 50 0.77 0.79 0.82 0.79 0.81 0.78 0.80 0.77 0.78 0.77 0.79
75 0.80 0.81 0.85 0.80 0.83 0.79 0.81 0.77 0.78 0.78 0.79
100 0.84 0.83 0.87 0.82 0.84 0.80 0.82 0.78 0.79 0.78 0.80
0 0.84 0.88 0.89 0.88 0.88 0.87 0.87 0.86 0.87 0.86 0.87
25 0.88 0.90 0.93 0.89 0.92 0.88 0.90 0.86 0.88 0.87 0.88
6.50 50 091 0.92 0.95 091 0.93 0.89 091 0.87 0.88 0.87 0.89
75 0.95 0.94 0.98 0.93 0.95 0.90 0.92 0.88 0.89 0.88 0.89
100 0.98 0.96 1.00 0.94 0.97 091 0.93 0.88 0.89 0.88 0.90
0 1.25 1.23 1.25 1.21 1.22 1.18 1.18 1.14 1.15 1.14 1.15
25 1.28 1.26 1.29 1.23 1.25 1.19 1.21 1.15 1.16 1.15 1.16
12.00 50 1.32 1.28 1.31 1.24 1.27 1.20 1.22 1.15 1.17 1.15 1.17
75 1.35 1.30 1.33 1.26 1.28 1.21 1.23 1.16 1.17 1.16 1.17
100 1.39 1.32 1.35 1.28 1.30 1.22 1.24 1.16 1.18 1.16 1.18
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Table 6. Required hydrogen selling price to achieve a 15% IRR for the target HTGR TCI (§).

g Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
2 .
Ay — <
25 =9 | E ES Ea| ES Ea | BES Ea | BES Ea | ES E A
Sa 59| § ©C2 02| 0% 0% |0cE 0% |0ocE o0%|loE oF
== 25| S |5 2| 2% Ef|&F REF|&F EEF|®F &%
£e 5| 82 |vd VElvy UE| Ve VDE|lUn U V@ U
g~ oL z o g Lol HeE Lo |lLE | eE Lol HE oo
= g BE Sl e L | Qe G| s Ly | &G 4@
Z &) S V| 2 T el T | el oY | ol o>
0 0.70 0.70 0.72 0.71 0.71 0.70 0.71 0.70 0.71 0.70 0.71
25 0.73 0.72 0.76 0.73 0.75 0.72 0.73 0.71 0.72 0.71 0.72
4.50 50 0.77 0.74 0.78 0.74 0.76 0.73 0.74 0.71 0.72 0.71 0.72
75 0.80 0.76 0.80 0.76 0.78 0.74 0.75 0.72 0.73 0.72 0.73
100 0.84 0.79 0.83 0.78 0.80 0.75 0.76 0.72 0.73 0.72 0.73
0 0.84 0.83 0.85 0.83 0.83 0.82 0.82 0.80 0.81 0.80 0.81
25 0.88 0.85 0.89 0.85 0.87 0.83 0.84 0.81 0.82 0.81 0.82
6.50 50 091 0.87 0.91 0.86 0.88 0.84 0.85 0.81 0.82 0.81 0.82
75 0.95 0.89 0.93 0.88 0.90 0.85 0.87 0.82 0.83 0.82 0.83
100 0.98 0.92 0.96 0.90 0.92 0.86 0.88 0.82 0.83 0.82 0.84
0 1.25 1.19 1.21 1.17 1.17 1.13 1.13 1.09 1.09 1.08 1.09
25 1.28 1.21 1.25 1.18 1.20 1.14 1.15 1.09 1.10 1.09 1.10
12.00 50 1.32 1.23 1.27 1.20 1.22 1.15 1.16 1.10 1.11 1.09 1.10
75 1.35 1.25 1.29 1.22 1.24 1.16 1.18 1.10 1.11 1.10 1.11
100 1.39 1.27 1.31 1.23 1.25 1.17 1.19 1.11 1.12 1.10 1.12

Economic results for the nominal HTGR cost scenario are presented in Figure 4.
For an ROT of 725°C (1,337°F) and in the absence of a carbon tax, the HTGR-

integrated flowsheet matches or exceeds the economic performance of the

conventional SMR case when the price of natural gas rises above $10.20/1,000
scf. When the ROT is increased to 875°C (1,607°F) or above, the break-even
natural gas price is reduced to $7.35/1,000 scf. Hence, increasing the HTGR ROT
significantly increases the competitiveness of the HTGR-integrated SMR process.

A dramatic improvement in economic performance when increasing ROT can

also be seen when a carbon tax is implemented. As shown in Figure 5, for a

natural gas selling price of $6.50/1,000 scf, a tax of about $62/ton CO, equates
the performance of the 725°C (1,337°F) ROT HTGR-integrated case with the

conventional SMR case. The tax required to equate the performance of the 875°C

(1,607°F) ROT HTGR-integrated case with the conventional SMR case is reduced

to about $13/ton CO,. In addition, for an ROT above 875°C (1,607°F), the selling
price of hydrogen is relatively stable regardless of the carbon tax level (i.e.,

$0.86/1b H, with no tax compared to $0.88/1b H, with a tax of $100/ton CO5,).
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Based on these results, a CO, tax increase of $10/ton will reduce the break-even
natural gas price between the HTGR-integrated and conventional SMR cases by

about $0.60/1,000 scf.
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No Carbon Tax, Mominal HTGR TCI
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Figure 4. Hydrogen selling price as a function of natural gas price (nominal
HTGR TCI).



Idaho National Laboratory

Form 412.09 (Rev. 10)

SENSITIVITY OF HYDROGEN PRODUCTION
VIA STEAM METHANE REFORMING TO HIGH
TEMPERATURE GAS-COOLED REACTOR
OUTLET TEMPERATURE ECONOMIC
ANALYSIS

Identifier:
Revision:
Effective Date:

TEV-962
0
09/15/2010

Page: 21 of 24

1.00

Natural Gas Price = 56.50/1,000 ft3, Nominal HTGRTCI

0.97

0.54

0.91

]
—
— -

-
e

0.88 (== ==

-
_——
-
-

Required Hydrogen Product Price ($/1b)

0.85

0.82

Conventional SMR

= = B25°C ROT (Integrated)

50

€O, Tax ($/ton)

= = 725°C ROT (Integrated)
875°C ROT (Integrated)

75

= = 775°C ROT (Integrated)
= = 925°C ROT (Integrated)

100

Figure 5. Hydrogen selling price as a function of carbon tax (nominal HTGR

TCI).

The same trends are observed for the target HTGR cost scenarios. As shown in
Figure 6, at an ROT of 725°C (1,337°F) and in the absence of a carbon tax, the
HTGR-integrated flowsheet matches or exceeds the economic performance of the
conventional SMR case when the price of natural gas rises above $5.60/1,000 scf.
When the ROT is increased to 825°C (1,517°F) or above, the break-even natural
gas price is reduced to $4.50/1,000 scf or lower. As shown in Figure 7 for a
natural gas price of $6.50/1,000 scf, the HTGR-integrated scenarios outperform
the conventional SMR process regardless of ROT. However, it can be seen that
increasing the ROT results in stabilization of the hydrogen product price in the

presence of a carbon tax.
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1.30

Mo CarbonTax, Target HTGR TCI

H, Market Price = $1.13/Ib ($2.50/kg)
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Figure 6. Hydrogen selling price as a function of natural gas price (target HTGR

TCI).
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1.00

Matural Gas Price = 56.50/1,000 ft2, Target HTGRTCI
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Figure 7. Hydrogen selling price as a function of carbon tax (target HTGR TCI).

4.

CONCLUSIONS AND RECOMMENDATIONS

The following major conclusions can be drawn from this study:

For the nominal HTGR TCI scenario, increasing the ROT from 725°C (1,337°F)

to 875°C (1,607°F) or above in the absence of a carbon tax results in a decrease in
the break-even natural gas price from $10.20/1,000 scf to $7.35/1,000 scf when
compared to the conventional SMR process.

For the nominal HTGR TCI scenario and a natural gas selling price of

$6.50/1,000 scf, a tax of about $62/ton CO, equates the performance of the 725°C
(1,337°F) ROT HTGR-integrated case with the conventional SMR case. If the
ROT is increased to 875°C (1,607°F), a carbon tax of only $13/ton CO; is
required to equate the HTGR-integrated case with the conventional SMR case.
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. For the target HTGR TCI scenario, increasing the ROT from 725°C (1,337°F) to
825°C (1,517°F) or above in the absence of a carbon tax results in a decrease in
the break-even natural gas price from $5.60/1,000 scf to $4.50/1,000 scf or lower
when compared to the conventional SMR process.

. Increasing the HTGR ROT to 875°C (1,607°F) or above significantly stabilizes
hydrogen product price if a carbon tax is imposed.

. For the HTGR-integrated SMR flowsheet, increasing the ROT has a positive
impact on process economics. However, there appears to be very little economic
benefit to pushing the ROT beyond 875°C (1,607°F).

An effort is currently underway by NGNP to refine and update the HTGR capital cost
estimate. As part of this update, appropriate material costs will be quantified for an
HTGR operating at 750°C (1,382°F) and an HTGR operating at 950°C (1,742°F). Once
the HTGR capital cost estimates have been updated, it is highly recommended that this
study be updated to reflect the appropriate capital cost for each case.
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