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August 8, 2008
Phil Hildebrandt
NGNP Project — Idaho National Laboratory
P.O. Box 1625
Idaho Falls, ID 83415-3780

Subject:  Number of High Temperature Gas-cooled Reactors that Could Hypothetically Be
Applied to U.S. Hydrogen Production and to Canadian Oil Sands Recovery

Dear Phil:

Per your request, this letter submits two evaluations regarding hypothetical applications of High
Temperature Gas-cooled Reactors (HTGRs) to industrial processes.

The enclosed evaluation of U.S. annual hydrogen production provides estimated numbers of
HTGRs 1) to replace energy needed to for hydrogen produced by steam methane reforming
(SMR); 2) to replace the lost heat capacity of natural gas used as a feedstock for SMR; and,

3) to replace all natural gas used as a feedstock for hydrogen production by using electrolysis
with water as feedstock. The evaluation compares low temperature electrolysis (LTE) and high
temperature electrolysis (HTE) processes. The evaluation provides HTGR estimates based on
both annual US merchant hydrogen demand (the amount sold to others) and total annual U.S.
hydrogen demand.

The enclosed evaluation on Canadian oil sands recovery estimates the number of HTGRs that
could provide the energy needs for projected oil sands developments through 2050. This
evaluation includes only energy needs associated with extraction of the bitumen and does not
include energy for subsequent refining of the recovered product.

Please feel free to contact Joey Konefal or me if you have any comments or questions.

Sincerely,
L ‘_,/j f ’
e ) ‘;C)&'_g(o‘/bd
Dave Rackiewicz
Enclosures
cc: P.Mills
L. Demick
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Number of HTGRs Hypothetically Required for Different
Aspects of Current U.S. Hydrogen Production

Purpose

This evaluation estimates how many High Temperature Gas-cooled Reactors (HTGRs) would be
needed to provide energy for different aspects of current U.S. hydrogen production. This study
uses the method reported in Reference 1 to evaluate energy needs for U.S. merchant hydrogen.

Approach

Thetotal annual U.S. hydrogen production in 2005 was estimated at 9 million tonnes (metric
tons), which is equivalent to 3.74 trillion scf (standard cubic feet at 1 atmosphere pressure and
60°F) (Reference 2).

The production of U.S. merchant hydrogen, which is hydrogen that is produced for sale to
another user as an industrial gas, was about 2.5 million tonnes or 1.05 trillion scf in 2007
(Reference 3). About 95% of it was made by the Steam Methane Reforming (SMR) method.

The sources of hydrogen production other than merchant hydrogen, and the production processes
used are difficult to quantify because this hydrogen is not sold and recorded. This so-called
captive hydrogen is used as afeedstock for one process at the same manufacturer where it was
produced in another process. As an example, U.S. refinery production of captive hydrogen in
2007 was about 3.6 million tonnes (Reference 3), and this used many feedstocks such as napthas,
napthenes, paraffins, still gas and natural gas, and included processes such as cyclization and
dehydrogenation, as well as steam reforming.

For ssimplicity, this evaluation will consider two different production quantities. The first will be
U.S. merchant hydrogen production. The second will be the total estimated U.S. hydrogen
production. The following will be included in estimating the number of equivaent HTGRs:

e Merchant Hydrogen Supply: The fraction of the 1.05 trillion scf made by SMR
(95%) will be evaluated. This equatesto 1.00 trillion scf (2.4 million tonnes).

e Total Hydrogen Supply: For simplicity and as an upper bound, the total U.S.
hydrogen production, estimated at 3.74 trillion scf (9 million tonnes), will be assumed
to be made solely by the SMR process.
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For each of the above cases, the following evaluations will be performed:

e Provide Energy Loads for SMR Process: Calculate the number of HTGRs to provide
all energy loads needed to produce U.S. merchant plant hydrogen using SMR.

e Replace Lost Heat from Natural Gas Feedstock: Measure the amount of natural gas
used as feedstock, based on its heating value, and cal cul ate the number of HTGRs
required to provide the same heating capability that islost to feedstock.

e Eliminate All Use of Natural Gas for Hydrogen Production: If the hydrogen
production was entirely made by HTGRs using water as a feedstock, with either Low
Temperature Electrolysis (LTE) or High Temperature Electrolysis (HTE) asa
process, calculate the required number of HTGRs. The temperaturesfor LTE are less
than 200°C and the temperatures for HTE are around 900-950°C.

Methodology

To calculate the number of HTGRs required for hydrogen production, the following inputs are
required:

e Production Method Used

e Total Annual Production, P (scf inayr)

e Production Energy, E (Btu/scf)

e Conceptual HTGR Plant Size, S(MWt)
Plant Capacity Factor, C

The number of HTGRs, N, required is given by:
P*E

== C* 2995 108 Equation 1

Calculations

1. Merchant Plant Production via SMR
As previously noted, the merchant plant hydrogen produced by SMR is 1.00 x 10 scf (2007).

a  Provide Energy Loads for SMR Process: The number of HTGRs that would be
needed to supply the energy requirements for producing US merchant hydrogen made viathe
SMR process was estimated in Reference 1 on the following basis:

The production energy for hydrogen via SMR is calculated in Reference 4 using energy input
values for a hypothetical 57 million scfd (scf per day) reference plant. This plant uses natural
gas as afuel and feedstock but also requires steam and electricity from an external source.
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The mass rate of steam required is:
M, = 1239M9
day

The amount of electrical energy required is:

Eue = 153311.M

day
The mass rate of natural gas required for fud is:

. M
My 4_fudl = 43d_a§/

The mass rate of natural gas required as afeedstock is:

. M
M CH4_fs — 392_9

day

The energy value of steam is assumed to be 1200 Btu/lb. Specific energies for natural gas
are assumed to be 23,000 Btu/lb and 1030 Btu/scf. Finally, the thermal to electrical energy
conversion efficiency is assumed to be 33% for SMR (not significant for SMR, see discussion
about different efficiency values for electrolysis below).

The energy inputs per day for steam, electricity, and natural gas as afuel are:

E. =M, 22|\‘/|)5'b 120&'3“ E. = 342IMMBtu/ day
g

Ee.ec_mermaj = Eyee 0—23 Ee,ec_therma, = 436MMBtu/ day

: - 2205lb 23,000Btu :
Echa_ e =Mena_ e Mg b Echa e =218IMMBtu/ day

The energy for the replacement of the steam, electricity, and fuel by an HTGR is therefore:

Es + Eelec_thermal + ECH 4 fud Btu

Eaur_awr = scf Esur_energy =106 scf
57*10° —
day

In Reference 1, a conceptual 500 MWt HTGR with a capacity factor of 0.85 is assumed.

S =500MW C=0.85
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Therefore, from Equation 1, the number of HTGRs that can replace all energy sourcesin
the SMR process for the production of merchant hydrogen is:

Pl * ESMR_energy N

= 8
SMR_eneroy — gx C* 2,99*10%

N

SMR_ energy =

b. Replace Lost Energy from Natural Gas Feedstock: A way of comparing the amount
of potential heating capability that islost by using natural gas for the feedstock is to convert the
feedstock into a number of HTGRs that could provide the same heating capability.

ECH4 s =Mcua s 2205ib 23,0008 ECH4 s =19,880MMBtu/ day
- -7 Mg Ib -
E S Btu
Eam 6= — fscf Eamr = 349§
57*10° —/
day
Pl * ES\/IR_fs
Naw & = 5 Cv2.097107 Nawm_ts =27

C. Eliminate All Use of Natural Gas for Hydrogen Production: The number of HTGRS
it would takeif no natural gas was used and all hydrogen was made by electrolysis with water as
feedstock is shown below.

The thermal-to-hydrogen production efficiency of a given processis defined as the ratio of
the lower heating value (LHV) of the hydrogen produced to the thermal energy required for
production. The LHV of hydrogen is 290 Btu/scf (Reference 5). Studies from Reference 6 show
that in ahigh temperature reactor (950 C outlet temperature) with a high power cycle efficiency
(54.8%), the thermal-to-hydrogen production efficiencies of the LTE and HTE processes are:

Nire =39% Ny = 48%

Determine the thermal energy required for electrolysis per scf of hydrogen:

E,.. =290 Btu 1 _ 744 Btu
scf 7yre scf
E, . =290 Btu 1 604 Btu

SCf e scf
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The number of reactors needed to produce the 1.00 trillion scf of merchant hydrogen using
LTE and HTE can be cal cul ated:

N _ Ptotal * ELTE N _ 59
TE " gx C*2.99*10%° LTE

N _ Ptotal * EHTE N _ 48
HTE © g* C* 2.99* 10" HTE =

The required number of HTGRs for LTE and HTE electrolysis methods can be compared to the
combined 35 equivalent reactors for the SMR process in which the energy value of the SMR
feedstock is expressed as equivaent reactors. The number of HTGRs required to produce 1.00 x
10" cf of hydrogen using SMR, LTE and HTE methods are displayed graphically in Figure 1.

2. Total Hydrogen Demand

This section calculates the number of HTGRs required to produce the total U.S. hydrogen
demand. using asingle process. The use of SMR, LTE and HTE are compared, using the same
techniques demonstrated above, including the assumption of a conceptua 500 MWt HTGR.

Thetotal U.S. hydrogen demand in 2005 was 9 million tonnes, or in terms of scf:
P, =3.74x10%scf / yr

The number of HTGRs required for SMR is divided between replacement of energy (whichis
the steam, heat and electricity needed to run the SMR process) and the equivalent energy that is
lost dueto lost heating capacity of the feedstock (expressed as the number of HTGRs that would
be required to replace the energy in the feedstock).

P * E

Nawe_x = s? Zld**zisgwffém Nowe_s =103
Nore = o Zofzfg%flom Nie =219
Nure = S*Féolmgng: 107 Nire =178

These values are graphically represented in Figure 2.
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Figure 1. Number of HTGRs (950°C) to Meet 2.4 Million Tonnes U.S. Merchant Production
Demand (1.00 x 10" scf) by SMR*, LTE and HTE
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Figure 2. Number of HTGRs (950°C) to Meet 9 Million Tonnes U.S. Hydrogen Demand
Assuming All is Produced by SMR*, LTE and HTE

Note: * If the SMR processis used, only the energy bar requires HTGRSs. The Feedstock bar shows the
amount of heat-making capacity lost due to use of natural gas asthe feedstock. Thus, the total feedstock plus
energy bar for the SMR process can be compared to the energy bars for the LTE and HTE processes.
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Number of HTGRs Hypothetically Required for Future
Canadian Oil Sands Needs

1. Purpose

The purpose of this evaluation isto show how many 500 MWt (conceptual size) High
Temperature Gas Reactors (HTGRs) would be needed to provide for the process energy
requirements associated with present and future Canadian oil sands extraction plant
developments.

2. Method

Reference 1 provided projections of oil recovery production developmentsin the Canadian oil
sands region through 2050. The projections differentiate between open mining of near surface
oil sands and “in-situ” recovery of bitumen extracted from deposits bel ow the surface by various
processes viadrilled wells. Figure 1 predicts the production forecasts based on crash program
scenarios (i.e., maximum rates of development).

The barrels per day (bbd) forecasted in Figure 1 were converted into a number of hypothetical
reactors that could provide the necessary energy for bitumen recovery. The number of reactors
was based on a conceptual 500 MWt HTGR with operational capacity factor of 0.85. Thisisthe
same basis that was used for the Reference 2 report which estimated the equivalent HTGRs for
all industrial process energy needs. Based on the Reference 2 report, the following conversions
were used for equating barrels per day (bbd) of bitumen recovery to required process energy in
Megawatts-thermal (MW1):

e For Mining: 600 MWt will yield 100,000 bbd
e For In-Situ: 600 MWt will yield 50,000 bpd, based on a SAGD process (steam
actuated gravity drain)

These conversions are rough estimates since the actual conversion rates are influenced by the
quality of the oil sands and the steam to oil ratio (SOR) required for each well.

3. Summary

Table 1 shows the results of this evaluation. The prediction of 50 HTGRs for in-situ oil sands
recovery in 2020, reported in Reference 2, is reflected by the underlined datum. Key conclusions
from Table 1 are asfollows:

a.  Total annual thermal energy used for oil sands by 2050 is equivaent to 134 HTGRs.



Total annual thermal energy used only for in-situ applications by 2050 is equivalent
to 127 HTGRs.

If the lifetimes of oil sands recovery plants are on the order of 30 years, most of the
plantsin support of mining will likely bein place by 2020. Further, the HTGR has
unique capabilities for high temperature steam that is needed for in-situ applications.
Therefore, the higher priority focus for HTGR should be toward in-situ plants.

By considering only the energy requirements for in-situ production starts after 2020, based on
expected scheduled availability of HTGR plants, then up to 79 HTGRs could be applied by 2050

to oil sands development (seelast column in Table 1).

Ty Number of i Number of Number of | -Number of

Mining 500 MWih In-Situ 500 Mwth | 200 MW Reactors

Year | Projection Projection Reactors | for In-Situ

(M bpd) Reactors (M bpd) Reactors for all Starting

p - - p _ -

for Mining for In-Situ Energy after 2020
2005 0.6 8 0.4 11 19 0
2020 2.3 32 1.7 48 80 0
2030 2.3 32 25 71 103 23
2040 2.3 32 35 99 131 51
2050 0.5 7 45 127 134 79

Table 1 Number of HTGRs Needed to Provide Energy for Oil Sands Development
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Figure 1: Long Term Oil Sands Crash Program Production Forecast [1]
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