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Abstract

The high temperature gas-cooled Modular Helium Reactor (MHR) is an advanced, high efficiency
reactor system which can play a vital role in meeting the future energy needs of the world by
contributing not only to the generation of electric power, but also the non-electric energy traditionally
served by fossil fuels. This paper summarizes work done over 20 years, by several people at General
Atomics, how the Modular Helium Reactor can be integrated to provide different non-electric
applications including Process Steam/Cogeneration for industrial applications, Process Heat for
transportation fuel development and Hydrogen Production for various energy applications.

The MHR integrates favorably into present petrochemical and primary metal process industries,
heavy oil recovery, and future shale oil recovery and synfuel processes. The technical fit of the
Process Steam/Cogeneration Modular Helium Reactor (PS/C-MHR) into these processes is
excellent, since it can supply the required quantity and high quality of steam without fossil
superheating.

High temperature process heat is a second example of how the MHR can be extended to use its full
temperature capability. In terms of market application, transportation fuels represent the largest
potential application for a Process Heat Modular Helium Reactor (PH-MHR) system. Potential fuels
could include methane or synthetic gasoline using various feedstocks. One interesting application
described in this paper is the production of methanol from coal.

Hydrogen can play a major role in reducing global CO2 emissions in the 21st century. Produced
using nuclear energy, hydrogen can replace many existing fossil fuels such as oil and coal, in
providing a CO2 free energy supply for many stationary and transportation uses. The Modular
Helium Reactor (MHR) system can deliver the required electric energy and is unique in its capacity
to supply high temperature process heat for thermochemical production of hydrogen. Three distinct
hydrogen production processes and their interface with the MHR heat source in those processes are
presented. Assessment of these and other nuclear approaches to the production of hydrogen can be
undertaken to assure the availability of hydrogen production processes early in the 21 st century.

1- INTRODUCTION

Today the world's primary energy consumption by its 5.4 billion inhabitants is about 320 quads per
year (1 quad = 1015 BTU). Approximately two thirds of this is utilized in non-electric applications.
The Modular Helium Reactor (MHR) is a second generation passively safe reactor system which can
play a vital role in meeting the future energy needs of the world by contributing not only to the
generation of electric power, but also to the industrial non-electric energy sector traditionally served
by fossil fuels. Most energy-intensive industrial processes require considerable process steam and
electric power.
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In the industrial nations, transportable fuels in the form of natural gas and petroleum derivatives
constitute a large energy source. Nations with large coal deposits have the option of coal conversion
to meet their transportable fuel demands. But these processes themselves consume large amounts
of energy and produce undesirable combustion by-products. The modular helium reactor system has
the potential of providing the required energy to produce transportable fuel.

Global carbon dioxide emissions are estimated to exceed a total of 25 billion tons per year in 1995
and could reach as high as 40 billion tons per year by the year 2050. In order to mitigate this global
warmup trend emissions need to be significantly curtailed. In particular, the industrialized countries'
CO2 emissions need be reduced as they presently contribute approximately 80% of total CO2

emissions. A strong case can be presented in favor of the hydrogen fuel in meeting future world
energy needs and in achieving the targeted global reduction in the CO2 emissions. The MHR can
provide the energy required for production of hydrogen.

This paper summarizes the potential non-electric application of the MHR in providing the process
steam for cogeneration applications, process heat for transportation fuel production of hydrogen for
various industrial applications.

2- MODULAR HELIUM REACTOR HEAT SOURCE

Efforts to enhance the nuclear energy option in the U.S. has brought about the development of a new
generation of reactor designs. These advanced designs emphasize reduced complexity and passive
safety in concert with economic competitiveness to modern fossil fired generation. One such
advanced design is the Modular Helium Reactor (MHR). Its key characteristics of simplicity,
versatility and unparalleled safety provide strong incentives for worldwide deployment as a heat
source to meet diverse future energy needs.

2.1 MHR Characteristics

The MHR combines the characteristics of ceramic coated fuel, helium coolant, graphite moderator,
and a unique core configuration with passive decay heat removal capability. These characteristics
have been innovatively combined to meet stringent safety requirements while at the same time
offering competitive energy costs. The intrinsic properties of this combination are:

Coated Particle Fuel - The multiple ceramic coatings surrounding the fuel kernels
constitute tiny independent pressure vessels which retain fission products. These
coatings are capable of maintaining their integrity and fission product retention at
temperatures much higher than those imposed during postulated extreme accident
conditions.

Helium Coolant - The inert and single phase helium coolant has several advantages:
no flashing or boiling of coolant is possible, pressure measurements are certain, and
pump cavitation cannot occur. Further, there are no reactivity or corrosive effects
associated with helium and no potential chemical or energy reactions between
coolant and fuel is possible.

Graphite Core - The strengths of the graphite core at high temperatures results in a
wide margin between operating temperatures and temperatures that would result in
core damage. Further, the high heat capacity and low power density of the core result
in very slow and predictable temperature transients.
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Core Configuration - Selection of an annular core geometry, low core power density,
and core power level assures that fuel temperatures remain hundreds of degrees
below the integrity limit of the coated particle fuel even if all active coolant
circulation fails and even if the coolant were lost.

• Passive Decay Heat Removal System - In addition to the normally operating power
conversion system and an independently powered shutdown cooling system, a
completely passive, safety grade reactor cavity cooling system is provided.

The selection of helium as the coolant, graphite for the core structure, and ceramic fuel sets the MHR
apart from other power reactors and is the cornerstone of its high temperature capability. This
unique heat source enables high power conversion efficiency and a range of energy conversion
alternatives. The modular helium reactors can produce helium at temperatures as high as 1000°C.

2-2 MHR Heat Source Design

The MHR heat source is located inside a reactor pressure vessel as shown in Figure 1 (Ref. 1). The
reactor core is designed to provide 600 MW(t) at a power density of 6.6 MW/m3. The active core
consists of an assembly of hexagonal graphite fuel elements containing nuclear fuel compacts and
coolant flow channels. The active fuel region of the core is arranged in the form of an annulus as
shown in Figure 2. The fuel elements are stacked in the core to form columns that rest on support
structures. The annular core configuration was adopted to achieve maximum power rating and still
permit passive core heat removal while maintaining the fuel temperature below 1600°C during worst
case accident condition of total loss of coolant and loss of flow, assuring that fuel integrity is not
impaired. The active core is composed of 102 fuel columns in an annular arrangement. The design
includes reflector rods for power control and in-core rods for shutdown. The addition of the in-core
rods increases the reactivity shutdown margins for the larger core while accommodating vessel
layout and refueling requirements. The fuel cycle is based on an LEU U235/U238 fissile/fertile cycle
with a peak enrichment of 19.9%. The fuel particles are bonded together in fuel compacts which are
contained in sealed vertical holes in the graphite fuel blocks which make up the fuel columns.
TRISO fuel coating provides the principal fission product retaining mechanism and constitutes a
major safety feature of the MHR.
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The core reactivity is controlled by a combination of burnable poison, movable control rods and a
negative temperature coefficient. Independent and diverse reserve shutdown control is provided in
the form of boronated pellets that may be released into channels in the active core.

The MHR system exhibits many key safety design features including the ceramic coated TRISO fuel,
with its capability to retain fission products at very high temperatures, low power density annular
core, factory fabricated steel vessels, and entirely passive decay heat removal. The release of large
quantities of radionuciides is essentially precluded by the fuel particle ceramic coatings even under
severe accident conditions. All the reactor system components are based on proven technology.

The MHR offers the broadest range of industrial uses of any reactor system. This attribute has been
one of the driving forces behind its development. An overview of some of the applications is
described in the following sections. In addition to electricity generation, the MHR can play a major
role in the primary energy supply due to its unique capability to heat working fluids to 1000°C.
Described below are three broad categories of MHRs for non-electric applications, first the Process
Steam/Cogeneration Modular Helium Reactor (PS/C-MHR), second Process Heat Module Helium
Reactor (PH-MHR), and third the Hydrogen Production Modular Helium Reactor (HP-MHR).

3. PROCESS STEAM/COGENERATION MODULAR HELIUM REACTOR

Energy requirements of industrial process complexes vary widely, according to varying steam
conditions, capacity requirements, and the ratio of thermal to electric power. The high tempera-
ture/high pressure steam at 2500 psia (17.3 MPa) and 1000°F (540°C) produced by the PS/C-MHR
can provide energy for heat cycles in a wide range of process applications and industrial complex
sizes and capacities.

3-1 PS/C-MHR Plant Description

The P/SC-MHR is being designed to meet the rigorous requirements established by the Nuclear
Regulatory Commission (NRC) and the electric utility-user industry for a second-generation power
source for the late 1990s. The plant is expected to be equally attractive for deployment and operation
in the United States, other major industrialized nations, and the developing nations of the world.
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The most economic PS/C-MHR plant configuration includes an arrangement of several identical
modular reactor units, each located in a single reactor building (Ref. 1). The plant is divided into
two major areas: the nuclear island (NI), containing the several reactor modules, and an energy
conversion area (ECA), containing turbine generators and other balance of plant equipment. The
basic layout for a single reactor module is shown in Fig. 3. Each reactor module can be connected
independently to steam turbine in or other steam utilizing systems. The nominal plant parameters
are offered in Table 1.
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PS/C-MHR PLANT PARAMETERS

Reactor Module Parameters

Thermal Power, MW(t)
Fuel Columns
Fuel Cycle

Average Power Density, W/cm3

Primary Side Pressure, MPa (psia)
Induced Helium Flowrate
Core Inlet Temperature, °C (°F)
Core Outlet Temperature, °C (°F)
Steam Temperature, °C (°F)
Steam Pressure, MPa (psia)
Circulator Power, MW(e)

Recommended
Design

600
102

LEU/Natural
U

6.6
7.07(1025)

281 kg/s
288(550)

704(1300)
541(1005)
17.3(2515)

6.0

Fig. 3. PS/C-MHR Plant Module

The reactor module components are contained within three steel pressure vessels; the reactor vessel,
a steam generator vessel, and connecting cross vessel. The uninsulated steel reactor pressure vessel
is approximately the same size as that of a large boiling-water reactor and contains the core,
reflector, and associated supports. The reactor core and the surrounding graphite reflectors are
supported on a steel core support plate at the lower end of the reactor vessel. Top-mounted
penetrations house the control-rod drive mechanisms and the hoppers containing boron carbide
pellets for reserve shutdown. The core layout for this 600 MW(t) design is shown in Figures 1 and
2 and described earlier in Section 2.2.

The heat transport system (HTS) provides heat transfer during normal operation or under normal
shutdown operation using high pressure, compressor driven helium that is heated as it flows down
through the core. The coolant flows through the coaxial hot duct inside the cross vessel and
downward over the once-through helical bundle steam generator. Helium then flows upward, in an
annulus, between the steam generator vessel and a shroud leading to the main circulator inlet. The
main circulator is a helium submerged, electric-motor-driven, two-stage axial compressor with active
magnetic bearings. The circulator discharges helium through the annulus of the cross vessel and hot
duct and then upward past the reactor vessel walls to the top plenum over the core.

For availability and maintenance requirements, a separate shutdown cooling system (SCS) is
provided as a backup to the primary HTS. The shutdown heat exchanger and shutdown cooling
circulator are mounted on the bottom of the reactor vessel. The heat removal systems allow hands-
on module maintenance to begin within 24 hours after plant shutdown.
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The reactor cavity cooling system (RCCS) is located in the concrete structure external to the reactor
vessel to provide a passive heat sink to remove residual heat from the reactor cavity if the HTS and
SCS are unavailable to perform their intended functions. The RCCS consists of above-grade intake
structures that naturally convect outside air down through enclosed ducts and panels that surround
the below-grade core cavity before returning the warmed air through above-grade outflow structures.
The core heat is transferred by conduction, convection, and radiation from the core to the RCCS.
This system has no controls, valves, circulating fans, or other active components and operates
continuously during normal operation and during shutdown conditions.

Major cogeneration applications are highly energy intensive and diverse, including such processes
as those associated with heavy oil recovery, tar sands oil recovery, coal liquification, coal
gasification, steel mill and aluminum mill processes. Use of MHR in each of these processes has
been studied at General Atomics and summarized below.

3.2 Heavy Oil Recovery

About 15% of the U.S. domestic oil reserves are in the form of heavy crude oil, defined as having
an American Petroleum Institute (API) gravity of <20°. Recovering this heavy oil can be greatly
improved by stimulation methods, such as steam injection. This section summarizes a study (Ref.
2) to apply 2x600 MW(t) PS/C MHR to recovering heavy oil.

The thermal energy requirements for recovering heavy oil with steam drive depend on the oil field
size and the reservoir characteristics. This study based the field size on a 2x600 MW(t) PS/C-MHR
providing steam for well injection, dewatering, and other process facilities and cogenerating electric
power for on-site and off-site uses.

Figure 4 shows a typical field arrangement for a heavy oil recovery project using steam from a
Modular Helium Reactor. If injection wells are spaced 1 m2 (2.5 acres) apart (average), -698 m2

(1725 acres) of heavy oil field may be operated at a time with 2x600 MW(t) PS/C-MHR. Typically,
the well injection head injects steam at -3.4 MPa (-500 psia), which is sufficient to reach depths
down to 366 m (2300 ft). However, in some locations, the reservoir characteristics and overburden
thickness require injection pressures up to 4.5 MPa (650 psia). Presently, heavy oil (steam drive)
operators use steam at -80% quality (dry) to hold dissolved solids in solution. Studies have shown
that the oil yield increases significantly with the steam quality. With a PS/C-MHR, which can
deliver steam in excess of 538°C (1000°F), dry saturated steam can be injected into the well if
desired.

As discussed above, the steam conditions desired at the injection wells are -3.45 MPa (500 psig)
with 85% or higher quality, and very little electrical power is required for the oil field operations.
This design approach adapts the 2x600 MW(t) PS/C-MHR.

Figure 5 shows a typical heat cycle for heavy oil recovery. First, 538°C/16.65 MPa (1000°F/2415
psia) steam from the PS/C-MHR steam generators expanded through a turbine generator to an
intermediate distribution pressure for the oil field injection wells. Part of the exhaust steam from
this turbine generator is then expanded through an extraction turbine generator to provide steam for
feedwater heating and to produce additional cogenerated electric power. For this study, the heat
cycle was designed to produce the maximum process steam output consistent with efficient
cogeneration of electrical power and feedwater heating requirements. Less process steam and more
electrical power can be achieved by adding condensing turbine generator capacity; this would be
desirable for specific oil field applications with attractive nearby electric power markets.
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Fig. 4. Field Arrangement for 5562 m3 (35,000 barrel) per Stream Day Heavy Oil Recovery Application

The heat cycle conditions the main turbine generator exhaust steam by desuperheating before
distribution to the injection wells. The amount of desuperheating can be adjusted to suit specific oil
fields or different periods during the oil field production life.
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Fig. 5. Cycle Diagram for 2x600 MW(t) PS/C-MHR Plant for Heavy Oil Recovery Application

259



3.3 Tar Sands Oil Recovery

Tar sands represent a major energy resource that increases in importance as world supplies of crude
oil become limited. The oil potential from tar sands in Canada is estimated to equal the world's
known reserves of conventional oil; the potential of U.S. tar sends is smaller, but still substantial [4.8
to 5.6 x 109 m3 (30 to 35 x 109 bbl)]. Current Canadian production is limited to deposits suitable for
strip mining; however, the major reserves lie at greater depths. To exploit these deep reserves, large-
scale pilot projects have investigated in-situ recovery. These projects inject saturated steam into the
tar sands deposits.

This section summarizes a study (Ref. 3) to apply 2x600 MW(t) PS/C-MHR to tar sands oil recovery
and upgrading. The raw product recovered from the sands is a heavy, sour bitumen; upgrading,
which involves coking and hydrodesulfurization, produces a synthetic crude (refinable by current
technology) and petroleum coke. Steam and electric power are required for the recovery and
upgrading process.

The tar sands fields are generally located in sparsely populated areas of Canada. Therefore, the
PS/C-MHR plant can be located at the center of the recovery area, minimizing the required piping
and the associated pressure drops and heat losses. When the recovery is complete in one quarter of
the operating field, the piping will be shifted to the next quarter until the entire field has been
covered. Since it takes ~7 years to complete each quarter of the field, the PS/C-MHR will have
operated most of its design life (30 years) by the time the recovery is complete.

The nominal steam conditions desired at the injection well are ~ 13.8 MPa (2000 psia) and 336°C
(636°F). Since this steam is obtained by throttling the main steam from 16.65 MPa (2415 psia),
adjusting the pressure to account for variations in the distribution pressure drop has some flexibility.
A desuperheater using returned water reduces the steam temperature to the saturated condition. The
steam required for upgrading, water treatment, and auxiliaries can be further conditioned as required.
The balance of the steam, not used by the process, is diverted to a turbine generator, which
cogenerates electric power and provides a conventional feedwater heating system for the entire
condensate flow. The recovery plant processes makeup and clean condensate. To ensure the
specified purity for the PS/C-MHR steam generators, the feedwater train includes a full-flow
polishing demineralizer.

Figure 6 shows the cycle for the 7309 m3/day (46,000 bpd) plant. In this case, only enough steam for
feedwater heating (147 kg/s (1.16 x 106 lb/hr)] is diverted to the turbine generator; the recovery plant
uses the balance [439 kg/s (3.48 x 106 lb/hr)]. The turbine generator is a noncondensing unit similar
to the high pressure and intermediate pressure units of a small conventional turbine generator; its
gross output is 101 MW(e), while its net output is 64 MW(e). The difference is used to drive the
PS/C-MHR circulators, the feed pumps, the condensate pumps, and other nonprocess auxiliaries.

3-4 Coal Liquification

The solvent refined coal (SRC-II) process is an advanced process developed by Gulf Mineral
Resources Ltd. to produce a clean, nonpolluting liquid fuel from high sulfur bituminous coals. The
SRC-II commercial plant will process -24,300 tonnes (26,800 tons) of feed coal per stream day,
producing primarily fuel oil and secondary fuel gases. This summary describes (Ref. 4) the coupling
of two module 600 MW(e) PS/C-MHR to the SRC-II process.

Figure 7 shows the SRC-II process flow diagram and gives the steam conditions at various process
stages. It shows that the process steam is generated by direct gas-fired boilers, and the process
heating by direct gas firing. The fuels utilized are hydrocarbon-rich gas, or CO-rich gas, and purified
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Fig. 6. Cycle Diagram for 2x600 MW(t) PS/C-MHR for Tar Sands Oil Recovery Application

syngas (i.e., no feed coal is used for fuel). It was shown that a 2x600 MW(t) PS/C-MHR can supply
these thermal requirements principally by substituting for the fuel gases previously employed. The
displaced gases, which are treated already, may then be marketed.
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The 538°C (1000°F) steam supply of the PS/C-MHR provides all system thermal energy
requirements in the form of process steam generation, steam superheating, and slurry heating.
However, slurry heating by steam will entail the development of a new heat exchanger design. The
2x600 MW(t) PS/C-MHR does not generate all the required electrical energy, and a deficit of -38
MW(e) results.

Figure 8 shows the PS/C-MHR plant cycle diagram. The 10.45 MPa (1515 psia) steam is supplied
by throttling the main steam from 16.65 MPa (2415). After throttling, the steam temperature is
513°C (956°F). The required 4.58 MPa (665 psia) saturated steam is supplied from the high-pressure
turbine exhaust, which is desuperheated using returned condensate. The remaining four heat
requirements are supplied by main steam through separate heat exchangers. The high-pressure
condensate from these heaters at 15.86 (2300 psia) and 199°C (390T) is mixed with the other
feedwater between the boiler feedpump and the top feedwater heater.

T • TIMttMIUfti *C CO

>f)0MU(MflT HIATM
ARDSUPCIIHCMIM

Fig. 8. Cycle Diagram for 2x600 MW(t) PS/C-MHR for SRC-II Coal Liquefaction Application

All the SRC-EL plant steam and heat requirements are satisfied either directly or through the heat
exchangers. Other steam supplies a condensing steam turbine generator, which produces 114,532
kW and heats all the feedwater for return to the steam generators. The net plant output is 83,509
KW(e).

3.5 H-Coal Liquefaction Process

In countries of large, coal reserves, a strong interest exists to develop and commercialize plants
producing liquid and gaseous synthetic fuels derived from coal because of the national objective to
reduce foreign oil imports or to export liquid coal. The H-Coal liquefaction is one process which
can be used to convert coal into liquid fuel. This section summarizes a study (Ref. 5) to apply an
2x600 MW(t) PS/C-MHR to this process, based on a plant capacity of 27,200 tonnes (30,000 tons)
per stream day.
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The H-Coal process has several advantages over other processes, including an isothermal reactor
bed, hyrogeneration of the coal with a direct, continuously replaceable catalyst (i.e., no dependence
on catalytic effects of coal ash), and the absence of quench injections (which would be required with
a series of fixed beds).

Figure 9 shows the process flow diagram for a 27,200 tonnes per stream day H-Coal commercial
plant using an integrated 2x600 MW(t) PS/C-MHR as the energy source. The original H-Coal
process employs mostly coal as its utility fuel, supplemented by high Btu gas from the product
stream. Process electric power [251 MW(e)] is purchased from the grid. About 1,090 tonnes (1200
tons) per stream day of coal is required as utility fuel to provide both process heat and process steam.
With an integrated PS/C-MHR plant, process heat is provided by using 16.65 MPa (2415 psia)
primary steam at 538°C (1000°F) as the heat source. The thermal energy requirements of the H-Coal
plant may be supplied either directly or indirectly through reboilers. However, the direct system has
a better performance and has been adapted as the reference case. Only 71% of the required 251
MW(e) can be supplied by the PS/C-MHR. The deficit may be generated by increasing the reactor
capacity or by purchasing from local utilities.
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Fig. 9. Process Flow Diagram for H-Coal Process Application Using 2x600 MW(t) PS/C-MHR

Figure 10 shows the heat cycle developed to meet the application requirements. Main steam at
538°C (1000°F) and 16.65 MPA (2415 psia) supplies process heat to the H-Coal reactor feed
preheater. High-pressure condensate from the feed preheater at 210°C (410°F) and 15.86 MPa (2300
psia) then cascades through the fluidized bed dryer and returns to the PS-C-MHR feedwater heating
system at 24°C (75°F) and 15.51 MPa (2250 psia). Additional main steam is throttled and
desuperheated to 319°C (606°F) and 11.14 MPa (16/15 psia) to supply steam to the Texaco partial
oxidation reaction unit. The remainder of the steam from the PS/C-MHR is expanded through a
condensing turbine generator, which produces 217 MW(e) gross and provides extraction steam for
feedwater heating.

Condensate and makeup water are assumed to return from the process at 43°C (109°F) and 1.20 MPa
(180 psia). Part of this water supplies desuperheating water via a booster pump. The remainder is
combined with water from the turbine generator condenser hotwell, then passes through a
conventional three-stage feedwater heating train. A separate high-pressure feedwater train heats
condensate from the fluidized bed dryer unit. Feedpump discharge from the two trains is combined
and passes through an additional high-pressure feedwater heater before returning to the PS/C-MHR
steam generators at 221°C (430°F) and 20.79 MPa (3015 psia).
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Fig. 10. Cycle Diagram for 2x600 MW(t) PS/C-MHR for H-Coal Process Application

3.6 Coal Gasification Process

This section summarizes a study to apply the PS/C-MHR to Exxon catalytic coal gasification.
Several countries worldwide are interested in developing plants producing gaseous synthetic fuels
derived from coal, based on the national objective to reduce foreign oil imports and to use or export
the abundant coal. Exxon catalytic coal gasification (ECCG) is one gasification process developed
in the United States.

Initially, coal gasification plants are expected to obtain thermal power requirements from fossil
sources (coal or product liquid and gaseous fuel from the synfuel plant) and to obtain electric power
partly from in-plant cogeneration and partly from local utilities. Most processes are estimated to
consume 25% to 30% of the feed coal to satisfy the plant energy needs.

This study (Ref. 6) indicates that incorporating a PS/C-MHR plant could provide thermal and
electrical energy for the ECCG process to benefit worldwide interests by conserving fossil fuel and
reducing environmental impact.

The ECCG process uses alkali metal salts as a gasification catalyst with a novel processing sequence.
Although no net heat is required for the gasification reaction, heat input is required for drying and
preheating the feed coal, gasifier heat losses, and catalyst recovery operations. Mechanical drives
and plant electrical power also have energy input requirements. Figure 11 plots heat input versus
temperature for the process, and indicates which can be provided by the PS/C-MHR.

Figure 12 shows a conceptual arrangement for an ECCG process plant using energy from two
module 2x600 MW(t) PS/C-MHR. About 13,144 tonnes (14,490 tons) of coal per stream dry (wet
basis) are processed, and the plant produces -6833 mVday (-43,000 bpd) oil equivalent product
(3140 MW) as methane.

As indicated above, the PS/C-MHR can supply all energy requirements for the ECCG process,
except for very high-temperature energy required to preheat feed to the gasification reactor. This is
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Fig. 11. Heat Input/Temperature Distribution for ECCG Process Using 2x600 MW(t) PS/C-MHR

assumed to be supplied by fossil-fired heaters. Two 600 MW(t) PS/C-MHR provides energy
sufficient for the remaining process heat and mechanical power requirements and all plant electrical
power requirements for the 13, 144 tonnes (14,490 tons) per stream day ECCG plant considered in
this study. In addition, surplus electrical power produced is available for other uses.

This brief study shows that the PS/C-MHR appears to make a good fit with the ECCG process.
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Figure 13 shows the proposed heat cycle. The high-pressure turbine, which exhausts at 4.4 MPA
(640 psia), is similar to the high-pressure unit of a 450-MW turbine generator, except that a
controlled extraction at 6.5 MPA (945 psia) provides steam for air preheating. The exhaust steam,
is split: 136 kg/s (1,080,000 lb/hr) goes to the process, sufficient steam is provided to the feedwater
heating extraction turbine, and the remainder is used in noncondensing mechanical drive turbines.
The feedwater heating turbine is a noncondensing unit similar to portions of a conventional power
plant intermediate/low pressure turbine. The backpressure on this unit is set at 58 kPa (8.42 psia)
to suit feedwater heating requirements.

2X600 MW(t)

1IW1MtVM*C(*ri

Fig. 13. Cycle Diagram for 2x600 MW(t) PS/C-MHR for ECCG Process Application

3-7 Steel Mill

The U.S. steel industry is very large and consumes large quantities of energy. It uses -35% of this
energy in the form of electricity, fuel oil, or natural gas; the balance is coal. Therefore, the supply
of the non-coal energy by a PS/C-MHR can conserve scarce fossil fuel resources.

This section summarizes a study (Ref. 7) to apply two module 600 MW(t) PS/C-MHR to a 6.5xlO6

tonnes (7.2x 106 tons) per year liquid steel plant. The SC-MHR can provide both electricity and high-
temperature steam to flexibly meet steel mill needs and provide export electricity to the local utility
grid.

The 2x600 MW(t) PS/C-MHR can satisfy the energy requirements for a typical commercial steel
mill to produce 6.5x 106 tonnes (7.2x106 tons) (liquid) of steel per year. The surplus energy, which
may be generated either as steam at 5.0 MPa (725 psia) and 365°C (689°F) at 125 kg/s (106 lb/hr) or
as electric power [-100 MW(e)], can be exported outside the plant. Depending on the steel mill
location, steam could be supplied to neighboring industries or, alternatively, the electric power can
be sold to a utility.
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The plant design is based on the two module PS/C-MHR. Two cases were considered:

Case 1: Supply 240,000 kW and 101 kg/s (800,000 Ib/hr) of steam to the steel mill
with excess energy used to supply additional steam to other users at the same
conditions.

Case 2: Supply 240,000 kW and 101 kg/s (800,000 Ib/hr) of steam to the steel mill
with excess energy used to generate additional electric power.

Figures 14 and 15 give the cycles selected to satisfy the requirements for the two cases, respectively.

For Case 1, 101 kg/s (800,000 Ib/hr) of steam is supplied to the steel mill: in addition, 135 kkg/s
(1,068,000 lb/hr) of steam is provided to other users. The net electrical power produced is 240,000
kW.

For Case 2, only 101 kg/s (800,000 lb/hr) of steam is produced and supplied to the steel mill, and
the net electrical power produced is increased to 354,558 kW.

KHN

• • >tm«l/Iflf*ll/MII
t - HKBVM i » raM

Fig. 14. Cycle Diagram for 2x600 MW(t) PS/C-MHR Plant for Steel Mill Application
(Tailored Cogenerated Electrical Power)

3.8 Alumina Plant

Aluminum refining uses two major energy-intensive processes:

1. Aluminum oxide or alumina is obtained from bauxite via the Bayer chemical process.
This process uses a significant amount of steam to react with bauxite and for
mechanical drive. It also requires electric power.

2. Alumina is reduced to aluminum by electrolysis. This process requires large amounts
of electric power.
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Fig. 15. Cycle Diagram for 2x600 MW(t) PS/C-MHR Plant for Steel Mill Application
(Maximum Cogenerated Electrical Power)

Figure 16 shows a schematic process flow diagram from ore reduction to aluminum production.
Most existing commercial aluminum plants use energy from natural gas power plants. Hydroelectric
power supplies a very small fraction of the total aluminum electric power requirements.

This section considers (Ref. 8) the PS/C-MHR application to producing alumina from bauxite. For
the size alumina plant considered, the two module 600 MW(t) PS/C-MHR supplies 100% of the
process steam and electrical power requirements and produces surplus electrical power and/or
process steam, which can be used for other process users or electrical power production. Presently,
the bauxite ore is reduced to alumina in plant geographically separated from the electrolysis plant.
However, with the integration of 2x600 MW(t) PS/C-MHR units in a commercial alumina plant, the
excess electric power available [-233 MW(e)] could be used for alumina electrolysis.
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Fig. 16. Process Flow Diagram for Aluminum Mill Application
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It has been shown the steam and electrical energy requirements for a typical commercial alumina
plant processing 726,680 tonnes (800,000 tons) per year of alumina (Al203) can be satisfied by two
module PS/C-MHR.

A two module PS/C-MHR has excess capacity for the process steam and electrical power
requirements of the 725,680 tonnes (800,000 tons) per year alumina plant considered in this study.
The excess capacity can produce additional process steam for sale to other users, additional electrical
power for sale to a utility or for use by the alumina electrolysis plant, or any desired combination of
excess steam and electric power. The local market for other process steam uses, plant economics,
proximity of the electrolysis plant, etc., would determine the cycle selected. Two limiting heat cycles
have been studied: (1) maximum process steam (Fig. 17) and (2) maximum cogenerated electric
power (Fig. 18).

The plant entry should have nominal steam conditions of -4.96 MPA/32 PC (720 psia/610°F); some
variation is acceptable. The cycles studied produce steam at 5.45 MPA/38 PC (790 psia/718°F) at
the reactor plant site boundary, providing a margin for transmission losses. The alumina plant can
provide additional steam conditioning by throttling and/or desuperheating as required.

M UMIMUM
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Fig. 17. Cycle Diagram for 2x600 MW(t) PS/C-MHR Plant for Aluminum Mill
Application (Maximum Process Steam)

4. PROCESS HEAT APPLICATIONS

High temperature process heat is a second major example (Ref. 9) how the MHR can be extended
to use its full temperature capability in non-electric applications. In terms of market application,
transportation fuels represent the largest potential application for a Process Heat Modular Helium
Reactor (PH-MHR) system. Potential fuels could include methane, synthetic gasoline or hydrogen
itself using various feedstocks. However, one interesting application is the production of methanol
from coal.
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Fig. 18. Cycle Diagram for 2x600 MW(t) PS/C-MHR Plant for Aluminum
Mill Application (Maximum Electrical Power)

The principal challenge to configuring an PH-MHR system for methanol production is the method
of transporting heat to drive the coal to methanol reactions. Nuclear heat must be generated
separately and then studied indirectly to the process steam by a heat exchanger. Two possible
configuration arrangements have been studied for nuclear coal conversion schemes, steam-coal
gasification and hydrogasification (Ref. 5). The preferred process for this study is hydrogasification,
which has the advantage of requiring only one heat exchanger interface, a reformer, between the
nuclear heat source and the coal conversion process system. The basic reactions for the hydro-
gasification process are shown in Figure 19 and the process arrangement is shown in Figure 20.

In a hydrogasification process, nuclear generated heat is introduced directly through the reformer,
which converts CH4 and steam to CO and H2. For efficient reaction rates, the former requires heat
at temperatures up to 788°C (1450°F), which is achievable with an MHTGR-PH with a 850°C
(1562°F) core outlet helium temperature. In addition, feed steam is required at approximately 482°C
(900°F) in at least 2-to-1 ratio with CH4. This high temperature steam can be conveniently supplied
by a steam generator in series with the reformer.

4-1 PH-MHR Plant Description

The proposed physical configuration of the PH-MHR for methanol production is a straight-forward
adaptation of the PS/C-MHR design. Figure 21 shows the configuration of the 600 MW(t) PC-MHR
primary system with the reactor in one vessel and the heat exchangers and circulator in a second
vessel viz. The MHTGR-SC arrangement. Primary coolant exiting from the core at 850°C (1562°F)
flows through the inner duct in the cross-vessel to the heat exchanger vessel where it gives up its heat
in series to the reformer and the steam generator. The circulator, which is located at the top of the
heat exchanger vessel, returns the cold helium at 343°C (650°F) to the core inlet via the outer
concentric duct.
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Fig. 19. Reactions for Coal to Methane by Hydrogasification
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Fig. 20. Process Flow Diagram for Methanol Process Using PH-MHR Reactor Plant

Like the SC-MHR, the two-vessel system is located in a below-grade confinement structure with air-
cooled heat removal panels to provide passive cooling of the reactor vessel for safety-related
shutdown cooling events. The salient primary system design parameters for the PH-MHR are given
in Table 2.

The PS/C-MHR reactor can be adapted to process heat application with an outlet temperature of
85O°C (1562°F) with very little modification. The most significant difference for the PH-MHR is
that the fuel cycle is changed from a staggered reload scheme where half of the core is replaced every
18 months to a batch reload in which the entire core is replaced every 36 months. The effect of the
batch core is to reduce the age component of the radial peaking factor and thereby reduce peak fuel
temperatures.
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Fig. 21. PH-MHR Primary System Flow Diagram

TABLE 2
PH-MHR PRIMARY DESIGN PARAMETERS

Reactor thermal power, MW(t)

Core inlet pressure, MPa (psia)

Helium flow, 103 kg/s (lb/hr)

Core inlet temperature, °C (°F)

Core outlet temperature, °C (°F)

Steam generator inlet temperature, °C (°F)

Steam generator outlet temperature, °C (°F)

600

7.066(1025)

231 (1832)

343 (650)

850(1562)

676(1248)

340 (644)

4.2 Methanol Production

The heat exchanger arrangement (Fig. 19) is unique in that the straight tube reformer is located n the
center of the helical steam generator. The hot helium from the core outlet flows down through the
reformer and then up through the steam generator. Regenerative heating between the two units is
limited by two shrouds and a gap.

The straight-tube reformer bundle is headered on the top by a tubesheet and on the bottom by a
cylindrical manifold which is an extension of the central return duct. The large tubes, 7.6 cm (3 in.)
OD, contain a nickel impregnated aluminum oxide catalyst in the form of 1.3 cm (0.5 in.) spheres
for catalyzing the steam-methane reaction.
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The helical steam generator surrounds the straight tube reformer. The steam generator is a down-
flow unit which represents a major deviation from the MHTGR-SC design. Downflow helical
bundles have been successfully built and operated in gas-cooled reactors (viz. THTR in Germany).

Reference 10 gives a description of the methanol-from-coal process system. The process features
the reformer, hydrogasifier, gas cleanup system and methanol synthesizer. Excess steam from the
steam generator (which is not used in the process) is used to generate electric power as a byproduct.
The primary process feed is coal and methane is used as a secondary process feed to balance the
stoichiometry and eliminate production of CO2 as a byproduct.

For a typical bituminous coal, a 4x600 PH-MHR plant requires 324,000 kg/hr coal and 75,600 kg/hr
methane feeds and produces 446,000 kg/hr of methanol product along with 408 MW(e) of net
saleable power.

5. HYDROGEN PRODUCTION MODULAR HELIUM REACTOR (HP-MHR)

Global carbon dioxide emissions are estimated to exceed a total of 25 billion tons per year in 1995
and could reach as high as 40 billion tons per year by the year 2050. In order to mitigate this global
warmup trend emissions need to be significantly curtailed. In particular, the industrialized countries1

CO2 emissions need be reduced as they presently contribute approximately 80% of total C p
emissions. A strong case can be presented in favor of the hydrogen fuel in meeting future world
energy needs and in achieving the targeted global reduction in the CO2 emissions.

Two forms of energy, namely, electricity and hydrogen are predicted to dominate world energy
system in the long term for the following reasons.

1. Electricity and hydrogen can be derived from renewable and/or inexhaustible energy
sources, namely, nuclear, wind, biomass, solar, etc.

2. If produced from the above mentioned sources, production processes are relatively
environmentally benign, as are the combustion products produced (water and low-
quality heat).

3. Electricity and hydrogen are interconvertible using electrolysis or fuel cells.

4. This energy system is very flexible because of variety of sources, diversity of
production methods, options for storage and transportation, and spectrum of end-uses
possible using this energy system.

In addition, hydrogen has very high energy release per unit mass which is particularly advantageous
in aviation applications. With proper management, it should not be any more difficult to use
hydrogen than conventional fossil fuels.

Several techniques are used in the production of hydrogen, namely, steam reforming of fossil fuels,
high temperature electrolysis of steam and thermochemical water-splitting. All the above-mentioned
techniques for hydrogen production require process heat and/or steam at temperatures ranging from
700° to 900°C. Of all existing nonfossil fuel energy sources, only the MHR system can provide
process heat at the required high temperatures.

Interfacing of the MHR heat source with the hydrogen production process equipment needs further
development. Previous studies on a process heat High Temperature Gas-cooled Reactor (HTGR)
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system have shown that an indirect cycle concept of the MHR system through a secondary heat
transport loop using an Intermediate Heat Exchanger (MX) may be used to reduce potential
radioactive contamination of the process equipment.

5.1 Hydrogen Production Processes

There are several techniques used in the production of hydrogen, namely, steam reforming of fossil
fuels, high temperature electrolysis of steam and thermochemical water-splitting. All the above-
mentioned techniques for hydrogen production require process heat and steam at temperatures
ranging from 700° to 900°C. Of all existing nonfossil fuel energy sources, only the MHR system can
provide process heat at the required high temperatures. General Atomics has performed several
studies of the hydrogen production techniques under the sponsorship of Gas Research Institute. They
include hydrogen production from fossil fuel sources and thermochemical water splitting. Currently,
a major effort is underway in Japan to demonstrate hydrogen production techniques using the high
temperature process heat from a 30 MW(t) high temperature gas-cooled reactor (HTTR). Similar
studies of hydrogen production using high temperature AVR reactor have been proposed in
Germany.

A brief description of each of the above mentioned hydrogen production processes, and how the
MHR system can be employed as a high temperature heat source in each of these processes is given
below.

5.2 Steam Reforming of Methane

Currently, the steam reforming of methane is the most economically viable commercial hydrogen
production technique. In this process [Figure 22(a)], methane in the form of natural gas or methane
obtained using coal hydrogasification reacts with high temperature steam to form synthesis gas (CO
+ H2). This reaction is endothermic and is optimized at a temperature of 800°C and a pressure of 175
psi. The process heat and the high temperature steam required by this reaction can be supplied by
the MHR. Consequent water gas shift reaction results in maximizing the hydrogen yield.

Figure 22(b) shows a schematic of the MHR process configuration to produce hydrogen. Thermal
efficiency as high as 60% to 70% can be realized using this process. It is estimated that a single 600
MW(t) unit can produce 575,000 Ibm/day of hydrogen, which is equivalent to 5400 bbl/day of oil.
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Fig. 22. Hydrogen Production by Steam Reforming of Methane
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5.3 Water Electrolysis

Production of hydrogen from water using electrolysis [Figure 23(a)] on an industrial scale can be
achieved at an efficiency of 50% to 60%. To improve this efficiency, methods such as high
temperature electrolysis of steam or a solid electrolyte method are under development which are
expected to yield efficiencies as high as 90%. If such a method can be implemented on an industrial
scale, it will be economical to use surplus electricity to decompose water during off-peak periods of
operation and utilize this hydrogen in a fuel cell when more electricity is required.

The MHR system in electricity generation mode can provide the required power input for water
electrolysis [Figure 23(b)]. For high temperature electrolysis of steam (temperatures of 800° to
900°C), the MHR can provide both the electrical power as well as the high temperature steam.

H20

(STEAM)
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Fig. 23. Hydrogen Production Using Water Electrolysis

5.4 Thermochemical Water Splitting

Hydrogen production by thermochemical water splitting (Refs. 11, 12) involves high temperature
(85O°C) process chemical reactions in an iodine-sulfur cycle (Iscycle) which originally was
developed by General Atomics in 1979. The classical Buunsen reaction involves [Figures 24(a) and
24(b)] the dissociation of sulfuric acid at a temperature of 850°C and the dissociation of hydriodic
acid at a temperature of 500°C. In addition, acid separation requires water at a temperature of 200°C.
Hydrogen is a product of the hydriodic acid (HI) decomposition. Both the sulfuric acid and the
hydriodic acid are recycled. An operating process efficiency of 40% to 50% can be achieved using
this chemical conversion process. Further development is required to establish this process on an
industrial scale by optimizing the hydrogen production efficiency and to select required noncorrosive
high temperature materials for thermochemical process.

Water electrolysis and chemical conversion of water using thermochemical water splitting processes
are the preferred hydrogen processes as they do not produce CO2 emissions. An aggressive, results-
oriented, multiyear initiative should be pursued to establish the commercial viability of these
hydrogen production processes and to explore the technical requirements for industrial application
of hydrogen in the early 21st century.
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Fig. 24. Hydrogen Production Using Thermochemical Water Splitting

6. CONCLUSIONS

In the 21st century the forecast indicates significant increases in use of electrical and non-electrical
energy by both developed and developing nations. All forms of energy including nuclear is required
to meet this demand. Modular Helium Reactor is a unique source of nuclear energy that has large
number of applications as summarized in Figure 25.

f METHAWOl J

Fig. 25. Various Non-Electrical Applications of MHR Heat Source
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