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EXECUTIVE SUMMARY

A combined-cycle power plant is described that uses (1) heat from a high-temperature nuclear reactor to
meet base-load electrical demands and (2) heat from the same high-temperature reactor and burning
natural gas, jet fuel, or hydrogen to meet peak-load electrical demands. For base-load electricity
production, fresh air is compressed; then flows through a heat exchanger, where it is heated to between
700 and 900°C by heat provided by a high-temperature nuclear reactor via an intermediate heat-transport
loop; and finally exits through a high-temperature gas turbine to produce electricity. The hot exhaust
from the Brayton-cycle gas turbine is then fed to a heat recovery steam generator that provides steam to a
steam turbine for added electrical power production.

To meet peak electricity demand, the air is first compressed and then heated with the heat from a high-
temperature reactor. Natural gas, jet fuel, or hydrogen is then injected into the hot air in a combustion
chamber, combusts, and heats the air to 1300°C—the operating conditions for a standard natural-gas-fired
combined-cycle plant. The hot gas then flows through a gas turbine and a heat recovery steam generator
before being sent to the exhaust stack. The higher temperatures increase the plant efficiency and power
output. If hydrogen is used, it can be produced at night using energy from the nuclear reactor and stored
until needed. With hydrogen serving as the auxiliary fuel for peak power production, the electricity
output to the electric grid can vary from zero (i.e., when hydrogen is being produced) to the maximum
peak power while the nuclear reactor operates at constant load. Because nuclear heat raises air
temperatures above the auto-ignition temperatures of the various fuels and powers the air compressor, the
power output can be varied rapidly (compared with the capabilities of fossil-fired turbines) to meet
spinning reserve requirements and stabilize the electric grid.

This combined cycle uses the unique characteristics of high-temperature reactors (T>700°C) to produce
electricity for premium electric markets whose demands can not be met by other types of nuclear reactors.
It may also make the use of nuclear reactors economically feasible in smaller electrical grids, such as
those found in many developing countries. The ability to rapidly vary power output can be used to
stabilize electric grid performance—a particularly important need in small electrical grids.
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ABSTRACT

An air combined-cycle power plant is described that uses (1) heat from a high-temperature nuclear reactor
to meet base-load electrical demands and (2) heat from the same high-temperature reactor and the
combustion of natural gas, jet fuel, or hydrogen to meet peak-load electrical demands. By using lower-
cost nuclear heat from a high-temperature reactor, a combined-cycle plant can reduce the cost of peak
power. The heat from the reactor raises the incoming air temperature above the auto-ignition temperature
of the hydrogen or fossil fuel. This eliminates the need to match fuel-to-air ratios to assure stable and
complete combustion. As a consequence, the combined-cycle system can vary electric output much more
rapidly than traditional utility natural-gas-fired combined-cycle plants, thus enabling the system to be
used to meet electric-grid spinning reserve requirements and help stabilize the electric grid. These same
capabilities may also allow high-temperature reactors to provide economic power to small electrical grids
(such as those found in many developing countries) where grid stability is a major constraint to the use of
nuclear power. The option exists to produce hydrogen at night using energy from the nuclear reactor and
storing it until it is needed for peak power production. With hydrogen as the auxiliary fuel for peak
power production, the electricity output to the electric grid can vary from zero (i.e., when hydrogen is
being produced) to the maximum peak power while the nuclear reactor operates at constant load. This
system provides peak power without greenhouse gas emissions.
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1. INTRODUCTION

A new type of nuclear combustion combined-cycle (NCCC) power plant is proposed that uses high-
temperature nuclear heat for base-load electricity production and high-temperature nuclear heat
supplemented with the combustion of fossil fuels or hydrogen for peak-load electricity production. Itis a
unique application for nuclear energy in that it (1) may enable nuclear energy to meet premium-price
electricity market requirements in advanced industrialized countries and (2) may match the technical and
economic requirements for a power plant connected to a small electrical grid such as those found in many
developing countries. The concept, which has been under investigation for about a year, is only in its
early stages of development.

This report provides a system description, an initial power cycle analysis, an analysis of markets, and
high-temperature reactor options for an NCCC plant, as well as identification of the technical challenges.
Also discussed is the option of using hydrogen as a fuel. The hydrogen used would be produced by the
reactor during times of low power demand.






2. SYSTEM DESCRIPTION

An NCCC power plant is proposed (Fig. 1) that uses heat from a high-temperature nuclear reactor and
fuel (natural gas, jet fuel, or hydrogen) to meet base-load and peak electrical demands. The design for
this type of plant is based on preliminary work conducted on a nuclear—natural gas combined-cycle
system' and studies of other systems used to meet peak power demand.” For base-load electricity
production, air is first compressed; then flows through a heat exchanger, where it is heated to between
700 and 900°C; and exits finally through a high-temperature gas turbine to produce electricity. The heat,
via an intermediate heat-transport loop,” is provided by a high-temperature reactor.*” The hot exhaust
gases from the Brayton-cycle turbine are then fed to a heat recovery steam generator (HRSG) that
provides steam to a steam turbine for added electrical power production.

Gas Turbine Cycle Steam Turbine Cycle
To Stack
Heat from Reactor  Fuel A Feedwater
(Base-Load Electricity) A Pump

m  / Heat
. Combustor Recovery

(Peak Electricity) Boiler

. ndenser
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Steam Generator

Exhaust Gas Turbine
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Fig. 1. Nuclear-combustion combined-cycle electric plant.



To meet peak electrical demand, after the nuclear heating of the compressed air, fuel (natural gas, jet fuel,
or hydrogen) is injected into the hot air and burned to increase power levels. This process raises the peak
inlet temperatures to both the gas turbine and the steam turbine. In this mode of operation, the peak gas-
turbine inlet temperature is ~1300°C—about the same temperature and operating conditions as those of a
standard utility natural-gas-fired combined-cycle gas turbine that exhausts its heat to a bottoming Rankine
steam cycle.

The nuclear heat raises the temperature of the incoming air above the auto-ignition temperature of the
fuel—the temperature at which the fuel will spontaneously burn; thus, the fuel-to-air ratio does not need
to be controlled to ensure flame stability and plant operation. The auto-ignition temperatures of natural
gas, jet fuel, and hydrogen are 630, 240 to 260, and 570°C, respectively. Consequently, the combined-
cycle plant can operate at any power level between base-load nuclear and the maximum peak power
output. In actual practice, however, the temperatures must be somewhat above these temperatures to
ensure rapid combustion.

The response time to changes in power demand is much faster in a NCCC plant than in a plant that uses
traditional fossil-fueled combustion turbines. As will be discussed in Sect. 5, this capability may enable
this technology to meet such utility markets as (1) power regulation and (2) small electrical grids that
exist in many developing countries. This capability for rapid changes in power production is a result of
the difference in operation of a conventional combustion turbine and a NCCC plant.

» Traditional Brayton power cycle. In a traditional combustion turbine, the fuel-to-air ratio must be
controlled to ensure flame stability. To increase the power demand, the airflow (turbine speed) and
fuel injection rate are increased simultaneously. As more fuel is added, the extra power is first used
to speed up the compressor and increase the airflow. Consequently, there is a significant lag time
between the signal for more power and the delivery of more power. This is why the acceleration of a
jet aircraft on takeoff is initially slow—the initial increase in turbine power goes into increasing the
compressor speed. The same is true of a utility combined-cycle plant.

* Nuclear-heat Brayton power cycle. With nuclear base-load heat, the compressor operates at a
constant speed with a constant airflow through the system. When additional electricity is required,
fuel is injected into the system. The time between fuel injection into the burner and an increase in
power level is determined by the flight time between the fuel injectors and the turbine—a fraction of a
second. The air compressor does not change speed or require more energy.

The NCCC plant can use hydrogen as a fuel, an option that would enable this technology to meet variable
power demands in a greenhouse-constrained world in which the release of carbon dioxide to the
atmosphere is limited. The hydrogen can be made by electrolysis or other methods using nuclear energy
from the plant during times of low electrical demand, stored, and then burned at times of peak power
demand. With such a system, the nuclear reactor operates at full power at all times (except for
maintenance and refueling outages), but the electricity to the electrical grid varies from zero (electricity to
hydrogen production) to full power.

The general concept of combining nuclear and a combustion heat source is not new. The Indian Point I
pressurized-water reactor in New York had a high-temperature steam cycle in which the reactor provided
saturated steam that was then superheated with an oil-fired super heater. The technology of combining
nuclear heat sources with Brayton power systems is also not new. The billion-dollar Aircraft Nuclear
Propulsion program® of the 1950s, which had as its goal the development of a nuclear-powered aircraft,
developed designs and conducted nonnuclear tests that integrated heat from a secondary liquid heat-
transport loop into an aircraft jet engine. This program was cancelled because of the weight of the aircraft
reactor shielding and the risk of an aircraft crash—factors that do not apply to a stationary power station.



Initial studies with a simple nuclear natural-gas cycle (Fig. 1) indicate that the turbine conditions will be
similar to those of the existing General Electric model MS7001FA gas turbine in terms of gas pressure
ratios and peak temperatures. The operating points for base-load electricity production are near the peak-
efficiency operating conditions for the gas turbine at the lower inlet temperatures, whereas the operating
points for peak power production are near the maximum power output condition for the gas turbine at the
higher inlet temperatures. A simple combined-cycle system was modeled with a single gas turbine having
the same pressure ratio and gas flow rates as the GE turbine and a steam cycle representative of the
commercial GE combined-cycle machine. The calculations showed a base-load power output (both gas
and steam turbine) of 68.5 MW(e) and a peak-load power output of 276.5 MW(e). For base-load and
peak load operations, the reactor provides a constant 175 MW(t) at 800°C. For peak power production,
the natural gas provides an additional 323 MW(t) at a peak gas-turbine inlet temperature of 1300°C.

The power system size is determined by the available sizes of commercial combined-cycle turbines. The
high-temperature reactor may have multiple combined-cycle systems to match reactor output to power
conversion system size. The concept of multiple power conversion systems connected to a single reactor
is not new. Many Russian reactors have multiple steam systems connected to a single reactor because the
reactor sizes were larger than the available steam turbines.

A wide variety of system configurations exist to boost base-load levels to peak power levels, improve
efficiency, or increase the nuclear heat fraction when the plant is operating in a peak-power-production
mode. These configurations have not yet been analyzed, but are further discussed in Sect. 4.4. Because
the base-load plant will operate at a high capacity factor with low-cost nuclear heat, its optimum cycle
may be somewhat different from that of traditional natural-gas-fired Brayton power cycles.






3. NUCLEAR-HYDROGEN COMBINED CYCLE

As discussed earlier, the NCCC plant can produce hydrogen using nuclear energy during periods of low
electrical demand and then use that hydrogen for peak power production. This option may become
particularly attractive if there are constraints on the release of greenhouse gases to the atmosphere from
burning fossil fuels. Today’s options for producing hydrogen are (1) electrolysis, which produces
hydrogen from water; and (2) steam reforming of natural gas or another fossil fuel to produce hydrogen.
Use of a fossil fuel as a long-term option for hydrogen production may require carbon dioxide
sequestration.” Work is under way to develop lower-cost methods of nuclear hydrogen production
including (1) high-temperature electrolysis and hybrid cycles that convert heat, electricity, and water into
hydrogen and oxygen; and (2) thermochemical cycles that convert heat and water into hydrogen and
oxygen.

The current technology for nuclear hydrogen production is electrolysis, where large-scale electrolyzers
have efficiencies of ~73%. This technology is advancing rapidly because potential future markets have
led to major increases in research and development programs aimed at driving down capital costs. Recent
estimates by manufacturers® indicate that capital costs of ~$300/kW are achievable within the next few
years—partly as a result of improved technology and partly because of lower manufacturing costs due to
higher production rates. Capital costs are measured ($/kW) in terms of the energy value of the hydrogen
that is produced. The U.S. Department of Energy’ has estimated 2006 electrolyzer capital costs of
$665/kW, with a goal of reducing the capital cost for distributed electrolyzers at hydrogen service stations
to $125/kW by 2017. If these cost goals are met, electrolyzer costs will not represent a significant
component of the total cost of hydrogen. Most of the cost for hydrogen production will be attributed to
electricity.

If electrolysis is used to produce hydrogen, efficiency and capital costs become the critical issues. The
potential efficiency gains are reasonably well known because electrolyzer technology is moderately well
understood, as are its sources of inefficiencies. Recent studies'® of large-scale electrolysis using existing
technology and $0.04/kW-h electricity estimated hydrogen costs at $2.56/kg, with a cost breakdown as
follows: $2.08/kg for electricity, $0.28/kg for capital recovery, and $0.20/kg for operations.

The use of electrolysis introduces two additional economic factors that are not associated with other
methods of hydrogen production. First, the output of an electrolyzer can be doubled® with some reduction
of efficiency. In effect, the electrolyzer capital costs per unit of output are then reduced by up to a factor
of 2. If very low-cost electricity is available at particular times, strong economic incentives will exist to
drive the electrolyzers to produce more hydrogen, despite the inefficiencies, and “buy” the hydrogen at a
lower cost. Secondly, the power to an electrolyzer can be reduced or increased instantaneously or
sequentially with multiple parallel electrolyzers. Hence, the utility can use the electrolyzers for regulation
and spinning reserve (see Sect. 5) by dropping or adding electrical load. This capability represents a
significant economic benefit'' but requires a sophisticated economic analysis to quantify the benefits.

Only one technology presently exists for low-cost storage of hydrogen—storage underground in caverns
or geological reservoirs. In the United States, natural gas is stored in ~400 large facilities, with a total
capacity to store one-third of a year’s production of natural gas. Use of these facilities represents a low-
cost technology, with market prices for storage typically being 10% of the value of the natural gas.



Commercial hydrogen storage facilities using geological storage have been built in the United States and
Europe. For hydrogen, the capital costs for storage are estimated to be $0.80-$1.60/kg, which is lower
than the total production costs for hydrogen. Although the hydrogen storage technology has been used
commercially in several geologies, it has not yet been demonstrated in all geologies that have been used
to store natural gas.

Storage economics implies relatively large facilities. Two factors that are almost independent of facility
capacity drive the facility size: siting and site development costs (including an understanding of the local
geology). Second, gas storage requires compression of the gases, typically to pressures of ~7 MPa
(~1000 psi). Gas equipment efficiencies and costs are strongly dependent on the size of the equipment.
Low hydrogen storage costs enable the production of hydrogen during times of the day, week, or year
with low electricity demand and low electric costs for use for peak electricity at times of high electricity
costs. There is the option of seasonal storage of hydrogen for electrical grids where the electrical demand
and cost varies significantly depending upon the season.



4. POWER CYCLE ANALYSIS

An analysis of a simplified NCCC power cycle was conducted using the power cycle described earlier as
shown in Fig. 1. For the scoping feasibility study presented here, simplified models of the individual
components of the gas turbine, HRSG, and Rankine cycle were developed separately and then combined
sequentially to determine the combined performance of the thermal power conversion system. Only
steady-state conditions were considered, thus energy storage or mass storage dynamic effects were not
included.

4.1 GAS-TURBINE CYCLE MODELING

In order to calculate the state points of the combined thermal conversion power cycle, the gas turbine
portion is developed first. In the first step of the combined-cycle model, heat is added only at the
compressor outlet for the simple Brayton cycle. The heat is provided by an intermediate heat-transport
loop from the reactor to the NCCC plant with a liquid salt as the heat transfer fluid. To start with the
system model, the design parameters of a conventional utility combined-cycle plant were chosen to utilize
realistic existing hardware.

The algorithms used for gas turbine performance are those given by Wilson and Korakianitis.'”> The
parameters of most significance in calculating the cycle state points are the compressor pressure ratio, the
gas-turbine inlet temperature, the compressor inlet temperature, the compressor and turbine polytropic
efficiencies, and total fractional pressure loss. Before determining the performance of the proposed
NCCC gas turbine, the performance calculations for a simple gas-turbine cycle for various parameter
variations were verified against those presented by Wilson and Korakianitis.'

To calculate an initial estimate of gas-turbine performance, the following parameters were chosen. The
high-temperature heat was assumed to be provided by an advanced high-temperature reactor (AHTR)
with the heat delivered via a liquid-salt intermediate heat-transport loop (Sect. 6). The ambient pressure
was set to 100 kPa as appropriate for an open-cycle air machine. The turbomachine polytropic
efficiencies were typical of those for the class of machines (large, axial flow) under consideration. The
efficiencies, which are functions of the physical size and mass flow rate, can be updated as appropriate in
the future.

*  Compressor inlet temperature = 10°C

*  AHTR salt temperature = 800°C

*  Combustor outlet temperature = 1300°C

*  Turbine polytropic efficiency = 0.90

*  Compressor polytropic efficiency = 0.85

» Total fractional pressure drop (AP/P) =0.08

Because the reactor heat is transferred by a heat exchanger to the compressed air leaving the compressor,
an additional parameter of the effectiveness of the salt-to-air heat exchanger was introduced and set

to 0.95. The computed results, as shown in Figs. 2, 3, and 4, depend (some significantly, some not) on
the values used for these cycle parameters. The compressor pressure ratio I, defined here as the outlet
pressure over the inlet pressure, is a major design parameter for specifying the turbomachinery. Because
of the importance of this parameter, a number of important results were calculated as a function of
compressor pressure ratio.
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Fig. 2. Gas-turbine thermal efficiency vs specific power for pressure ratios from 2 to 30.
(Excludes heat recovery steam system and steam turbine).
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Simple Cycle, no reheal, 5% pressure loss, 25% effective salt heater
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Fig. 4. Fractional burner heat to compressed air.

A significant parameter is the thermal efficiency, simply calculated here as the net shaft power (Wiyrpine —
Woompressor) divided by the total heat transferred from the AHTR heat exchanger and combustor. Another
important parameter is the specific power, defined as net shaft power divided by the product of the
working fluid heat capacity rate and the compressor inlet temperature (MCpTiner). Figure 2 shows the
thermal efficiency as a function of the specific power for the given cycle parameters for various
compressor pressure ratios. The calculations were initiated at a pressure ratio of 2, and the plotted points
are in increments of 2 up to a pressure ratio of 30.

For the case of reactor heat only, the pressure ratio for maximum power is 8 and for maximum efficiency
is 12. When additional heat from the burner is added, the maximum power pressure ratio increases

to 16, and the maximum efficiency occurs at a pressure ratio >30. Figure 2 also shows the profound
effect of turbine inlet temperature on the efficiency and specific power, but it also shows the noticeable
effect of pressure ratio. For the postulated use of this combined cycle machine, these results are
promising because the pressure ratio yielding the maximum efficiency when operating under reactor heat
(base-load) also yields a maximal amount of power when burner heat is added (peak-load). Also, some of
the existing designs of combined-cycle gas-turbine power plants currently operating on the grid have
compressor pressure ratios of ~15."
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An important result for the combined cycle is the gas-turbine exhaust temperature, which is the inlet
temperature to the HRSG of the bottoming Rankine steam cycle. In Fig. 3, this temperature is plotted as a
function of compressor pressure ratio for the two cases of unfired (base-load) and fired (peak load) heat
addition.

Note that the gas-turbine exit temperature from reactor heat only (base-load) operating at the pressure
ratio from Fig. 2 for maximum thermal efficiency is 600 K (327°C). This temperature is similar to steam
temperatures from light-water reactors but is low compared with peak steam temperatures from fossil
power plants. At these temperatures, the steam pressure would be limited in the steam generator to

12.3 MPa. The gas-turbine exit temperature for the fired (peak-load) case at the pressure ratio from

Fig. 2 for maximal power would be ~825 K (552°C), which would increase the allowable pressure in the
steam generator for additional Rankine cycle power. The effect of this exit temperature on the power
generated by the steam Rankine portion is presented in the following section.

Another result of interest for the combined cycle is the fractional amount of the total heat transferred to
the compressed air by the combustor during operation, as shown in Fig. 4. For the maximum efficiency
pressure ratio of 12, 54% of the total heat is provided by the burner, and 57% for the maximal power
pressure ratio of 16. This increasing fraction is due simply to the increase in compressor exit temperature
as the pressure ratio increases since the unfired temperature remains limited by the salt-to-air heat
exchanger.

4.2 STEAM-TURBINE CYCLE MODEL

The steam-turbine-cycle portion of the proposed combined cycle has two interrelated subsystems: the
HRSG and the steam turbine. In modeling the HRSG, the simplest configuration to use was that of a
simple heat balance of the gas side and the water side. The gas-turbine outlet conditions of mass flow and
temperature specify the HRSG gas-side mass flow and inlet temperature. To complete the gas side of the
HRSG, a stack temperature of 120°C was specified in order to exhaust the water content as a vapor and
avoid “wet stacking.” Air ambient temperature was also specified as a parameter as the gas-turbine inlet
conditions. The corresponding inlet and outlet temperatures of the water side were specified as approach
temperature differences of the gas-side temperatures.

The HRSG outlet temperature and flow are set equal to the steam-turbine inlet temperature and flow. The
shaft power extracted by the steam turbine is simply the product of the steam mass flow, the isentropic
enthalpy change from the inlet conditions to the condenser conditions, and the adiabatic efficiency of the
turbine.

For simplicity, only one pressure level was modeled in the HRSG where only the approach temperatures
were specified. One important parameter of steam generator design is the “pinch-point,” or closest
approach between the hot-gas temperature process line and the water-steam temperature process line. The
value of the pinch-point minimum temperature difference was monitored to ensure physically realistic
values. The steam-turbine model was also as simple as possible, where only the exit steam quality need
be specified. In addition, no regenerative feedwater heaters (i.e., no steam extraction during expansion)
were modeled. Because of this simplistic approximation of no feedwater heating, the efficiencies
calculated will be lower than those resulting from the more common and realistic feedwater-heater
regeneration train configuration. This very simple model should be improved in the future, as this study
is just a first step in a feasibility analysis of the concept.

12



During these parameter studies, various seemingly physically realistic HRSG approach temperatures and
turbine exit qualities resulted in pinch-points approaching zero, which would result in a very large HRSG.
Indeed, some parameters resulted in physically unrealistic negative pinch-point temperature differences.
This close-approach pinch-point is definitely a problem in combined-cycle HRSG design because usually

a high evaporating pressure is desired to increase the power of the turbine. This high evaporating
pressure with its concomitant high evaporating temperature, however, results in a small pinch-point which
requires a large heat transfer area with resulting high manufacturing costs. This pinch-point was
monitored during parameter variations, as well as the effectiveness of the HRSG. If either were
physically unrealistic, a cycle parameter was changed until these were reasonable.

Another parameter of importance is HRSG effectiveness, defined as the actual heat transfer divided by the
theoretically maximum heat transfer. An effectiveness of unity represents a heat exchanger of infinite
extent, so this effectiveness must be less than 1 for physically realistic heat exchangers. One simplistic
modeling assumption was that the HRSG approach temperatures used in computing the HRSG
effectiveness were specified for both the AHTR (base load) and fossil (peak load) operating conditions.
An improved modeling assumption would be to specify the physical (and heat transfer) size of the HRSG
and then analyze the heat transfer process in order to compute the actual approach and pinch-point
temperatures for all power levels. However, for the purposes of this study, the simplistic assumption of
specified approach temperatures was appropriate.

The thermophysical properties of water were computed by the algorithms of the IFC1997 formulation,
and the air and combustion gas properties were computed by those of Collona and Silva.'*

4.3 BASE-LOAD AND PEAK-LOAD POWER RESULTS

Initial studies indicate that the gas-turbine conditions will be similar to the existing General Electric
model MS7001FA gas turbine in terms of gas pressure ratios and peak temperatures."® The operating
points for base-load electricity production are near the peak-efficiency operating conditions for the gas
turbine at the lower inlet temperatures, whereas the operating points for peak power production are near
the maximum-power-output condition for the gas turbine at the higher inlet temperatures. A combined-
cycle system was simplistically modeled with a single gas turbine having the same pressure ratio and gas
flow rates as the GE turbine and a steam cycle representative of the commercial GE combined-cycle
machine.

The calculations showed a base-load power output (both gas and steam turbine) of 68.0 MW(e) and a
peak-load power output of 276.1 MW(e). For base-load operations, the reactor provides 175 MW(t) at
800°C. For peak power production, the fossil fuel provides an additional 323 MW(t) at a peak gas-
turbine inlet temperature of 1300°C.

The free parameters chosen are listed in Table 1. As shown in Table 2, the computed performance using
these parameters was reasonable and typical of the currently existing fossil-fuel combined cycle
machines.”” Regarding Table 1, note that the computational model used here is simple (e.g., no feedwater
heaters). Based on this comparison, this simple model yields sufficiently accurate values for the purposes
of these scoping studies.

During these computations, the pinch-point temperature difference was very sensitive to the specified
turbine exit quality. When quality values of 90% and 95% were tried, close or negative pinch-point
temperature differences were calculated, the results of which were of course discarded. The increased
evaporator pressure resulting from this wet turbine exhaust, which is desirable, unfortunately set up the
undesirable low or negative pinch point. This pinch-point problem is, and has always been, a concern in
HRSG and steam turbine design.
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Table 1. Parameter listing

Peaking Base
Parameter (nuclear + fossil) (nuclear only)
Gas-turbine compressor polytropic efficiency, % 85 85
Gas-turbine turbine polytropic efficiency, % 90 90
Steam-turbine adiabatic efficiency, % 90 90
Steam-turbine exit quality, % 100 90
Ambient temperature, °C 10 10
Condenser approach temperature diff., °C 10 10
HRSG hot-side approach temperature diff., °C 30 30
Gas-turbine inlet temperature, °C 1300 780
Gas-turbine air mass flow rate, kg/s 445 445
Compressor pressure ratio 16 16
Gas-turbine pressure loss, % 8 8
Table 2. Calculated results and comparison
Parameter Peaking . Base
(nuclear + fossil) (nuclear only)
HRSG effectiveness, % 85 62
HRSG pinch-point, °C 25 16
HRSG evaporating pressure, MPa 1.5 0.27
Compressor exit temperature, °C 426.5 426.5
Gas-turbine inlet temperature, °C 1300 781.5
Gas-turbine outlet temperature, °C 626 283
Gas-turbine power, MW 188.5 50.2
Steam-turbine inlet temperature, °C 596 253
Steam-turbine outlet temperature, °C 20 20
Steam-turbine power, MW 83.6 17.8
Total power, MW 272.1 68.0
Gas-turbine thermal efficiency, % 37.9 28.8
Steam-turbine thermal efficiency, % 29.0 14.3
Total thermal efficiency, % 54.7 39
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Another parameter of importance identified during the model evaluations was the moisture content of the
exhaust. Because the compared gas turbine'® used methane as the fossil fuel, the exhaust would have
contained moisture as a result of combustion. For the lean conditions postulated here, this moisture
represented ~10% of the exhaust gases. This moisture content added power from the gas turbine by
increasing the specific heat by 20%. This increased gas-flow capacity rate also advantageously increased
the pinch-point temperature difference in the HRSG. During postulated operation with heat only from the
AHTR, the gas-turbine power will decrease and the pinch-point will decrease when this combustion
moisture is not present.

4.4 ALTERNATIVE POWER CYCLES

Future studies will examine alternative combined cycles. A wide variety of system configurations exist to
boost base-load to peak-load power levels, boost efficiency, or increase the nuclear heat fraction when the
plant is operating in a peak-power production mode. However, these configurations have not yet been
analyzed. Two interconnected factors will determine the optimum combined cycle. Electric grid
characteristics will partly determine the desired relative output of base-load versus peak-load power. The
power-plant capital cost will also influence design. The nuclear plant has high capital costs and thus will
operate at base-load conditions. Consequently, the economic trade-offs in the power cycle during base-
load operation will be optimized for capacity factors near 90%. In contrast, the economic trade-offs in the
power-cycle design during peak-load operation are optimized based on operating 10 to 50% of the time.
The economic optimum design for peak power production will likely be at somewhat lower peak
efficiency in exchange for lower initial capital costs.

Examples of alternative configurations include (1) steam injection into the gas turbine after air
compression but before nuclear heating (increased base-load versus peak power production), (2) heating
HRSG steam using nuclear heat to temperatures found in advanced steam plants (increased nuclear base-
load efficiency and output), or (3) inter-stage cooling in the air compressor (increased capital cost for
increased efficiency under base-load conditions).
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5. MARKETS

The capital and operating costs of different power generation technologies determine in which markets
particular technologies are competitive. The NCCC plant has an unusual cost structure. The nuclear
base-load component of the plant will have high capital costs but low operating costs similar to those of
other nuclear plants. The peak-load component of the plant is a modified combined-cycle plant with low
capital costs per kW(e) of capacity—similar to traditional natural-gas combined-cycle plants that have
estimated costs of ~$570/kW(e)-h. However, the operating costs will be much lower than those of
traditional natural-gas-fired combined-cycle plants. Some of the heat is low-cost nuclear heat, and some
of the heat is at a higher cost (natural gas, jet fuel, or hydrogen). The other unique characteristic is the
ability to alter power output very rapidly, far more rapidly than any fossil-electric generating technology.
This creates a unique set of markets for NCCC plants.

5.1 PREMIUM MARKETS

For a combined-cycle plant with electricity sold to the electrical grid, three premium electric markets'
exist in which the value and price of electricity far exceed the price of base-load electricity (Table 3).

Table 3. Premium power-grid electrical markets in the United States™

Technology Regulation Spinning Load shifting and load leveling
parameter reserve
300 (load leveling)
Capital cost, 400-1000 (peak shaving and load
$/kW 700 300-1000 shifting)
650 (renewables)
Total maré‘}%f]p"ten“al’ 30-40 70-100 80 (cost sensitive)
System power level Up to 200 MW loll\é\slvto I MW to 1 GW
Discharge time at rated Secpnds to 02t02h lto8h
power minutes
Lifetime, years 20 40 7-10

5.1.1 Regulation

Electric consumers turn equipment on and off with switches that operate in a fraction of a second.

Electric generators can vary the power output over a period of minutes. If the demand and generation do
not match, the system frequency and voltage change. If the changes are too great, however, both
customer and utility equipment is damaged. Ultimately, the system can fail, with a resultant blackout.
The electrical system works because the electric grid averages demand over many customers so that the
generators do not experience rapid changes in power demand. As a consequence, the larger electrical
grids are more stable, have higher-quality electricity (proper voltage and frequency), and are more reliable
than smaller electrical grids.
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Because the stability of many electrical grids is decreasing, better methods are needed to ensure grid
regulation and delivery of high-quality electricity. This situation is partly a consequence of the growing
electric demand associated with electronics. With traditional electrical loads, such as incandescent light
bulbs, if the line voltage drops (insufficient power generation), both the electrical current and the power
demand drop. This provides time for the electrical generators to speed up or slow down as required to
match power production with power demand. However, with many electronic devices, as the voltage
drops, the device demands more current, and the power demand goes up. Hence, the system provides less
time for electrical generators to respond to the demand. The system becomes more prone to failure, and
the quality of electricity decreases.

Figure 5 shows the variations in demand for 1 day on the Texas utility grid and the rapid variations in
power demand over 1 h.'® This figure shows the rapid change in electrical demand that can occur, partly
caused by changing electrical load and partly by the changing frequency and voltages on the grid. There
are strong incentives to reduce these short-term variations by better grid regulation.

25000

22500 -

20000 -

Regulation

System Load (MW)

17500 -

15000 ‘ ‘ ‘ 7 ‘
0:00 4:00 8:00 12:00 16:00 20:00 0:00

Fig. 5. A typical electric-power demand load on the ERCOT (Electric Reliability Council of Texas)
electric grid over a 24-h period on a winter day.*®

Because of its rapid response time, a NCCC plant can potentially be used to provide electricity for this
variable electrical demand and thus produce higher-quality electricity (constant voltage and frequency)
and provide the time for other power generation units to increase or decrease their electrical output. The
time period varies from seconds to tens of minutes, depending upon the electrical grid size as well as
other factors. In small grids where there are fewer customers and less load averaging, the demands for
power regulation are more severe. In this mode of operation, the NCCC plant would operate
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continuously at some power level (hot and spinning) with the power levels varied as needed. The
allowable capital cost for this capability (Table 3) significantly exceeds the incremental peaking-
capability costs for a NCCC plant.

5.1.2 Reserve Power (Spinning Reserve)

Reserve power provides generating capacity in the event that an electrical generator goes off-line for
unexpected reasons. Presently such a situation is handled by putting online additional power plants that
run at partial load with the capability to produce more power if another unit goes off-line. However, this
process represents expensive backup power. An NCCC plant could potentially provide spinning reserve
by operating at low power levels with the capability to rapidly go to peak power. For this application,
high power output must be provided for periods of time ranging from tens of minutes to a few hours—the
time required to startup another power generation system. The allowable capital cost significantly
exceeds the incremental spinning-reserve capability cost for a NCCC plant.

5.1.3 Load Shifting and Load Leveling

The demand for electricity varies by the time of day, the week, and the season. The cost and price of
electricity are high at times of peak power demand and low at times of low power demand. The high cost
of peak power reflects the fact that the facilities needed to produce much of this power are operated for
only a few hundred or a thousand hours per year, as shown in Table 4, which lists the marginal prices of
electricity in 2004 for nine U.S. electric grids."” The table shows the number of hours per year that
electricity could be bought or sold for a particular price range in dollars per megawatt (electrical)-hour.
The prices of electricity for a few hours per year can be much higher. For example, the Texas grid
(ERCOT) has had spot market prices as high as $1500 MW(e)-h.

Large differences in the cost of electricity versus time occur across the country, and significant quantities
of electricity are sold at high wholesale prices in such grids as ISO-New England, Florida Power and
Light, and the PJM (Pennsylvania, New Jersey, and Maryland). In any of these markets, an NCCC plant
has the potential to provide lower-cost peak power.

In a number of markets, an NCCC plant using electrolysis for hydrogen production could be potentially
competitive when low-cost electricity is used to produce hydrogen and the electricity is sold during
periods of high electricity costs. Generally, the price of electricity at peak times must be several times
that of input electricity for breakeven economics to occur because of the round-trip efficiency of
electricity to hydrogen and back to electricity. The fact that different markets have different
characteristics must also be considered. For example, electric prices for the Los Angeles Department of
Water and Power show low-priced electricity [$10—15/MW(e)-h] for almost 1500-h per year but high-
priced electricity (over three times higher) for over 5000 thousand hours a year. This double-hump price
curve reflects the low nighttime demand and the high daytime demand for electricity in Los Angeles. If
an NCCC plant with hydrogen production was used in this system, the required hydrogen storage
volumes would be equal to that needed to cover day-night shifts and weekday-weekend shifts in electric
demand. The electric prices for Seattle Power and Light show a similar double-hump curve, but the
situation is much different. The utilities in the Pacific Northwest have large quantities of hydroelectric
power that make it inexpensive to meet the variable daily demand for electricity. However, the utilities
have excess electricity in the spring, when water from the snow pack is dumped over the dams or through
the generators to produce electricity. In contrast, in late fall the hydroelectric power production is low
because the snow pack has melted and water flows have decreased. Fossil units with high operating costs
are used to meet the power demand during this time of year. If an NCCC plant were used in these
systems, the hydrogen storage volumes would be seasonal, reflecting the seasonal characteristics of power
costs in the Northwest.
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Table 4. 2004 Electricity prices™’ versus the number of hours for different electrical grids

Hours per year

M?}Vp(i;_h Seattle ':%I':ﬁ‘g Southern Aringna Fé,ogfa AEP | LADWP é‘;;;'n PIM
<5 . 69 ; 7 ; 19 3 406 106
5-10 170 9 . ; ; 32 9 229 59
10-15 513 1 ; 4776 50 3155 1470 1105 141
15-20 | 1866 31 238 700 425 | 3014 67 | 2734 479
20-25 | 1111|157 887 65 83 1112 88 981 761
25-30 522 260 | 1342 126 89 360 374 694 1060
30-35 | 1619 391 | 1902 560 916 307 489 863 1067
35-40 os1| 797 1658 | 614 1645 271 386 438 1093
40-45 627| 1256 | 1826 588 | 1641 175 657 311 819
4550 | s08| 1479 378 462 | 1343 97 1506 273 691
50-55 341| 1314 83 358 | 1166 67 1859 181 531
55-60 309 | 1028 87 268 671 41 1089 163 449
60-65 147 651 88 186 399 25 516 109 358
65-70 25 | 429 96 53 159 21 165 86 275
70-75 30 | 285 86 15 77 21 66 69 224
75-80 15 186 45 2 59 11 3 45 176
80-85 ; 107 33 1 20 1 17 32 145
85-90 ; 82 13 1 15 9 15 22 103
90-95 - 61 18 ; 6 1 5 13 72
>95 - 181 4 2 20 25 ; 30 175
ngtﬁls 8784 | 8784 | 8784 | 8784 | 8784 | 8784 8784 8784 | 8784
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5.2 SMALL-GRID MARKETS (INCLUDING DEVELOPING COUNTRIES)

Small electrical grids, such as those in developing countries, present difficult operating and economic
challenges. Large electrical grids create an electrical demand that is averaged over millions of customers.
A single customer turning equipment off or on has little impact on the total electrical demand. Similarly,
a single power plant only produces a small fraction of the electric generation and thus would have a
limited impact on the electrical grid if it were to shut down. A large grid as measured in customers and
power generation units implies slow changes after a major customer shuts down or a single generator goes
off line. The changes in voltage are small and high-quality electric power can be delivered. Equally
important, the large number of different generating units allows careful dispatch of the lowest cost units
to provide electricity.

In contrast, in a small grid the changes in the demand for electricity of just a few large customers have
large impacts on the total demand for power and power quality (voltage, phase, and frequency).
Similarly, the loss of a single generating unit can cause large grid disturbances because that unit
represents a significant fraction of the total electricity-generating capacity. For the same level of
equipment reliability and operator skills, a small grid will have more blackouts, lower-quality power
(voltage variations), and higher costs. To achieve the same levels of reliability and power quality, much
higher spinning reserve capability is required as a fraction of the generating capacity of the grid.

The need to accommodate variable load and provide more spinning reserve to ensure grid stability implies
that a nuclear plant in a small electrical gird will likely operate at variable load. However, the economics
of traditional base-load nuclear plants are poor if these plants must operate at variable load to meet grid
requirements. In addition, it is difficult to integrate a base-load nuclear power plant into a small grid
unless the grid already has a large hydroelectric component

For small electrical grids, such as those in developing countries, an NCCC plant may be the enabling
technology for use of nuclear energy by providing base-load electric power, peak-load electric power, and
a method to stabilize the electric grid to produce high-quality electric power. The unique rapid-response
capability provides a method for stabilizing the grid when a major customer comes on line or another
generating unit goes off line for any reason. The peaking capability can provide a low-cost reserve
margin for the grid. It may also be the enabling technology that will allow small grids to produce the
same high-quality power found in large electrical grids.

5.3 GREENHOUSE IMPACTS

Concerns about climate change may result in constraints on the releases of greenhouse gases to the
atmosphere. Major programs are under way to develop methods to sequester carbon dioxide in geological
structures. Recent assessments'® indicate that sequestration may increase bus-bar electrical costs by up to
40% for base-load power production systems. However, the costs for carbon dioxide sequestration for
fossil-fired peak power units will be much higher. These units operate only a limited number of hours per
year; thus, the capital cost component of the cost of electricity is much greater per kW(e)-h.
Consequently, any restrictions on greenhouse gas releases would significantly improve the relative
competitive advantage of an NCCC plant that produces and uses hydrogen.
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6. REACTOR AND INTERMEDIATE HEAT-TRANSPORT LOOP OPTIONS

6.1 REACTOR OPTIONS

The NCCC requires a high-temperature reactor so the compressed air, after nuclear preheating, is above
the auto-ignition temperature of the fuel. This implies, after accounting for temperature drops across
intermediate heat-transport loops, peak temperatures of ~700°C for the reactor. Several different high-
temperature reactors can potentially be coupled to this power cycle.

* Molten Salt Reactors (MSRs). MSRs are liquid fuel reactors that were originally developed for the
Aircraft Nuclear Propulsion program of the 1950s and were to be coupled to jet engines. Two small
test reactors were built. Since that program, there have been major developments in Brayton power
systems but only limited development of MSRs. The MSR is a longer-term reactor option for an
NCCC plant.

» High-Temperature Gas-Cooled Reactors (HTGRs). HTGRs are helium-cooled reactors that use solid
coated-particle fuels. Several HTGRs have been built, and several programs are underway to
commercialize this reactor,’ including the Next-Generation Nuclear Plant program of the
U.S. Department of Energy. The HTGR is a realistic candidate for an NCCC plant.

» Advanced High-Temperature Reactor (AHTR). The studies herein coupled the NCCC plant to an
AHTR. The AHTR is a proposed liquid-salt-cooled high-temperature reactor® that uses the same
coated-particle fuels as are used in helium-cooled high-temperature reactors and is currently under
development. Because the AHTR is a liquid-salt-cooled reactor, its characteristics as seen by the
NCCC plant appear identical to those of a MSR—the reactor originally developed for the nuclear jet
engine. (The fundamental difference between the MSR and the AHTR is that the MSR dissolves the
fuel in the salt coolant whereas the AHTR uses a solid fuel and a clean salt coolant.)

6.2 INTERMEDIATE HEAT-TRANSPORT LOOP

Heat must be transported from the high-temperature reactor to the combined-cycle plant using an
intermediate heat-transport loop. The intermediate heat transport loop isolates the reactor coolant from
the air Brayton power cycle to assure fission products are not transported from the reactor to the
environment. At high temperatures, this includes preventing migration of tritium from the reactor to the
environment. The intermediate loop also isolates the NCCC plant from the reactor. It assures that fires or
other accidents with fossil fuels or hydrogen can not impact nuclear plant safety. It also allows the power
generation equipment to be outside the high-security envelope of the reactor. This has significant cost
benefits.

There are several candidate fluids [5] for the intermediate heat-transport loop: inert gases including
helium, noble gas mixtures, and helium nitrogen mixtures, liquid metals such as sodium and potassium,
and liquid salts. Multiple experiments and engineering studies are underway in the United States and
elsewhere on the coupling of high-temperature reactors to hydrogen production plants and other chemical
plants. The requirements for heat transport from a high-temperature reactor to a hydrogen plant are
somewhat similar to heat transport from a high-temperature reactor to an NCCC plant. Consequently,
those studies will provide much of the basis for the engineering studies to choose the optimum heat
transport fluid for this specific application.
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7. TECHNOLOGY CHALLENGES

Most of the component technologies for a NCCC power system exist in commercial form. High-
temperature reactors have been developed and built, but they are not yet a commercial technology. In
terms of the power cycle, there are several significant remaining challenges.

System structure. There are multiple possible NCCC power system configurations. System studies
are required to determine which configurations will be preferred.

Nuclear heat exchanger. The heat-transport loop between the reactor and the NCCC power cycle
must be developed. This includes comparison and selection of the best heat-transfer fluid for this
application.

Integrated design. Designs for an integrated NCCC power system must be developed and tested.
However, there is one major challenge to creating these designs that will require significant work.
Since their development in the 1930s, gas turbines have been designed with the constraint of
matching the air-to-fuel ratio to ensure flame stability and complete combustion. In a NCCC system,
this constraint is removed. The air compressor in an NCCC system is powered by nuclear heat only,
and this, in principle, allows for very rapid increases in turbine power levels relative to traditional gas
turbines. In such a system, there is no need to speed up the compressor and the fuel is injected into
hot air above its auto-ignition temperature. However, this is a design space where there has been little
analysis and no significant testing.

Hydrogen fuel options. The option of hydrogen fuel is only partly understood. Significant system

studies are required. Work is under way to develop all of the required technologies as part of various
hydrogen initiatives worldwide.
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8. CONCLUSIONS

The NCCC power plant is a new concept in power plant design that combines advantages of nuclear
power plants and traditional fossil-fired combined-cycle plants. A first-level analysis of the concept has
been completed that indicates technical viability and potential economic competitiveness in specific
markets. Such a power system reactor has multiple potential advantages.

1.

Premium electric markets. The rapid response capabilities of this system may allow nuclear energy
to enter the premium-price electricity markets for grid regulation, spinning reserve, and load
following. Perhaps of greater, but not fully defined importance, the very rapid response to electric
demand creates new capability that was not previously available for ensuring high-quality electricity
on the grid. The use and value of this potentially new capability is not yet fully understood.

Small reactors for small electrical grids. The developing world has small electrical grids with highly
variable electrical loads. There is a need for reactors that are economic and can load follow. The
capability to rapidly respond to changes in power demand may allow this system to be used for
spinning reserve, frequency control, and voltage control-—major operational problems in small
electrical grids with a small number of generating units. It also may improve grid reliability by
providing a system that can rapidly respond to loss of other electrical generating units (spinning
reserve). As a secondary benefit, the NCCC power cycle is a derivative of traditional natural-gas
combined-cycle plants that are used in many developing countries—a power cycle these utilities are
familiar with.

Reduced carbon dioxide emissions. Fossil fuels are universally used to provide peak electrical power
because (1) they are storable and (2) the cost of equipment to convert the fuel to electricity is low
relative to the cost of the fuel. A long-term constraint is the release of greenhouse gases. For peak
power production, the nuclear heat preheats the air approximately halfway to its peak temperature and
thus can reduce by up to a factor of 2 the use of fossil energy for peak electrical production. If
hydrogen replaces the natural gas or jet fuel, an NCCC system can provide peak electricity without
the production of greenhouse gases.

Improved economics. The system has the potential for improved economics by combining low-cost
base-load nuclear heat production that allows full utilization of the nuclear heat source with peak
power production using low-capital-cost combined-cycle systems.

Available technology. Most of the power conversion technology is existing technology that can be
coupled to high-temperature reactors. Thus, the development of high-temperature reactors is not
coupled to development of new power conversion systems—except for the nuclear heat exchanger.

Higher efficiency. Gas turbines, with technologies such as actively cooled hollow blades, can operate
at much higher temperatures than nuclear reactors. The NCCC system allows operations to be
conducted at higher temperatures and thus higher efficiencies than nuclear-only systems.

A significant amount of additional work will be required to understand both the advantages and
disadvantages of this technical concept. There are significant technical uncertainties. The NCCC does
require a high-temperature reactor so the compressed air after nuclear preheating is above the auto-
ignition temperature of the fuel. Several different high-temperature reactors can potentially be coupled to
this power cycle.
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