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Article 

Base-Load Nuclear Reactors for Fully Dispatchable 

Electricity: Nuclear Air-Brayton Combined Cycles, 

Firebrick Heat Storage, Hydrogen Storage and 

Hydrocarbon Bio-Fuels 

Charles Forsberg 

Massachusetts Institute of Technology, Cambridge, MA; (cforsber@mit.edu) 

Abstract: We describe three partly-coupled integrated nuclear energy systems enabling base-load 

nuclear reactors to provide fully dispatchable electricity without greenhouse-gas emissions—

replacing gas turbines burning natural gas and batteries storing electricity. First, electricity-to-high-

temperature (1800˚C) gigawatt-hour firebrick heat storage converts low-price electricity to high-

temperature stored heat to provide dispatchable heat for industry and power generation. Second, 

Nuclear Air-Brayton Combined Cycles (NACC) with thermodynamic toping cycles using high-

temperature stored heat or combustible fuel provide dispatchable electricity. Peak power output 

can be 2 to 5 times base-load electricity production. The heat-to-electricity efficiency of the 

thermodynamic topping cycles exceeds 70%. Third, nuclear hydrogen production for industrial 

markets enables production of dispatchable electricity where hydrogen is used for energy storage 

but not for the production of heat and electricity. Base-load nuclear reactors send electricity to the 

grid and/or electrolyzers for hydrogen production depending upon electricity prices. Low-cost 

hydrogen storage enables meeting steady-state industrial hydrogen demand while hydrogen and 

grid electricity production are varied. Hydrogen production for industrial uses (ammonia fertilizer, 

direct reduction of iron ore to iron replacing coke, cellulosic liquid hydrocarbon biofuels replacing 

crude oil) may exceed 20% of total energy demand. Consequently, this option may become a major 

source of dispatchable electricity.  

Keywords: nuclear power; dispatchable electricity; firebrick heat storage; hydrogen; hybrid energy 

systems 

 

1. Introduction 

Historically the economic production of electricity has involved a mixture of electricity 

generation technologies. Base-load electricity was provided by high-capital-cost low-operating-cost 

technologies such as nuclear reactors. Dispatchable electricity was provided by low-capital-cost high-

operating-cost technologies such as gas turbines burning natural gas. The goal to minimize 

greenhouse gas emissions limits the use of low-capital-cost high-operating-cost technologies such as 

gas turbines burning fossil fuels. The question is what replaces the historic role of the gas turbine for 

economic dispatchable electricity? It is a systems problem that requires coupling of different 

technologies. A set of options to accomplish that task is described herein. 

The challenge is complicated by the addition of wind and solar. These technologies can provide 

low-cost electricity but are not dispatchable. There is no electricity output at times of low solar or 

wind conditions. These technologies are fuel-saving technologies [1] that makes the economic 

generating system in much of the United States a system built upon gas turbines where wind and 

solar reduce natural gas consumption. However, very large scale use of non-dispatchable wind and 

solar to reduce greenhouse gas emissions increases average delivered cost of electricity to the final 
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customer because of the need to provide low-carbon dispatchable electricity at times of low wind or 

solar output. This is seen in models [1] and more recently in the increased total cost of electricity in 

countries such as Germany and states such as California [2]. California has the second highest 

electricity rates in the United States after Hawaii. Part of these increased costs are associated with 

early closing of nuclear power plants that eliminated firm low-carbon dispatchable electricity to the 

grid. 

Wind and solar deployment results in large variations of electricity demand from dispatchable 

electricity sources and large changes in wholesale electricity prices with time. One example is the 

average net load of electricity in California over a period of one day as shown in Figure 1 [3] after 

subtracting wind and solar output. Figure 2 shows the wholesale price of electricity over one year in 

California [4,5]. At times of high wind and solar input, the wholesale electricity prices are zero or 

negative. Negative wholesale prices occur because of (1) many subsidies for wind and solar 

production are based on output independent of whether there is a demand and (2) continued 

operation of nuclear and fossil plants at these times so they are able to provide electricity when 

needed. Many plants cannot quickly startup or shut down. Models [1] and experience show that some 

wind and solar can lower costs on a small scale but very large-scale deployment will more than 

double costs to the consumer. That is because consumer electricity cost [6–8] include (1) wholesale 

electricity cost, (2) cost of whatever systems provide dispatchable electricity on an hourly to yearly 

basis and (3) transmission and distribution costs. 

 

Figure 1. California Lowest Net Load Day in Gigawatts by Year [3]. 
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Figure 2. California Hourly Wholesale Electricity Prices in 2023 [4,5]. 

Replacement technologies are required for the gas turbine to provide low-cost dispatchable 

electricity and use low-price electricity when available from wind and solar. We describe three 

coupled technologies (Fig. 3) that together can achieve that goal. High-temperature heat storage and 

hydrogen storage are the low-cost storage media that enable base-load reactors with dispatchable 

electricity.  

 

Figure 3. System Design for Base-load Reactors with Dispatchable Electricity. 

The first technology is Gigawatt hour Firebrick Energy Storage (GIFES) that converts excess low-

price electricity into large-scale high-temperature stored heat for industry or electricity generation. 

The second technology is the Nuclear Air-Brayton Combined Cycle (NACC) with a thermodynamic 

toping cycle that when coupled to GIFES enables a base-load reactor with NACC to buy and sell 

electricity. Combining the technologies functionally replaces (1) gas turbines burning natural gas and 

(2) electricity storage technologies such as batteries.  Third, Nuclear Industrial Stored-Hydrogen 

Heat and Electricity (NISHHE) systems provide dispatchable electricity using hydrogen for energy 
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storage but not for electricity generation. Base-load reactors produce variable electricity for the grid 

and hydrogen for industry. Hydrogen storage assures steady-state delivery to industry with variable 

hydrogen production. Because hydrogen production for industrial purposes could become 20% of 

total energy consumption, this option may become the largest source of dispatchable electricity. The 

industrial sector provides hydrocarbon cellulosic biofuels and hydrogen that can be used to address 

seasonal variations in energy demand. The technological readiness levels (TRL) of these technologies 

vary from 4 to 8 where a TRL of 9 indicates a commercially deployed technology.    

2. Converting Low-Price Electricity to Large-Scale High-Temperature Stored Heat 

Methods to beneficially use excess low-price electricity can increase revenue for the electricity 

grid. This can be done by conversion of excess low-price electricity into high-temperature stored heat 

in firebrick. The capital costs are low and the heat output is in the form of a hot gas. Most uses of 

fossil fuels involve burning the fuel in air to produce a hot gas in a boiler or furnace. If the heat storage 

technology produces a hot gas, it is a drop-in replacement for burning fossil fuels. If the heat storage 

system is depleted, one can burn fossil fuels, biofuels or hydrogen to provide a continuous supply of 

hot gas to the customer. However, one needs storage capacities in excess of a 100 hours or more [9] 

to minimize the use of backup combustible fuels to (1) avoid major impacts of multiday low solar or 

wind conditions and (2) take full advantage of excess low-price electricity on weekends due to lower 

weekend electricity demand. Firebrick heat storage is also the enabling technology for base-load 

reactors with NACC that can buy or sell electricity replacing the roles of gas turbine and electric 

storage battery. Firebrick heat storage will likely set the minimum wholesale price of electricity to 

near that of the competing sources of heat for industry. The potential market is very large [10] 

There are three generations of firebrick heat storage systems. For more than 50 years low-

technology firebrick systems have been used in home and commercial facilities for general heating 

[11]. These systems contain cheap firebrick and low-cost electrical heaters similar to those in electric 

ovens to heat the firebrick. The firebrick is heated at times of low-price electricity. Cold air is blown 

through the firebrick with channels producing hot air for space heating or production of low-

temperature steam as needed. These systems are found in countries where the electricity rate 

structure varies the price of electricity to the customer with time.  

The second-generation systems, being developed by Rondo [12,13] and others, are higher-

temperature firebrick systems to provide heat at higher temperatures to industrial customers. These 

use higher-temperature off-the-shelf resistance heaters with peak temperatures to 1100˚C. These 

systems are beginning to be commercially deployed.   

The third-generation systems involve new technologies and enable peak temperatures to 

1800˚C—the combustion temperature of natural gas. As such, these firebrick heat storage systems can 

replace fossil fuels in industrial applications including gas turbines. They are enabled by two new 

sets of technologies. The first technology is the invention of electrically-conductive firebrick by 

Forsberg (author) and Stack [14] and is being commercialized by Electrified Thermal Solutions [15]. 

Earlier studies [16] had explored general uses for large-scale heat storage using firebrick. Normal 

firebrick that has been used for thousands of years and is an electrical insulator. By doping the 

firebrick with materials such as nickel oxide, it can be made electrically conductive and used as a 

resistance heater at very high temperatures. This enables embedding electrically conductive firebrick 

as the heating element in large volumes of traditional very-low-cost firebrick. Because it is bulk 

heating of firebrick, it is more robust than traditional electric resistance heating. A system schematic 

is shown in Fig. 4. It is in the demonstration stage of commercialization  
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Figure 4. Generic High-temperature Firebrick System Coupled to Utility and Industrial Users. 

Electrically-conductive firebrick is conductive through the bulk of the brick and between bricks. 

This is in contrast to typical electrical resistance heaters made of SiC and MoSi2 that form an insulating 

layer on their surfaces. If these heaters break anywhere, there is no electrical flow. Electrically 

conductive firebrick heaters are made of multiple layers of overlapping brick with high redundancy 

(multiple flow paths through different bricks), Heater circuits can be many tens of meters long versus 

typical resistance heater rods with lengths of one or two meters. Conventional firebrick provides the 

electrical insulation and most of the heat storage capacity. These characteristics enable (1) internal 

heating of very large volumes of firebrick and (2) high voltage and power inputs with low capital 

costs relative to traditional electric heater systems that operate at lower voltages with individual 

heaters with much lower power outputs.  

The second recent development [17] is the Gigawatt-Hour Firebrick Energy Storage (GIFES) 

system, a firebrick storage system to enable long-term heat storage for hours to months at very high 

temperatures at the multi-gigawatt-hour scale. This technology is significantly behind that of 

electrically conductive firebrick with an estimated TRL of 4. There are two distinctive characteristics 

of these storage systems. 

• Firebrick costs. The cost of firebrick per unit of heat storage tends to go down as the peak 

allowable storage temperature goes up. A temperature swing of 1000˚C from hot-to-cold is five 

times a temperature swing of 200˚C in a low-temperature firebrick system and implies five times 

as much heat storage per ton of firebrick.  

• Insulation costs. Very high-temperature low-cost storage is only viable on a large scale because 

of the cost of the insulation system. Heat storage increases as the cube of the storage system size. 

The insulation system increases as the surface area which increases as the square of the system 

dimensions. Increasing the firebrick heat storage dimensions from 1 meter to 10 meters increases 

heat storage capacity by a factor of 1000. A 10-meter cube has storage capacity on the order of a 

gigawatt hour. The surface area increases by a factor of 100 reducing insulation costs per unit of 

heat by a factor of ten. Based on economic tradeoffs, traditional large-scale firebrick heat storage 

systems today have heat losses between 1 and 3%.   The only way to obtain a low-cost high-

temperature heat storage system is make it large so the cost of the expensive insulation system 

goes down per unit of heat storage. That favors gigawatt-hour systems.  

Large-scale high-temperature heat storage for short periods of time has been used for centuries 

in the glass and steel industries. For example, in an industrial natural-gas-fired glass furnace (1) 

incoming air is heated in a firebrick recuperator, (2) hot air exiting from firebrick recuperator is 

further heated by natural gas, (3) hot gas flows over the top of the melting glass formers and (4) hot 

gas heats the glass components by radiative heating into molten glass. Peak gas temperatures are 

near 1550˚C. The somewhat cooler exit gas (1300 to 1400˚C) goes through a second large brick 

recuperator heating the firebrick before exiting to the stack. When this second firebrick recuperator 

is fully heated, gas flow directions are reversed. Cold air enters the second recuperator, is heated 

(1200 to 1300˚C), natural gas further heats the hot gas, the hot gas flows over the glass surface heating 

the glass formers and then exits through the first recuperator while heating it with the exhaust gas 

exiting to the stack.  This saves massive amounts of energy. Cycle times are measured in hours.  
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Calculations and experience show that when there is no gas flow, very high-temperature heat 

relatively quickly goes from the hot parts of recuperators to the cold parts of recuperators. There are 

two heat transfer mechanisms: (1) heat conduction through the fire brick and (2) radiation heat 

transfer that increases by the fourth power of the absolute temperature. Because there was no 

industrial need for long-term high-temperature heat storage, methods to enable long-term heat 

storage were not developed.  

We are developing [17] a method for long-term high-temperature heat storage as shown in 

Figures 5 and 6. In Figure 5 it is assumed some fraction of the firebrick is electrically conductive 

firebrick that acts as electric resistance heaters to heat the bulk of the firebrick. With this option, the 

rate of heating firebrick is independent of other design features and very large electrical inputs are 

possible. In Figure 6 cold air is heated external to the firebrick storage system and the resultant hot 

air is blown through the firebrick to heat it from top to bottom—similar to recuperators in the glass 

and steel industry. The maximum rate of heating is limited by gas flow rates.  

 

Figure 5. Cross Section of the Core of the Heat Storage System in Discharge Mode (Patent pending). 

Heating is by Electrically Conductive Firebrick. 
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Figure 6. Cross Section of the Core of the Heat Storage System (Patent pending) in Charging Mode 

with External Heating of Gas. 

The storage system is built of firebrick surrounded by firebrick insulation that is within a metallic 

shell to provide a gas-tight system. In a normal firebrick recuperator in the glass or steel industry, the 

interior is filled with firebrick with gas-flow channels from the bottom to top of the storage system. 

If the top of the firebrick recuperator is hot and the bottom is cold, heat moves from the hot zone to 

the cold zone by conduction through the brick and radiative heat transfer from surface to surface.  

To provide long-term heat storage where there is hot and cold firebrick in the same system, 

vertical heat transfer must be minimized. This is done by using two types of firebrick in horizontal 

layers like a layer cake. The first set of horizontal layers are solid firebrick that prevents gas flow 

through the layer and have a low thermal conductivity—insulating firebrick [18]. The second set of 

horizontal layers is the firebrick used for most of the heat storage with holes or channels that enables 

horizontal gas flow. Heat storage firebrick [19] has a much higher density to maximize heat storage 

per unit volume and higher thermal conductivity to transfer heat from flowing gas to the interior of 

the firebrick. Firebrick with vertical flow channels connect the layers of heat-storage firebrick with 

horizontal flow channels at the opposite ends of the storage system. Alternatively, vertical flow 

channels for gas flow between the horizontal layers can alternate between the center of the firebrick 

system and the exterior. Horizontal firebrick with flow channels is chosen to maximize heat capacity 

(stored heat) per unit volume. This layer may also include electrically conductive firebrick for heating 

of the firebrick.  

This geometry slows heat transfer from the hot firebrick on top to the cold firebrick at the bottom. 

With hot firebrick on top of cold firebrick, there is no convective gas flow to transfer heat from hot 

firebrick to cold firebrick. Hot gas is less dense than cold gas. There is slow conductive heat transfer 

through the insulating firebrick in the downward direction. The thermal conductivity of insulative 

firebrick (~0.4 W/m-K) is more than an order of magnitude less than firebrick used to store heat 

[18,19]. Heat conduction through the higher-thermal-conductivity heat storage firebrick from top to 

bottom is slowed by the long S-shaped conduction pathway where most heat transfer is in the 

horizontal direction. Similarly, radiation heat transfer is slowed by the torturous path from top to 

bottom of the heat storage system. The firebrick heat storage system may be 20 to 30 meters tall; but, 

the gas flow path and heat storage firebrick path may be 100s of meters long.  

The density of insulative firebrick and thus the volumetric heat capacity is a fourth or less of 

firebrick used for heat storage. If one considers a system where by volume 20% is insulative firebrick, 

10% gas flow channels and 70% heat-storage firebrick, the insulative firebrick will be less than 10% 

of the heat storage capacity. 

If there is no gas flow, over time the interface zone between hot and cold zones will grow. 

However, whenever cold gas enters the bottom and is heated, it is initially heated by the warm 

firebrick and then the hot firebrick. In the process, the hot-to-cold interface zone shrinks. Because of 

this feature, occasional operation greatly reduces heat loses and keeps the hot zone hot. The actual 

design depends strongly on goals—length of storage time and how the heat storage system will be 

operated. For example, if providing industrial heat such as for a glass furnace, at times of low 

electricity prices electric heating will (1) provide heat for immediate use and (2) heat for storage when 

electricity prices increase. The system is operating in a charging and discharging mode at the same 

time. For a power cycle as described below, the system will either be in charging or discharging 

mode—but not both. 

Low-cost high-temperature storage is enabled by very large systems that are 10s of meters tall 

with multiple horizontal layers of solid low-conductivity firebrick that limits heat transfer in the 

vertical direction. Large systems minimize the total external surface area per unit of heat stored and 

thus heat loses through external insulation. Conductive firebrick resistance heaters can be designed 

for high voltages that minimizes the cost of supporting electrical systems in large systems. All of the 

auxiliary system costs decrease per unit of stored heat. The incremental capital cost for storing heat 

is estimated to about $ 10/ kWh [16,20]—far below competing technologies. GIFES storage is at a TRL 
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level of four. The component technologies are commercial. It has the potential to absorb all low-price 

electricity that is below the cost of heat. 

3. Nuclear Air Brayton Combined Cycles with Thermodynamic Topping Cycles 

Low-cost high-temperature heat storage is an enabling technology for base-load nuclear reactors 

that buy and sell electricity to the grid as needed. The enabling power cycle is the Nuclear Air-Brayton 

Combined Cycle with thermodynamic topping cycle that can use stored high-temperature heat as 

described earlier with stored heat-to-electricity efficiencies exceeding 70%.   

Gas Turbine Combined Cycle (GTCC) power plants have become the favored technology to 

produce dispatchable electricity to the grid because of their low capital cost and high efficiency. 

Historically the preferred fuels have been natural gas and oil; but, GTCC can burn almost any 

combustible gas including hydrogen and biofuels or use stored heat. The technical advances in gas 

turbines enable NACC power cycles [21–26] with thermodynamic topping cycles and integrated heat 

storage. NACC can couple to a sodium, salt, helium or other high-temperature reactors or 

Concentrated Solar Power (CSP) systems. Light water reactor temperatures are too low to couple to 

these power cycles. While research on NACC is relatively new, these power cycles are based on 

existing technologies.  

Figure 7 shows a specific design [22] of NACC. There are many variants. The reactor operates at 

base load. External air filtered, compressed, heated in heat exchanger 1 (HX1), goes through turbine 

1, is reheated in HX2, goes through turbine 2, is reheated in HX3, goes through turbine 3 and exits to 

the steam bottoming cycle.  The warm air from the Brayton cycle goes through the heat recovery 

steam generator (HRSG) and up the stack. Steam produced in the HRSG can be used to produce 

electricity or sent to industry. In base-load operation, this system is similar to a GTCC except it uses 

nuclear heat. In this context, using nuclear heat to drive a gas turbine is not new concept [27]. In the 

1950s and early 1960s the U.S. began development of a nuclear-powered jet bomber with unlimited 

range. The reactor provided the heat that was transferred to the jet engines using sodium coolant. 

There was a major development program to develop the sodium-to-air heat exchangers for the jet 

engine. What has happened since then are a set of extraordinary advances in gas turbine technology.  

 

Figure 7. Nuclear Air Brayton Cycle with Thermodynamic Topping Cycle and Heat Storage [22]. 

For peak electricity production, the hot air exiting HX3 can be further heated by going through 

electrically-heated firebrick as described earlier or by adding a combustible fuel before entering 
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Turbine 3 to produce peak power—a thermodynamic peaking cycle. The peak temperature limits of 

modern turbines are far beyond power reactor temperatures. Table 1 shows the nominal projected 

performance of this system for different reactor heat input temperatures and different peak gas-

turbine temperatures assuming existing gas turbine technology.  Only the last turbine can be used 

for peaking power because if you add incremental heat before Turbine 1 or Turbine 2, the gas 

temperatures exiting these turbines into Exchangers 1 and 2 would be above the reactor coolant 

temperatures. 

Table 1. Performance of Different NACC Cycles [22]. 

Turbine 

1&2 Exit 

Temp 

Turbine 3 

Nominal 

Exit Temp 

Turbine 3 

Boosted 

Inlet Temp 

Base 

Efficiency 

Fraction 

Base from 

Steam 

Hydrogen 

Burn 

Efficiency 

Combined 

Efficiency 

Brayton 

Gain 

Overall 

Gain 

Sodium Near-Term System (Nominal Inlet Temperature 773 K (500°C) 

680.5 K 640.5 K 1100 K 32.8% 18% 71.1% 48.4% 1.464 2.522 

680.5 K 640.5 K 1700 K 32.8% 18% 74.2% 60.4% 2.347 5.744 

Molten Salt Advanced System (Nominal Inlet Temperature 973 K (700°C) 

792.5 K 722.5 K 1100 K 45.5% 24% 74.5% 51.1% 1.168 1.403 

792.5 K 722.5 K 1700 K 45.5% 24% 75.0% 61.6% 1.834 3.070 

The incremental heat-to-electricity efficiencies for the added high-temperature heat are between 

71 and 75%, far above the natural gas-to-electricity efficiency of existing GTCC systems and a higher 

incremental heat-to-electricity efficiency than any other heat engine. This has several implications.  

• Replacing battery storage. The electricity-to-heat conversion efficiency is above 95%. The daily 

spread in California wholesale electricity prices (Fig. 2) is such that a system will operate many 

days of the year by buying electricity at times of low prices and selling at times of higher 

prices—reducing the number of hours per year with very high wholesale prices.  

• Combustible fuels. Peak power can be obtained using combustible fuels. The very high 

efficiency implies much lower fuel costs. 

The four cases that are shown in Table 1 include two cases for sodium-cooled reactors and two 

cases for salt-cooled reactor or CSP systems. Two peak turbine temperatures are shown for each 

NACC design. The first is for uncooled turbine blades. The second is for cooled turbine blades used 

in existing high-performance GTCC systems. With advances in gas turbines, peak allowable 

temperatures are expected to increase with increasing efficiency. Higher performance turbine blades 

are typically developed for military jet engines with the technology later transferred to commercial 

aircraft engines and then to GTCC plants. The overall NACC plant efficiencies when producing peak 

power with internally-cooled turbine blades are near 60% and similar to current GTCCs. 

The other characteristic of NACC is that the topping cycle dramatically increases peak electricity 

output. For the first case in Table 1, if the base-load power output is 1 megawatt, operating the 

peaking cycle increases the Brayton cycle output by 46.4% (relative factor of 1.464) and the total plant 

output increases by 152.2%. If cooled turbine blades are used with higher-temperature heat input, the 

total plant output increase by a factor of five. Furthermore, the incremental capital cost for this 

peaking capacity is low, similar to a CCGT. The peak input temperatures are easily met by firebrick 

heat storage systems.  

Thermodynamic topping cycles are not new. The Indian Point I nuclear power plant in the 

United States was a pressurized water reactor that produced saturated steam that was then 

superheated with an oil-fired superheat before the steam went to the steam turbine. When that plant 

was built, it had the highest incremental heat-to-electricity efficiency of any oil-fired system.  

The incremental capital cost for this peak power producing capability is low—oversizing the last 

gas turbine and the HRSG and its steam turbine with associated electric generators. The incremental 

cost of adding a thermodynamic topping cycle to NACC will be less than the cost per kilowatt of 

capacity of a fossil-fuel gas turbine or GTCC. These thermodynamic topping cycles have the 

remarkable feature of the lowest incremental capital costs per unit of added assured electric 
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generating capacity and the highest efficiency of any method to convert heat to electricity. This creates 

the powerful economic incentives for development of NACC. The other observation is that if using 

firebrick heat storage, the scale of heat storage is measured in gigawatt hours. For example, if use a 

modular reactor with an output of 100 MWe and a peak power output of 300 MWe, the heat input 

for that additional 200 MWe (assuming 70% heat-to-electricity efficiency) is 285 MWt. Several hours 

of operation require a gigawatt hour of heat storage. The electricity to charge GIFES is from the grid 

at times of low wholesale electricity prices—including base-load electricity from the reactor with a 

power station that buys and sells electricity.  Utility gas turbines have significant development 

costs—but the technology is well understood thus low technical risk. The engineering designs are for 

long lifetimes, not pushing the performance envelope that is characteristic of may military gas 

turbines.  

4. Hydrogen for Electricity Storage 

Traditional electricity storage technologies are expensive and involve losses in efficiency. The 

round-trip efficiency of pumped hydro and batteries for electricity storage in real systems is about 

80% because of the multiple energy conversion steps. For batteries it is from AC to DC electricity, 

reversible chemical reaction, and DC to AC electricity. For pumped hydro its electricity to mechanical 

work in a pump to move water uphill and then in the reverse direction. Efficient energy storage 

requires avoiding multiple conversion steps with associated losses, and low capital costs.   

Electricity storage may be viable using hydrogen that is produced and consumed in industrial 

facilities. A simplified schematic of the Nuclear Industrial Stored-Hydrogen Heat and Electricity 

(NISHHE) system [28–30] is shown in Fig. 8. The base-load reactor provides heat to produce 

electricity, heat to the hydrogen production system and heat to the chemical plant. High-Temperature 

Steam Electrolysis (HTSE) using heat and electricity converts water into steam and electrolyzes that 

steam to produce hydrogen and oxygen. The hydrogen goes to the chemical plant that may produce 

ammonia, liquid hydrocarbon fuels, iron or other products. Most chemical uses of hydrogen are 

exothermal chemical reactions that generate heat including ammonia and hydrocarbon fuel 

production [31]. Excess heat from the chemical plant is sent to HTSE to reduce nuclear heat input 

from the reactor. HTSE is receiving heat from two sources. The chemical plant may require steam at 

different temperatures than required by HTSE; thus, excess lower-temperature steam at one pressure 

may be sent from the chemical plant to the HTSE unit while the chemical plant receives steam at 

higher temperatures from the reactor.  

 

Figure 8. Nuclear Industrial Stored-Hydrogen, Heat and Electricity System. 
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Between the HTSE and the chemical plant is hydrogen storage that may be medium pressure 

hydrogen tanks or underground storage or other low-cost industrial hydrogen storage technology. 

When not selling electricity to the grid, HTSE operates at full capacity with hydrogen sent to the 

chemical processes and storage. At times of high-priced electricity, (1) the HTSE system operates at 

part load with electricity diverted to the electricity grid and (2) hydrogen for the chemical plant comes 

from storage and part-load operation of the HTSE system.  The high-capital-cost nuclear and 

chemical plants operate at full capacity with dispatchable electricity to the grid and variable operation 

of HTSE and the hydrogen storage system. HTSE is at the early deployment stage where projected 

capital costs are expected to drop dramatically. Unlike conventional water electrolysis systems that 

contain expensive noble-metal catalysts, HTSE does not contain high-priced materials of 

construction. Hydrogen is the storage mechanism enabling variable electricity with constant 

hydrogen to the chemical plant. This creates a NISHHE system that provides chemical plant utilities 

the option for added revenue by selling electricity at times of higher prices. The system has several 

special characteristics. 

• Efficiency. With NISHHE, there are no energy conversion steps and associated energy losses to 

provide the storage function enabling dispatchable electricity. This is in contrast to batteries and 

pumped hydro with multiple energy conversion steps. There are some hydrogen compression 

cost for storage, but they are small energy losses.  

• Storage costs. Hydrogen storage in medium-pressure low-cost hydrogen tanks or underground 

is cheap compared to batteries or stored water behind dams.  

• Capital costs for peak electricity production. For NISHHE, it’s the incremental capital cost of 

base-load nuclear electricity sold at times of peak electricity prices plus some additional HTSE 

capital costs because the hydrogen plant does not operate at base-load. 

The hydrogen is made by high-temperature electrolysis [32–34], a process significantly more 

efficient than conventional water electrolysis. The inputs are heat to convert water to steam and 

electricity. HTSE is steam electrolysis. The system can be coupled to any reactor including light-water 

reactors. High-temperature electrolysis is in the early stages of commercial deployment [34]. 

The largest future market for nuclear energy may be the industrial sector. There is a long history 

of nuclear power plants that have sold steam to nearby customers [35]. What has changed is that 

industrial facilities are building nuclear reactors to meet their energy needs. The first such large 

facility is now under construction in China [36] where two large pressurized water reactors (PWRs) 

and one high-temperature gas-cooled reactor (HTGR) are being built to primarily produce industrial 

steam for one large chemical complex. The HTGR is used to boost steam temperatures from the PWRs 

to provide high-temperature steam for specific chemical processes. Large chemical plants typically 

require steam at multiple temperatures and pressures. Electricity production is a secondary product. 

In the United States, Dow Chemical [37] is planning to build four X-Energy high-temperature reactors 

for its Seadrift site in Texas. As discussed below, the industrial demand for energy may exceed that 

of the electricity grid. 

Within the industrial sector, the production of hydrogen for industrial purposes may ultimately 

consume 20% of global energy production. That creates the option for low-cost dispatchable 

electricity on demand but only in those locations near these large industrial facilities. In this context, 

there are two hydrogen futures. The first future is the use of hydrogen as an energy source such as 

for fuel cells in vehicles, providing high-temperature heat or heating homes. In these applications 

there are many alternatives to hydrogen. The size of this hydrogen future is unknown. The second 

set of hydrogen applications are in industrial processes that require the hydrogen atom—no 

substitution is allowed. There are at least four such categories that by themselves may result in 20% 

of all global energy production used to produce hydrogen.  

Ammonia (NH3). Ammonia is the primary global fertilizer and its use feeds about half the world. 

Hydrogen is a component of ammonia and thus required to produce ammonia. Currently most of 

this hydrogen is made by converting methane to hydrogen and carbon dioxide. One alterative is 

hydrogen production by HTSE. Estimates are that between 1.5 and 2% of global carbon dioxide 

emissions are from ammonia production.  
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Iron and steel. Today we globally mine 2.6 billion tons of iron ore per year and convert it into iron 

in blast furnaces where the oxygen is removed from the iron oxide by the chemical reaction of carbon 

from coke producing carbon dioxide. The production of steel from iron ore is responsible for about 

8% of global carbon dioxide emissions. The alternative low-carbon process is direct reduction of iron 

ore (iron oxide) with hydrogen producing sponge iron with the oxygen removed from the iron ore in 

the form of water. This process is expected to replace the use of coke. Large scale pilot plants are in 

operation [38].    

Cellulosic Hydrocarbon Liquid Fuels (Gasoline, diesel, jet fuel and chemical feed stocks). About half of 

all energy to the final consumer in the United States is from products of crude oil. There is sufficient 

cellulosic biomass to replace crude oil products starting with cellulosic biomass and massive external 

inputs of hydrogen and heat at the bio-refinery. For the United States, the quantities of hydrogen 

would exceed 100 million tons per year—more than all other hydrogen applications in combination. 

This option is discussed separately in the next section because (1) of the impacts on dispatchable 

electricity production and (2) hydrocarbon fuels production that can provide backup liquid fuels on 

an hourly to seasonal basis for large-scale firebrick heat storage and NACC with a thermodynamic 

topping cycle.  

Chemical processing. A wide variety of products require hydrogen in the production process—

but the scale is smaller than the above applications.  

The cost of large-scale hydrogen transport via pipeline is relatively low [39]. Most of the major 

refineries and chemical plants in Texas and Louisiana have been connected via hydrogen pipelines 

for many decades. For chemical plants with smaller demands for hydrogen, it is less expensive to buy 

hydrogen than produce hydrogen. Most refineries produce their own hydrogen but their need for 

hydrogen depends upon the type of crude oil being refined. They buy and sell hydrogen to the 

pipeline depending upon daily needs. The pipelines include merchant hydrogen production plants 

and storage facilities. Currently most of that hydrogen is produced by conversion of natural gas to 

hydrogen with byproduct production of carbon dioxide. The practical implication is that there may 

be multiple hydrogen production methods in competition. This would include nuclear hydrogen 

plants designed for just hydrogen production [39] and nuclear power plants that produce some 

combination of electricity and hydrogen [33].  

Many chemical plants require massive quantities of heat where nuclear energy is the low-cost 

option. Because steam can only be transported short distances, these nuclear plants will be co-located 

with the chemical plants. For these plants, there will be larger economic incentives to also produce 

hydrogen if needed. There is also the option to sell hydrogen for peak power production using NACC 

or other technologies.  

5. Hydrogen for Dispatchable Electricity and Hydrocarbon Biofuels Production 

About half of all energy to the final consumer in the United States [41] is from hydrocarbon 

products (gasoline, diesel, jet fuel and chemical feed stocks) made from crude oil. Globally a third of 

total energy needs are met by the products of crude oil. We use oil products because three 

characteristics [42]: (1) a low-cost way to store energy on an hourly to seasonal basis to meet variable 

energy demand, (2) a low-cost way to move energy from source to customer [39] and (3) an affordable 

source of energy. There is sufficient cellulosic biomass (corn stover, forest debris, kelp, etc.) to replace 

crude oil products starting with cellulosic biomass and massive external inputs of hydrogen and heat 

at the bio-refinery [42–46]. This can be done without major impacts on food or fiber prices. People eat 

sugars, starches and proteins—but not cellulose.  

There are two cellulosic biomass to liquid hydrocarbon biofuels production strategies. The first 

is use the biomass as (1) a carbon feed stock to produce liquid hydrocarbons, (2) a source of energy 

for the conversion processing and (3) a feed stock for hydrogen production needed to convert 

biomass into liquid fuels. With that strategy, feed stock availability becomes a major constraint. The 

second production option is massive external heat and hydrogen inputs to convert biomass into 

liquid fuels. This reduces the required amounts of biomass feed stocks that eliminates feed stock 

constraints. In this second case hydrogen, not biomass, is the single largest cost of production. 
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Cellulosic feed stocks contain about one oxygen atom per carbon atom whereas hydrocarbons contain 

no oxygen. Massive quantities of hydrogen are required to remove oxygen as water to produce drop-

in liquid hydrocarbon fuels (gasoline, diesel, jet fuel and chemical feed stocks). If cellulosic biomass 

is to replace crude oil to produce liquid hydrocarbon fuels, this would domestically and globally 

become the largest single use of hydrogen. In the U.S. it would require more than 100 million tons of 

hydrogen per year [38,40]. The scale of cellulosic hydrocarbon production creates the option for 

massive dispatchable electricity production from the bio-refineries as described above (Fig. 8).  

A schematic of the system is shown in Figure 9. Cellulosic biomass is shipped to local depots 

that convert low-density raw biomass into an intermediate commodity such as a bio-oil that can be 

shipped long distances to large bio-refineries. Economic shipping distances for raw low-density 

biomass are limited to 50 to 80 kilometers. There are multiple depot processing options (pyrolysis, 

hydrogenation, anaerobic digestion, etc.) that (1) produce an economic shippable commodity to the 

bio-refineries and (2) enable recycle of soil nutrients with some carbon to the soil to improve long-

term soil productivity with negative carbon emissions, that is, removal of carbon dioxide from the 

atmosphere. The large refineries with massive external heat and hydrogen inputs convert the biomass 

into liquid hydrocarbon fuels and feed stocks. Economics strongly favor large bio-refineries. Large 

oil refineries have replaced small refineries for three reasons: (1) economics of scale, (2) the ability to 

produce different products (gasoline, diesel, jet fuel, and chemical feed stocks) over time to match 

yearly changes in demand and (3) the ability to accept variations in feed stocks and blend them to 

match refinery capabilities. The same economics applies to bio-refineries. The liquid fuels are burnt 

returning carbon dioxide to the atmosphere. Since plants remove carbon dioxide from the 

atmosphere, their conversion to liquid fuels and burning those fuels has no impact on atmospheric 

carbon dioxide levels. 

 

Figure 9. Nuclear-assisted Cellulosic Hydrocarbon Biofuels Production. 

DG Fuels [46] recently announced the construction of the first 5-billion-dollar plant to be built 

in Minnesota that will convert more than 90% of the incoming carbon in cellulosic feed stocks to 

liquid hydrocarbons with massive inputs of hydrogen—the central characteristic of these systems. 

While that plant will generate hydrogen from other sources, it its basic design is similar to a nuclear 

cellulosic hydrocarbon production system.  

If nuclear energy provides that external heat and hydrogen, it enables dispatchable electricity to 

the grid by adding hydrogen storage between the electrolysis units producing hydrogen and the 
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integrated refinery as shown on the right side of Figure 8. Variable quantities of electricity from the 

reactor go either to the electricity grid or production of hydrogen. The high-capital-cost reactor 

operates at full capacity at all times. Hydrogen storage assures that the refinery has a constant input 

of hydrogen although hydrogen production is variable. Constant hydrogen feed to the bio-refinery 

is required because the startup times and time to change operations in many chemical plants are 

measured in hours to days. It is not economically viable to operate refineries with highly variable 

inputs. In contrast, high-temperature electrolysis and hydrogen storage can operate efficiently with 

variable load.  

Today crude oil products in the United States supply almost half of all energy to the final 

consumer. Electricity is less than 20% of all energy to the final customer [41]. Large-scale nuclear-

assisted bio-refineries may become the largest market for nuclear energy producing (1) heat and 

hydrogen for the bio-refineries and (2) dispatchable electricity. The scale of operations required to 

replace crude oil implies that they may become the largest source of dispatchable electricity in the 

U.S. Separately, the production of liquid cellulosic hydrocarbon biofuels can be the backup 

combustible fuel for NACC with a thermodynamic topping cycle and GIFES firebrick heat storage.     

6. Conclusions 

A low-carbon electricity system requires changing how we produce electricity. With the current 

approaches, the systems models and global experience indicate that decarbonizing electricity systems 

will at least double and possibly triple delivered electricity costs to the customer. That implies major 

reductions in the global standard of living and tradeoffs between reducing poverty and reducing 

carbon dioxide emissions [47]. It is a two-part problem: (1) find beneficial uses of low-price wholesale 

electricity when available and (2) affordable dispatchable electricity at other times. 

Systems with large-scale deployment of wind and solar will have times when electricity prices 

are low or negative. Beneficial use of low-price electricity requires low-cost storage, dispatchable 

delivery of the energy to the final customer and maximizing the value of that energy. That can be 

achieved by (1) converting low-price electricity into high-temperature heat stored in firebrick and (2) 

delivering that heat to the customer in the form of hot gas—directly replacing natural gas. Firebrick 

is the only low-cost material that functions at very high temperatures. 

Sufficient dispatchable electricity is required to meet peak electricity demand to avoid blackouts. 

Wind and solar do not provide assured capacity due to times of no sun or wind. We need 

replacements for fossil-fired gas turbines and expensive short-duration batteries. Higher-

temperature nuclear reactors coupled to NACC with a topping cycle enable efficient conversion of 

high-temperature stored heat or a combustible fuel into dispatchable electricity. Most of the assured 

peak generating capacity is provided by a low-capital-cost power cycle—only a fraction of the 

assured capacity is from base-load reactor operation. The other at-scale dispatchable electricity option 

is use of base-load reactors that can switch electricity production between (1) hydrogen production 

with storage for chemical processes and (2) the electricity grid. This option is enabled by the expected 

massive future industrial hydrogen demand as a chemical feed stock that may consume 20% of global 

energy production. The rising costs of electricity create the incentives to develop these systems. 
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