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Nuclear energy has the potential to exert a major 
positive impact on energy security and climate change by 
coupling it to the transportation sector, primarily through 
hydrogen production. In the short term, this coupling will 
provide carbon�free hydrogen for upgrading increasingly 
lower quality petroleum resources such as oil sands, 
offsetting carbon emissions associated with steam 
methane reforming. In the intermediate term, nuclear 
hydrogen will be needed for large�scale production of 
infrastructure-compatible synthetic liquid fuels. In the 
long term, there is great potential for the use of hydrogen 
as a direct vehicle fuel, most likely in the form of 
light�duty pluggable hybrid hydrogen fuel cell vehicles. 
This paper presents a review of the potential benefits of 
large�scale nuclear hydrogen production for energy 
security (i.e. displacing imported petroleum) and 
reduction of greenhouse gas emissions. Lifecycle benefits 
of nuclear energy in this context are presented, with 
reference to recent major publications on this topic. The 
status of US and international nuclear hydrogen research 
programs are discussed. Industry progress toward 
consumer�grade hydrogen fuel cell vehicles are also be 
examined. 
 

 
I. INTRODUCTION 

 
Despite recent shifts in priorities by the US 

Department of Energy, there continues to be a strong level 
of interest in the development of large-scale non-fossil 
hydrogen production technologies.  In terms of the 
transportation sector, this interest is driven by the near-
term demand for hydrogen for refining of increasingly 
low-quality petroleum resources, the expected 
intermediate-term demand for carbon-neutral synthetic 
fuels, and the potential long-term demand for hydrogen as 
an environmentally benign direct transportation fuel [1-3].  
Additional important non-transportation markets for 
large-scale hydrogen production include ammonia 
production and (potentially) carbon-free steel production 
[4].   

At present, hydrogen production in North America is 
based almost exclusively on steam reforming of methane.  
From a long-term perspective, methane reforming may 
not be sustainable for large-scale hydrogen production 
since natural gas is a non-renewable resource that exhibits 
large volatility in price and since methane reforming and 
other fossil-fuel conversion processes emit large 
quantities of greenhouse gases to the environment [5].  
Non-fossil carbon-free options for hydrogen production 
include conventional water electrolysis coupled to either 
renewable (e.g., wind) energy sources or nuclear energy.  
The renewable-hydrogen option may be viable as a 
supplementary source, but would be very expensive as a 
large-scale stand-alone option [6, 7].  Conventional 
electrolysis coupled to nuclear base-load power can 
approach economical viability when combined with off-
peak power, but the capital cost is high [8].  To achieve 
higher overall hydrogen production efficiencies, high-
temperature thermochemical [9] or electrolytic [10] 
processes can be used.  The required high temperature 
process heat can be based on concentrated solar energy 
[11] or on nuclear energy from advanced high-
temperature reactors [12].   

High-temperature nuclear reactors have the potential 
for substantially increasing the efficiency of hydrogen 
production from water, with no consumption of fossil 
fuels, no production of greenhouse gases, and no other 
forms of air pollution.  Advanced nuclear hydrogen 
production can be accomplished via high-temperature 
electrolysis (HTE) or thermochemical processes, using 
high-temperature nuclear process heat [13].  In order to 
achieve their best efficiencies, these processes require 
high-temperature operation (~850°C) and are therefore 
tied to the development of advanced high-temperature 
nuclear reactors.  A conceptual depiction of a high-
temperature gas-cooled reactor coupled to a high-
temperature electrolysis system is shown in Fig. 1.  In this 
scheme, the primary helium coolant serves as the working 
fluid to drive a gas-turbine power cycle, which provides 
the electrical energy required for the high-temperature 
electrolysis process.  In addition, some of the hot helium 



is used to deliver high-temperature nuclear process heat 
directly to the endothermic HTE process.  High-
temperature electrolytic water-splitting supported by 
nuclear process heat and electricity has the potential to 
produce hydrogen with overall thermal-to-hydrogen 
efficiencies of 50% or higher, based on high heating 
value.  This efficiency is similar to that of the 
thermochemical processes [14, 15], but without the severe 
corrosive conditions of the thermochemical processes and 
without the fossil fuel consumption and greenhouse gas 
emissions associated with hydrocarbon processes.   

From 2003 – 2009, development and demonstration 
of advanced nuclear hydrogen technologies were 
supported by the US Department of Energy under the 
Nuclear Hydrogen Initiative [16].  During 2009, this 
program sponsored a technology down-selection activity 
in which an independent review team recommended HTE 
as the most appropriate advanced nuclear hydrogen 
production technology for near-term deployment [17]. 

The INL HTE program also includes an investigation 
of the feasibility of direct syngas production by 
simultaneous electrolytic reduction of steam and carbon 
dioxide (coelectrolysis) at high temperature using solid-
oxide cells.  Syngas, a mixture of hydrogen and carbon 
monoxide, can be used for the production of synthetic 
liquid fuels via Fischer-Tropsch or other synthesis 
processes.  This concept, coupled with nuclear energy, 
provides a possible path to reduced greenhouse gas 
emissions and increased energy independence, without 
the major infrastructure shift that would be required for a 
purely hydrogen-based transportation system [18-21].  

Furthermore, if the carbon dioxide feedstock is obtained 
from biomass, the entire concept would be climate-
neutral.   

As an alternative to centralized large-scale systems 
with direct coupling to high-temperature reactors, 
distributed hydrogen production could be accomplished 
using modular HTE units powered from grid electricity 
and an alternate high-temperature heat source such as 
concentrated solar energy [22] or a biomass gasifier [23].  
This approach could be quite economical if off-peak 
electricity is used [24].    

This paper will provide an overview of the potential 
for nuclear hydrogen to contribute to energy security in 
the transportation sector, while reducing emissions of 
greenhouse gases and relieving concerns about climate 
change. 

II. PERFORMANCE PREDICTIONS FOR 
DEDICATED NUCLEAR HYDROGEN PLANTS 
 

To demonstrate the performance potential of 
advanced nuclear hydrogen systems, detailed process 
analyses have been performed [15].  Summary results are 
presented in Fig. 2.  This figure shows overall hydrogen 
production efficiencies, based on high heating value, 
plotted as a function of reactor outlet temperature.  The 
figure includes a curve that represents 65% of the 
thermodynamic maximum efficiency [25], assuming 
TL = 20°C.  Three different advanced-reactor/power-
conversion combinations were considered: a helium-
cooled reactor coupled to a direct recuperative Brayton 

 
Figure 1.  Concept for high-temperature electrolysis system coupled to an advanced nuclear reactor. 



cycle, a supercritical CO2-cooled reactor coupled to a 
direct recompression cycle, and a sodium-cooled fast 
reactor coupled to a Rankine cycle.  The system analyses 
were performed using UniSim [26] software.  Each 
reactor/power-conversion combination was analyzed over 
a reactor outlet temperature range appropriate for the 
power conversion system under consideration.  The figure 
shows results for both HTE and low-temperature 
electrolysis (LTE).  Results of system analyses performed 
at MIT [14] are also shown.  The lower MIT curve, 
labeled MIT-GT-MHR/HTE represents overall efficiency 
predictions for a helium-cooled reactor with a direct 
Brayton cycle power conversion unit.  The upper MIT 
curve, labeled MIT-AGR-SCO2/HTE represents overall 
efficiency predictions for a CO2-cooled advanced gas 
reactor with a supercritical CO2 power conversion unit.   

For reactor outlet temperatures of 600 - 800°C, the 
supercritical CO2/recompression power cycle is superior 
to the He-cooled/Brayton cycle concept.  This conclusion 
is consistent with results presented in reference [14].  
Finally, an efficiency curve for the SI thermochemical 
process [27] is also shown.  The results presented in Fig. 
4 indicate that, even when detailed process models are 
considered, with realistic component efficiencies, heat 
exchanger performance, and operating conditions, overall 
hydrogen production efficiencies in excess of 50% can be 
achieved for HTE with reactor outlet temperatures above 
850°C.  The efficiency curve for the SI process also 
includes values above 50% for reactor outlet temperatures 
above 900°C, but it drops off quickly with decreasing 
temperature, and falls below values for LTE coupled to 
high-temperature reactors for outlet temperatures below 
800°C.  Note that even LTE benefits from higher reactor 
outlet temperatures because of the improved power 
conversion thermal efficiencies associated with higher 

reactor outlet temperatures.  Current planning for the Next 
Generation Nuclear Plant (NGNP) [12] indicates that 
reactor outlet temperatures will be at or below 800°C, 
which favors HTE. 

II. LIFE CYCLE BENEFITS OF NUCLEAR 
ENERGY

Several comprehensive life cycle analyses (LCA) 
have been completed in recent years to quantify the 
external costs associated with all forms of energy 
production and utilization.  External costs are often not 
considered in traditional economic analysis.  
Nevertheless, these costs are accrued by society in terms 
of environmental damage and health impacts over the 
lifetime of the energy system.  The ExternE (external 
costs of energy) project, sponsored by the European 
Commission, produced a series of papers aimed at 
assessing external costs related to power production and 
transportation.  A summary of the methodology and key 
results of this work is presented in reference [28].  An 
example result from this study is presented in Fig. 3.  This 
figure indicates that nuclear power has the lowest external 
costs in comparison to coal, oil, and natural gas-based 
power.  The largest contributors for the fossil fuels are 
SO2 and NOx.  The costs shown for nuclear represent an 
upper bound related to long-term cancers. 

Another recent LCA study at Stanford [29] provided 
a review and ranking of energy-related solutions to global 
warming, air pollution, mortality and energy security.  
Other impacts such as water supply, land use, wildlife, 
resource availability, thermal pollution, water pollution, 
nuclear proliferation and undernutrition were also 
quantified.  In terms of transportation options, a summary 
of results from [29] is presented in Fig. 4.  This figure 
provides estimates of future annual US premature deaths 
from vehicles replacing light- and heavy-duty gasoline 
onroad vehicles.  Lowest impacts from this study were 
associated with battery-electric vehicles (BEV), powered 

Figure 3. External costs for electric power production 
(from Friedrich et al. [28]) 

 
Figure 2.  Overall thermal-to-hydrogen production 
efficiencies based on HHV for several reactor/process 
concepts, as a function of reactor outlet temperature. 



by wind-based electricity.  In general, the highest scoring 
options according to this study were battery-electric and 
fuel-cell vehicles powered by renewable electricity (wind, 
solar, hydro, etc.).  The nuclear-BEV option scored 
poorly, as a result of a large penalty added to the 
premature deaths estimate associated with an assumed 
elevated risk of nuclear war associated with the 
development of nuclear energy.  Nuclear was the only 
option for which an elevated risk of war-related deaths 
was assumed.  When that additional presumed risk is 
removed, the nuclear-BEV option appears very favorable. 

With regard to hydrogen production, an LCA 
analysis published by Utgikar et al. [30] examined the 
environmental impact of large-scale hydrogen production 
by high-temperature electrolysis coupled to an advanced 
reactor.  Results were presented in terms of the global 
warming potential and acidification potential associated 
with atmospheric emissions from hydrogen production 
plants based on HTE, steam methane reforming (SMR), 
wind power with conventional electrolysis, solar thermal, 
solar photovoltaic, hydro and biomass.  The results of this 
study indicated that the HTE process has lower 
greenhouse gas emission and acidification potential than 
all other processes, with the exception of wind- and 
hydro-powered conventional electrolysis.  SMR emits 
nearly six times the greenhouse gas emissions and has 
three times greater acidification potential compared to the 
HTE process. 

III. DEPLOYMENT OPTIONS AND POTENTIAL 
IMPACT 

A continuum of possible deployment magnitudes and 
implementation strategies can be considered for nuclear 
hydrogen production.  One possible early deployment 
strategy is to tie the hydrogen production process to the 
grid and make use of inexpensive off-peak electricity.  

This strategy would not require a large capital investment 
since only the electrolyzers would be required.  Hydrogen 
could be produced via HTE using grid electricity (HTE 
requires ~32 kW·hr/kgH2) and natural gas-based process 
heat for less than $2.0/kg, assuming an electricity cost of 
$5.00/MW·hr, a heat cost of $5.00/MBTU, an SOEC 
capital cost of $200/kW (based on demonstrated SECA 
[31] cost target of $400/kW for SOFCs; the same 
hardware operated in the electrolysis mode consumes 
approximately twice the power as is generated in the fuel 
cell mode), and a stack life of 40,000 hr.  This production 
cost is competitive today.  Of course, this method of 
hydrogen production is not carbon-free, since grid 
electricity is used and the process heat is based on natural 
gas.  Nevertheless, initial HTE deployments will 
undoubtedly be based on this type of concept, rather than 
a full-scale dedicated nuclear hydrogen plant.   

Another example of a potential early deployment 
concept for HTE has been proposed by Forsberg [24].  He 
has performed a study of a concept in which hydrogen 
and oxygen are produced from grid electricity during off-
peak times when electricity prices are low, stored 
underground, and subsequently fed into a combustor and 
advanced high-temperature steam turbine for efficient 
electrical generation during peak price time periods.  The 
economics of this concept work out favorably for 
electrical grids that exhibit large differences in electricity 
prices between low-demand and high-demand time 
periods. 

In the short term, demand for hydrogen is primarily 
tied to petroleum upgrading and ammonia production.  
Therefore, short-term strategies should be focused on 
meeting these demands in a cost-competitive fashion.  In 
terms of penetrating the transportation market, 
supplemental non-fossil hydrogen can be used for refining 
and upgrading petroleum.  Demand for hydrogen for this 
purpose is growing dramatically as increasingly lower 
quality petroleum resources such as oil sands and heavy 
crudes are exploited.  Approximate hydrogen upgrading 
requirements are presented in Fig. 4 for a range of 
hydrocarbon feedstocks, ranging from light sweet crude to 
coal.  Requirements for direct feed to a Fischer-Tropsch 
process and energy-equivalent pure hydrogen as a direct 
vehicle fuel are also shown.  For example, the quantity of 
hydrogen required to produce a refined product from 
bitumen is about double that required for light sweet 
crude.  Oil shale hydrogen requirements are still higher.  
Production of liquid fuels from biomass or coal is 
extremely hydrogen-intensive.  

Considering bitumen, several large steam methane 
reforming (SMR) hydrogen production plants are located 
near Edmonton, Alberta to enable the conversion of oil 
sands into a synthetic crude oil that can then be further 
processed by traditional refineries.  These large SMR 
plants have a typical hydrogen production capacity on the 
order of 100 million standard cubic feet per day (SCFD), 

Figure 4.  Estimates of future (ca. 2020) premature deaths 
due to onroad vehicle air pollution associated with various 
potential gasoline/diesel substitutes (from Jacobsen [29]). 



while consuming about 33 million SCFD of natural gas 
and emitting 49 million SCFD of CO2 into the atmosphere 
[32].   

The total oil-sands natural gas consumption rate is 
currently around 1.4 billion SCFD, with the projected 
demand by 2015 at 2.1 billion SCFD [33].   New large 
potential sources of natural gas are being developed, such 
as Beaufort Sea gas, to be transported south via the 
proposed controversial Mackenzie Valley pipeline.  
Nevertheless, the growth in demand for natural gas to 
support oil sands development may exceed the capacity of 
the available natural gas, even with the Mackenzie Valley
pipeline (projected to supply 1.9 billion SCFD) [34]. 

With traditional SMR, natural gas is consumed both 
as a feedstock to the reformer and to provide the high-
temperature process heat required to overcome the 
endothermic heat requirement of the reformation reaction 
at 800 – 850°C.  The upgrading requirement for bitumen 
using natural gas-based hydrogen results in life-cycle 
greenhouse gas (GHG) emissions that are 16% higher 
than the LCA emissions associated with light crude 
production and utilization.  The increased LCA emissions 
for Venezuelan heavy crude are similar [34].  
Implementation of an alternate GHG-free hydrogen 
production strategy, such as nuclear-powered HTE would 
relieve some of the demand for natural gas while reducing 
LCA GHG emissions. 

The scale of these SMR plants provides a basis of 
comparison to proposed nuclear HTE plants.  A 600 
MWth high-temperature reactor coupled to a dedicated 
HTE plant would have a hydrogen production capacity of 
about 85 million SCFD [36], very similar to a large SMR 
plant.  The economics of the nuclear-HTE option will 
improve as the demand for natural gas increases and 
reserves are depleted.  The expected implementation of 
carbon taxes will also have an impact. 

Beyond providing hydrogen for upgrading petroleum 
resources, HTE can also be used to support the production 

of synthetic fuels from non-conventional carbon sources 
such as biomass [23] or coal [37], or directly from carbon 
dioxide via co-electrolysis [18].  The benefits of carbon-
free supplemental hydrogen for biomass- and coal-to-
liquids are significant.  For example, distributed 
production of synthetic liquid fuels based on biomass and 
supplemental hydrogen offers a method of producing 
carbon-neutral liquid fuels such as biodiesel and ethanol 
[23].  The concept for this hybrid energy system is 
provided in Fig. 6.  In this concept, the high temperature 
process heat for HTE is provided by the biomass gasifier
while the oxygen required for the gasifier is produced as a 
by-product of the HTE process.  Supplemental hydrogen 
from electrolysis enables achievement of high carbon 
utilization such that about 95% of the carbon in the 

 
Figure 5. Hydrogen requirements for processing of carbon 
feedstocks to produce liquids fuels. 

 
Figure 6. Concept for distributed biomass to liquids, using 
HTE for supplemental hydrogen. 

 
Figure 7.  Carbon utilization and syngas production 
efficiency for various biomass feedstocks as a function of 
gasifier temperature (from [23]). 



biomass feedstock is retained in the syngas product, as 
shown in Fig. 7 [23].  Oxygen produced from the 
electrolysis process is used to control the oxidation rate in 
the oxygen-blown biomass gasifier. Syngas production 
efficiencies range from 70% to 73%, depending on the 
gasifier temperature. 

Traditional processes for producing syngas from 
biomass or coal also produce significant quantities of 
carbon dioxide that must be sequestered or directly 
released to the atmosphere.  This issue is less significant 
when considering biomass, since the CO2 emitted can be 
considered as carbon-neutral.  However, with traditional 
coal-to-liquids (CTL) technology, only about one-third of 
the carbon in the coal feedstock ends up in the liquid fuel 
product [38].  The remainder is immediately released to 
the atmosphere.  Without carbon capture and 
sequestration, large-scale implementation of traditional 
CTL technology would result in a 118% increase in LCA 
greenhouse gas emissions, relative to the petroleum fuel 
that is displaced [39].  If supplemental hydrogen is 
available, nearly all of the carbon in the coal can end up 
in the liquid fuel product, resulting in only a very small 
percentage increase in LCA greenhouse gases, assuming 
the hydrogen is produced without carbon emissions.  
Therefore, supplemental hydrogen for this process should 
be obtained from an efficient non-carbon-emitting process 
such as high-temperature electrolysis (HTE) of steam 
powered by nuclear energy [10].   

Coupling of the HTE process to CTL is particularly 
appealing because it is more efficient than conventional 
electrolysis and because it provides both hydrogen and 
oxygen at elevated temperature.  The oxygen can be fed 
directly to a gasifier and the hydrogen can be used to 
reduce the excess carbon dioxide produced in the gasifier, 
via the reverse shift reaction.  A system analysis of the 
nuclear/HTE-assisted CTL process was performed at INL 
[37].  A representative result from this study is shown in 
Fig. 8 which shows the dependence of syngas production 
efficiency and carbon utilization on coal moisture content. 
Carbon utilization increases with decreased moisture 
content, reaching a value of 98.8% for a moisture content 
of 16.1%.  The syngas production efficiency shown in 
Fig. 8 also appears to increase as the moisture content is 
reduced, but peaks at about 68.8% at a coal moisture 
content of 25%.  The slight drop in syngas production 
efficiency as the coal moisture content is reduced below 
25% is the result of the need to increase the gasifier 
temperature to maintain a minimum heat exchanger 
approach temperature for the steam generator of 
approximately 20°C.  This drop in syngas production 
efficiency is consistent with results that show a drop in 
syngas production efficiency as the gasifier temperature 
increased.  Note that the syngas production efficiencies 
for this process are considerably higher than those 
associated with the purely electrolytic co-electrolysis 
process.   

Hydrogen can also be employed as a direct 
transportation fuel.  Many books and articles have been 
written on the topic of “The Hydrogen Economy,” some 
advocating strongly for the concept [40] and others 
concluding that the idea is ill-founded [41].  From an 
environmental perspective, the concept is certainly 
appealing, provided that the required hydrogen production 
is based on water splitting with clean carbon-free energy 
sources such as renewables or nuclear.  In this case, 
hydrogen-powered transportation has the potential to 
relieve the growing demand for petroleum and natural 
gas, while simultaneously addressing concerns about 
emissions of greenhouse gases and other atmospheric 
pollutants.  The concept also provides a mechanism that 
allows nuclear and renewable energy sources to 
contribute to the transportation sector, which is currently 
95% powered by fossil fuels [42].  Of course, electric 
vehicles can also enable penetration of nuclear and 
renewable energy into the transportation sector via the 
grid.   

Light-duty vehicles contributed 62 percent of all US 
transportation-related GHG emissions in 2003 and about 
17% of all GHG emissions [43].  Transportation GHG 
emissions are also increasing at a faster rate than other 
sectors.  These facts, together with concerns about energy 
security (really petroleum security) emphasize the 
importance of developing alternative non-fossil, non-
carbon transportation fuels.   

The supplemental power required to produce enough 
hydrogen to accomplish a specified impact can easily be 
estimated.  For example, what additional electric power 
would be required to replace all light-duty vehicles in the 
US with hydrogen fuel-cell vehicles (FCVs)?  The total 
number of light-duty vehicle miles traveled in the US in 
2008 was estimated to be 2676 billion miles [44].  Several 
automobile manufacturers have active FCV development 

 
Figure 8.  Carbon utilization and syngas production 
efficiency for CTL as a function of coal moisture 
content (from [37]). 



and demonstration programs.  These demonstrations have 
provided early data on expected FCV hydrogen fuel 
economy.  In August 2009, Toyota completed a DOE 
field evaluation of its Highlander (mid-size SUV) fuel cell
hybrid vehicle, achieving an average fuel economy of 
68.3 miles/kg for a 331-mile trip in California.  In 
November, 2009, Toyota, Honda, and Nissan participated 
in a 706-mile demonstration run of their prototype FCVs 
in Japan, achieving an average 73.6 miles/kg.  Based on 
these tests, an assumed average FCV fuel efficiency for 
future production vehicles of 60 miles/kg is reasonable.  
The electrical energy requirement for large-scale 
commercially available atmospheric low-temperature 
electrolysis is 45.6 kW·hr/kg [45].  An additional 3.3 
kW·hr/kg is required for compression from atmospheric 
pressure to 30 MPa (typical compressed hydrogen on-
board-vehicle storage pressure), for a total of 48.9 
kW·hr/kg.  Based on these numbers, the total electrical 
power required to supply enough hydrogen to provide all 
the light-duty vehicle miles driven in the US in 2008 is 
249 GW.  This result is similar to a result given by 
Walters [46] based on a similar analysis.  For comparison, 
the total electrical energy consumed in the US in 2007 
was 4.16 × 109 MW·hr [47], which corresponds to an 
average consumption rate of 474 GW.  The total installed
“nameplate” electric generating capacity in the US in 
2007 was 1088 GW.  Based on this difference between 
installed capacity and average utilization, there is 
significant potential to power hydrogen production from 
the grid right now, without adding any additional 
generating capacity.  If the required power were to be 
provided by new plants, about 250 1100 MW plants 
(construction plans for two new 1100 MW plants have 
recently been announced) would be needed, assuming a 
capacity factor of 90%.   

The preceding analysis was based on conventional 
electrolysis.  The electrical energy requirement for HTE is 
30 – 35 kW·hr/kg, depending on cell performance and 
operating conditions.  Using 32 kW·hr/kg, and the same 
3.3 kW·hr/kg (although this could be reduced for a 
pressurized HTE process) for compression work, the total 
electrical requirement for HTE is 35.3 kW·hr/kg, which is 
34% lower than for conventional electrolysis.  The 
corresponding total electrical generating capacity required 
to supply enough hydrogen to provide all the light-duty 
vehicle miles driven in the US in 2008 would be 180 GW.  
HTE also requires high-temperature process heat.  With a 
dedicated nuclear-HTE plant, such as the one shown 
conceptually in Fig. 1, this process heat would be 
supplied directly to the HTE unit via an intermediate heat 
exchanger.  Current concepts for this application envision 
a 600 MWth high-temperature helium-cooled reactor with 
an outlet temperature of approximately 800°C.  Assuming 
a power cycle thermal efficiency of 50% (reasonable for 
high-temperature reactors), just over 660 of these high-
temperature nuclear reactors would be required to supply 

the needed 180 GW, again assuming a 90% capacity 
factor.  

The supplemental (new plant construction) power 
requirements could be reduced by including consideration 
of pluggable hybrid electric vehicles (PHEVs), with the 
extended vehicle range beyond that provided by the 
batteries powered by hydrogen fuel cells (PHEV/FCVs).
Approximately 30% of all vehicle miles are accrued by 
vehicles that travel less than 40 miles per day.  
Furthermore, if all vehicles had a 40-mile PHEV range, as 
much as 63% of all vehicle miles could be provided by 
battery power [48-50].  Under this scenario, the 
supplemental capacity for hydrogen production would be 
reduced to 92 GW with LTE and 67 GW with HTE.  The 
supplemental power requirement for recharging the 
batteries for all these PHEVs must also be included.  
Specifications for the Chevy Volt, to be available for 
purchase in 2011, indicate that the pure-electric range of 
the vehicle will be 40 miles, with a full-recharge energy 
requirement of only 8 kW·hr.  If we assume a fleet-
average recharge requirement of 12 kW·hr per 40 miles, 
the supplemental power required to recharge all these 
vehicles is about 58 GW.  Therefore, the total 
supplemental power requirement would be reduced to 150
GW for PHEV/FCVs for LTE-based hydrogen and 124
GW for HTE-based hydrogen, with a corresponding 
reduction in the required number of new nuclear plants.  
Supplemental power requirements for these various 
options are summarized in Fig. 9. So, with LTE-based 
hydrogen, about 150 new plants would be needed.  
Compared to the 104 nuclear plants now in service in the 
US, this is not an outrageous number.  If this electrical 
power were to be generated using wind power, 409,000 
large 1.5 MW windmills (assumed capacity factor of 
0.25) would be needed.  These windmills would be 
distributed over a land area of about 45,000 square miles 
(70 acre footprint per windmill).  It should be 
reemphasized that the requirements for new plant 

 
Figure 9.  Supplemental power requirements for light-duty vehicles 
based on FCVs or PHEV/FCVs. 
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construction could be reduced significantly by making use 
of current available excess off-peak grid capacity as much 
as possible.   

 
 IV.  ECONOMICS 

A preliminary economic analysis has been performed 
to estimate the hydrogen production cost for a large-scale 
dedicated HTE plant coupled to an advanced high-
temperature gas-cooled reactor [51].  The reference HTE 
plant considered for this particular analysis was driven by 
a 600 MWt high-temperature helium-cooled reactor 
coupled to a direct Brayton power cycle with a reactor 
outlet temperature of 900°C.  Plant operating conditions 
used in the reference plant optimization were based on 
parametric studies performed using UniSim [26] process 
analysis software.  The economic analysis was performed 
using the standardized H2A Analysis Methodology 
developed by the Department of Energy (DOE) Hydrogen 
Program [52], using realistic financial and cost estimating 
assumptions. Based on this methodology, and the various 
assumptions discussed in detail in reference [51], the 
estimated price of the hydrogen leaving the plant gate at 5 
MPa pressure would be $3.23/kg.  This estimated price 
was shown to be most sensitive to the assumed after-tax 
internal rate of return (nominal assumed value was 10%) 
and the cost of unplanned replacement costs.  This 
estimated lifecycle HTE hydrogen production cost 
represents the cost of hydrogen leaving the plant gate, and 
does not include any additional storage, delivery, fuel 
taxes or other costs that the consumer might pay at the 
pump.  Compared to the current hydrogen commodity 
price of about $2.50/kg (based on steam-methane 
reforming), this estimated cost is not unreasonable 
considering the volatility of the cost of the natural gas and 
the fact that the HTE technology does not emit 
greenhouse gases.  Estimates of hydrogen production cost 
based on LTE depend strongly on electricity prices, but 
for large systems (1000 kg/day), with an assumed 
industrial electricity cost of $0.0483/kWh, a hydrogen 
selling price of $4.15 (FY2000 dollars) has been reported 
[53] based on the DOE H2A methodology.  Note that any 
proposed new technology for large-scale hydrogen 
production must at a minimum be able to compete with 
this price. 

 
V. SUMMARY AND CONCLUSIONS 

 
With growing demand for hydrogen for petroleum 

refining, ammonia and synthetic fuels production and 
other applications, alternate sources of hydrogen are being 
developed.  High temperature thermal water splitting 
processes in general and high temperature steam 
electrolysis in particular offer relatively efficient carbon-
free options for large-scale hydrogen production.  HTE 
makes use of solid oxide electrolysis cells to 
electrochemically split steam into hydrogen and oxygen at 

about 850°C. Large-scale system analyses have provided 
a favorable assessment of the overall performance of 
large-scale hydrogen production schemes based on HTE, 
with overall thermal-to-hydrogen efficiencies approaching 
50%, based on the lower heating value of the produced 
hydrogen.  Detailed life-cycle analyses of nuclear energy 
for hydrogen production and power generation for support 
of electric vehicles yield generally favorable conclusions 
with regard to minimizing greenhouse gas emissions and 
acidification potential.  A broad range of implementation 
options are available for nuclear hydrogen for both the 
short and long term.  The technology has significant 
potential to make a valuable contribution towards energy 
security and GHG reduction in the transportation sector. 
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