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Abstract

Hydrogen production using high temperature nuclear
reactors. A feasibility study

Viktor Sivertsson

The use of hydrogen is predicted to increase substantially in the future, both as
chemical feedstock and also as energy carrier for transportation. The annual world
production of hydrogen amounts to some 50 million tonnes and the majority is
produced using fossil fuels like natural gas, coal and naphtha. High temperature
nuclear reactors (HTRs) represent a novel way to produce hydrogen at large scale
with high efficiency and less carbon footprint. The aim of this master thesis has been
to evaluate the feasibility of HTRs for hydrogen production by analyzing both the
reactor concept and its potential to be used in certain hydrogen niche markets. The
work covers the production, storage, distribution and use of hydrogen as a fuel for
vehicles and aviation and as chemical feedstock for the oil refining and ammonia
production industry.

The study indicates that HTRs may be suitable for hydrogen production under certain
conditions. However, the use of hydrogen as an energy carrier necessitates a
widespread hydrogen infrastructure (e.g. pipe-lines, refuelling stations and large scale
storage), which is associated with major energy losses. Both mentioned industries
could benefit from nuclear-based hydrogen with less infrastructural changes, but the
potential market is by far smaller than if hydrogen is used as an energy carrier. A
maximum of about 60 HTRs of 600 MWth worldwide has been estimated for the
ammonia production industry. The Swedish refineries are likely too small to utilize
the HTR but in the larger refineries HTR might be applicable.
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Svensk sammanfattning 

I framtiden förväntas vätgasanvändningen i världen öka markant, både som 

energibärare i fordon och kemiskt råmaterial för oljeraffinaderier och 

ammoniakindustrin. Den totala vätgasanvändningen i världen uppgår idag till ca 50 

miljoner ton per år, varav majoriteten produceras från fossila bränslen så som 

naturgas, kol eller nafta. Ångreformering av naturgas samt förgasning av kol är de 

vanligaste nutida produktionsmetoderna för vätgas, båda med stora koldioxidutsläpp 

som följd och därmed stor klimatpåverkan. Högtemperatursreaktorer (HTR) 

representerar ett nytt sätt att producera vätgas storskaligt med hög energieffektivitet 

och begränsad klimatpåverkan. Minskade utsläpp av koldioxid är det största 

incitamentet för att producera vätgas med HTR. Målet med detta examensarbete är att 

analysera potentialen för HTR att producera vätgas för några världsomfattande valda 

nischmarknader: 

 Vätgas som energibärare för fordonsdrift och flygfart 

 Vätgas för användning inom oljeraffinaderier 

 Vätgas för produktion av ammoniak inom konstgödselindustrin 

 

Högtemperatursreaktorn är grafitmodererad, heliumkyld och använder så kallat 

TRISO-bränsle. Det som främst karaktäriserar en HTR är möjligheten till väldigt höga 

utloppstemperaturer (upp till 1000 °C) och hög andel passiv säkerhet. Den höga 

temperaturen lämpar sig för produktion av processvärme för industrier, vätgas- samt 

elproduktion. Vätgas bedöms i framtiden kunna produceras genom antingen 

högtemperaturs-elektrolys eller termokemiska processer som svavel-jod- eller hybrid-

svavelprocessen med verkningsgrader mellan 35 och 52 %. 

För elproduktion kan en vanlig ångturbin användas men i framtiden hoppas man även 

kunna använda heliumturbiner med högre verkningsgrad. Med ångturbin uppskattas 

verkningsgraden ligga kring 40 % medan en heliumturbin väntas ha en verkningsgrad 

kring 50 %.  

När vätgas reagerar med syrgas i en bränslecell, omvandlas ca 50 % av energin i 

vätgasen till el medan resten går förlorad, främst som värme. Den enda restprodukten 

som bildas är rent vatten. Vätgas vid rumstemperatur och atmosfärstryck har väldigt 

låg energidensitet1 varvid den måste komprimeras eller kylas till flytande form för att 

öka energidensiteten och därmed möjliggöra att vätgasen kan lagras. Energidensiteten 

i flytande vätgas motsvarar ca 26 % av energidensiteten i diesel. Vätgas kan utöver att 

lagras som trycksatt gas, kyld till flytande form även lagras i metallhydrider. De två 

första alternativen används kommersiellt idag. Trots intensiv forskning kring 

vätgaslagring i metallhydrider har ännu inget material utvecklats som lämpar sig för 

                                                      
1 Med energidensitet avses här energiinnehåll per volymenhet. I detta avseende används oftast 

enheten J/l 



 

 

användning i fordon. För att transportera vätgas används idag tankbilar för väte i gas 

eller flytande form, medan pipe-lines används när större flöden skall transporteras. 

Alla steg i distributionsledet, såsom lagring och transport kräver energi i form av el för 

kompressorer och kylanläggningar samt diesel till lastbilar. Sammantaget ger dessa 

relativt stora energiförluster, typiskt ca 40 % av energiinnehållet i den levererade 

vätgasen. 

Fordonsmarknaden är mycket stor i världen med ungefär 949 miljoner fordon i 

världen år 2008 vilket motsvarar ca 40 % av all råolja som raffineras per år. Antalet 

bilar väntas öka ytterligare till ca 1300 miljoner till 2030 i en studie av OPEC. 

Vätgas som fordonsbränsle kräver att vätgas lagras och distribueras. Total-

verkningsgraden för en bränslecellsbil, där vätgas producerats med HTR och 

distribuerats antingen som gas eller vätska som nämnt ovan blir mellan 12 och 19 % 2. 

Totalverkningsgraden för en elbil där el produceras med HTR och distribueras med 

det befintliga elnätet blir ca 33 % 2. Om istället en konventionell lättvattenreaktor 

används sjunker totalverkningsgraden till ca 23 % 2. Totalverkningsgraden för en elbil, 

som använder befintlig teknik för produktion och distribution är alltså samma som för 

vätgasbilen som använder framtidens teknik för produktion och distribution. 

Avsaknaden av infrastruktur för vätgas gör att vätgasbilen riskerar bli utkonkurrerad 

av elbilen. Vätgasbilen har dock två fördelar jämfört med elbilen: bättre räckvidd och 

snabbare tankning 

Storskalig vätgasproduktion, från HTR, som fordonsbränsle kräver utbyggnad av 

storskalig vätgasinfrastruktur. Utbyggnaden står inför följande dilemma: 

Utbyggnad av storskalig vätgasinfrastruktur kräver att det finns ett stort behov av 

vätgas, dvs. stort antal vätgasbilar i trafiken. I motsats gäller att introduceringen av 

vätgasbilar i stor skala inte kommer att ske förrän vätgasinfrastrukturen finns. 

Marknaden för HTR som producent av vätgas som fordonsbränsle är alltså begränsad 

av utbyggnaden av infrastruktur. 

Dagens flygtrafik står för ca 6 % av den totala oljekonsumtionen men kräver väldigt 

hög tillförlitlighet vad gäller bränsletillförsel. Flygplatser är stora användare av 

bränsle och genom att lägga vätgasproduktionen nära flygplatsen skulle förlusterna 

från transport kunna minskas rejält. Reservproduktion, stora vätgaslager eller externt 

producerad vätgas måste dock tillföras vid reaktorernas revisioner. 

Raffinaderier är stora konsumenter a vätgas men stora mängder produceras även inom 

anläggningen som en biprodukt. Inom små raffinaderier produceras i många fall all 

vätgas som en biprodukt medan de större oftast har ytterligare vätgasproduktion. De 

svenska raffinaderierna är små och kan därför inte utnyttja den storskaliga 

                                                      
2 Totalverkningsgraden avser termisk energi i reaktorn till mekanisk energi i fordonet 



vätgasproduktionen som HTR erbjuder. Större raffinaderier, belägna främst i USA, 

Venezuela, Sydkorea och Kuwait skulle kunna nyttja HTR för vätgasproduktion. 

Ammoniakindustrin producerar ca 27 miljoner ton vätgas via ångreformering av 

naturgas per år med stora koldioxidutsläpp som följd. Den största delen av den 

producerade ammoniaken används för att producera kvävebaserade konstgödsel där 

urea är utgör den största andelen. Vid produktion av urea används en viss del av 

koldioxiden vilket gör att minskade koldioxidutsläpp bara motiverar att ca 8 miljoner 

ton vätgas per år är realistisk att byta ut. Studien indikerar att ca 60 reaktorer á 600 

MWt skulle kunna användas för produktion av vätgas inom ammoniakindustrin. Den 

största potentialen finns i Nord- och Sydamerika samt Europa. 

Slutsatserna av denna studie summeras i följande lista: 

 H2 för fordon. HTR kan inte tillämpas förrän det finns storskalig infrastruktur 

för transport, lagring och distribution. 

 H2 för flyg. HTR skulle kunna användas, men någon form av 

reservproduktion skulle behövas för att täcka produktionsbortfallet vid 

revision av reaktorn. Storskaliga lager eller externt producerad vätgas som 

transporteras till flygplatsen är också möjligt men ökar energiförlusterna. 

 H2 inom raffinaderier. HTR kan användas, men troligen endast vid stora 

raffinaderier. 

 H2 för ammoniakproduktion. HTR kan användas, men marknaden är 

begränsad av hur stor del av ammoniaken som används för ureaproduktion 

inom anläggningen. Störst potential finns i Nord- och Sydamerika samt 

Europa. 
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Abbreviations  

AVR Arbeitsgemeinschaft Versuchtreaktor 

CP Coated Particle 

GHG Green House Gas 

GIF Generation IV International Forum 

GWP Global Warming Potential 

HHV Higher Heating Value 

HTE High Temperature Electrolysis 

HTR High Temperature Reactor 

HTS Heat Transfer System 

HTTR High Temperature Test Reactor 

HyS Hybrid-Sulphur 

IHX Intermediate Heat Exchanger 

LCA Life Cycle Assessment 

LHV Lower Heating Value 

LTE Low Temperature Electrolysis 

LWR Light Water Reactor 

MHR Modular Helium Reactor 

Nm3 Normal Cubic Meters (pressure: 1 atm, temp: 0 °C) 

NOx Nitrous oxide, NO, NO2 

NPP Nuclear Power Plant 

PCRV Pre-stressed Concrete Reactor pressure-Vessel 

PEMFC Polymer Electrolyte Membrane Fuel Cell 

PWR Pressurized Water Reactor 

SI Sulphur-Iodine 

SMR Steam Methane Reforming 

SR Steam Reforming (uses various light hydro-carbon fractions as feedstock) 

SRV Steel Reactor pressure-Vessel 

THTR Thorium High Temperature Reactor 

VHTR Very High Temperature Reactor
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1 Introduction 

1.1 Hydrogen use, today and expectations for the future society 

The use of hydrogen is predicted to increase substantially in the future as an energy 

carrier, but also as feedstock for production of fertilizers and refining of crude oil. The 

total world hydrogen consumption today is not monitored, but estimated to 50 million 

metric tonnes. The majority is produced from fossil fuels like methane, naphtha or 

coal with substantial release of green house gases as a consequence. Alternative ways 

to produce hydrogen, with less CO2 emissions, like solar, wind or nuclear power are 

being investigated. High temperature nuclear reactors present a possible solution for 

large scale hydrogen production with a reduced carbon footprint. 

 

There are three major areas where hydrogen are used today and predicted to be used in 

the future: 

 

 Ammonia production: some 27 million tonnes of hydrogen was used to 

produce about 152 million tonnes of ammonia in 2008 [1]. The annual 

increase of ammonia production between 2001 and 2008 was 1.9% [1], an 

increase believed to withstand in the near-term future. 

 Refining of crude oil: hydrogen is used in large quantities to upgrade and 

purify fossil fuels. However, some hydrogen is produced within the refinery 

as a by-product from catalytic cracking. The use of lower grade crude oils, 

like sand oil , with a higher content of contaminants like sulphur and nitrogen, 

is expected to increase in the future with increased demand of hydrogen as a 

result. 

 Energy carrier: Unlike oil or natural gas, hydrogen is not a source of energy, 

but an energy carrier like electricity, that needs to be produced from some 

primary energy. The predicted broad use of hydrogen as an energy carrier is 

often referred to as the hydrogen economy. Hydrogen can be used to propel 

vehicles in internal combustion engines and fuel cells or jet engines in 

aeroplanes with only water as a by-product. The potential market for hydrogen 

as an energy carrier is huge. In 2006, 40% of the crude oil was used to 

produce fuel for vehicles while 6% was used to produce jet fuel for aviation 

[2]. 

1.2 The nuclear option for hydrogen production 

The world-wide concerns of climate change, increasing energy demand, and existing 

generation II reactors approaching the end of their life-times have triggered an 

increased interest for nuclear power. This phenomenon is often referred to as the 

nuclear renaissance. Nuclear power has almost exclusively been used for electricity 

generation in the past but may in the future be extended to both heat and hydrogen. 
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High temperature reactors (HTR) may present an efficient way to produce hydrogen 

with almost no green house gas emissions. By using high temperature heat and 

electricity, the HTR can split water into hydrogen and oxygen at relatively high 

efficiency using either thermo-chemical cycles or high temperature electrolysis (HTE). 

The high temperature reactor and its potential to produce hydrogen is further discussed 

in sections 4 and 5. 

 

The HTR is graphite moderated; helium cooled and uses coated particle fuel. The 

main characteristics of the HTR are the high core outlet temperatures and the inherent 

safety based only on natural physic laws. 

The flexible design of the HTR allows for both electricity generation and process heat 

applications like hydrogen or steam production as illustrated in Figure 1. 

 

Figure 1. The three major production alternatives for the high temperature 
reactor and the largest potential users of each production alternatives. 

 

In an SNETP3  report from 2009, a prototype HTR for production of process steam is 

predicted to be in operation around 2020 [3].The very high temperature reactor 

(VHTR), an evolution of the HTR, has been selected among five other reactor 

concepts for further development by the Generation IV Information Forum (GIF). GIF 

is a global joint committee, assigned to coordinate the research and development 

efforts on Gen IV nuclear reactors with respect to safety, economy, proliferation and 

waste minimization [4]. In the generation IV roadmap, issued in 2002, a prototype 

VHTR for electricity production is predicted to be in operation in 2030. 

                                                      
3 Sustainable Nuclear Energy Technology Platform, a European research program including 75 

stakeholders, including both universities and the industry. 
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1.3 Purpose and boundaries of this work 

There are six generation IV nuclear reactor concepts under development today. Energy 

utilities like Vattenfall AB have a long experience in operation of generation II 

nuclear reactors. But since it was decided that nuclear power in Sweden was going to 

be phased out in the referendum in 1980, limited attention has been brought to new 

reactor concepts. Now when the future for nuclear power seems brighter, a renewed 

interest among the energy utilities has grown, but there is not enough knowledge about 

new reactor concepts to know how to approach this matter. The purpose of this report 

is to bring a better understanding of the possibilities and limitations of nuclear-based 

production of hydrogen in the future. 

 

The aim is to evaluate the future potential for hydrogen production using high 

temperature reactors. The following list shows the potential markets for hydrogen that 

have been evaluated in this master thesis. 

 

 Fuel for vehicles 

 Fuel for aviation 

 Chemical feedstock for refineries 

 Chemical feedstock for ammonia production 

 

The work is limited to cover the technical aspects of the reactor and its potential 

markets. It covers production, storage, distribution and use of hydrogen. The use of 

hydrogen in transportation has been limited not to analyse the technology used in fuel 

cell cars and hydrogen powered aeroplanes. However, it has been assumed that the 

technology presented in the literature is reliable. In particular, the following data and 

assumptions have been used: 

 

 The efficiency of a polymer electrolyte membrane fuel cell (PEMFC), 

intended for use in fuel cell vehicles is 50%. The literature presents 

efficiencies in the range between 40 and 60%. 

 The internal use of electric energy in the vehicle is assumed to be 10% of the 

electricity generated by the fuel cell. Internal use of energy is mainly due to 

control equipment and air condition. 

 Aeroplanes use the same amount of energy regardless of which fuel they are 

using. 

 Practical aspects of on-site4 production of hydrogen has been excluded. 

 

During the work it is has been evident that there are many other factors than 

technology that affects the usability of HTRs for hydrogen production such as politics, 

                                                      
4 On-site production: production of hydrogen using either small size electrolysis units or steam 

methane reformers located at the refueling station. 
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public acceptance, economy, licensing of nuclear reactors etc. These issues are briefly 

discussed in section 6.1.  

1.4 Methods used 

Information and data have been collected in literature and by personal communication 

with scientists and company representatives. Both the use of hydrogen and nuclear 

power has both proponents as well as critics. Both sides have been examined and this 

work aims to present an objective view of the subject (as far as possible). A SWOT 

analysis was used at an early phase of the work to identify possible strengths, 

weaknesses, opportunities and threats to the use of hydrogen from nuclear reactors in 

the potential markets. The SWOT analyses are included in appendix A and have been 

used for guidance in the search for information and data. 
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2 Techniques for hydrogen production, 
storage and distribution 

2.1 Basic properties of hydrogen 

Hydrogen is a colourless, odourless, light gas at ambient pressure and temperature. It 

is the most abundant chemical element, representing about 75% of the total mass of 

the universe. However, elemental hydrogen occurring naturally on earth is relatively 

rare and it usually exists in various compounds of which water and organic 

compounds are the most common ones. Some properties of hydrogen are presented in 

Table 1. 

Table 1. Some physical properties of hydrogen 

Physical properties of hydrogen  

Higher heating value (HHV) 141.9 MJ/kg 

Lower heating value (LHV) 120 MJ/kg 

Density*  0.089 kg/m3 

* Density at room temperature (20 °C) and atmospheric pressure 

The higher and lower heating value is a measure of the amount of heat released during 

combustion of a fuel. 

 

 The HHV measure the heat released between an initial temperature of 25 °C 

until the combustion products have decreased to 25 °C 

 The LHV measure the heat released between an initial temperature of 25 °C 

until the combustion products have decreased to 150 °C 

2.1 Production using water 

2.1.1 Water electrolysis 

By supplying energy in the form of electricity and/or heat, water (H2O) can dissociate 

into hydrogen (H2) and oxygen (O2). The electrolysis of one mole of water produces 

one mole of hydrogen and a half a mole of oxygen according to the following reaction. 

 

H2O + energy (285.8 kJ/mole) → H2 + ½O2  (1) 

 

The energy needed to dissociate water is equal to the change in enthalpy ΔH and is 

given by equation formula 2, 

 

ΔH = ΔG + TΔS (2) 
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where ΔG is the change in Gibbs free energy equal to the amount of electric energy 

that needs to be added in order to split water. ΔS is the entropy of each molecule and T 

is the temperature in Kelvin. The ideal voltage needed for decomposition of water is 

1.229 V but heat is also essential for the operation of an electrolysis cell why the 

theoretical potential need to be increased by another 0.252 V to 1.481 V [5-6]. Due to 

mainly ohmic losses the cell voltage may increase even more and typical cell voltages 

are between 1.85 and 2.05 V [6]. Electrolysis performed at room temperature (~20 °C) 

is generally called Low Temperature Electrolysis (LTE) and have a quite modest 

efficiency, around 75% [7].  

 

Commercial electrolysers have an energy consumption of about 53.4 to 70.1 kWh/kg 

H2. The lower figure is for a medium sized production facility with a maximum yearly 

production of 380 tonnes [7]. No actual price for LTE has been found, and an 

estimation is done using the average electricity price for industries in the USA and 

Sweden summarized in the following list. 

 An average electricity price in USA of 0.07 $/kWh in 2009 [8], results in a 

hydrogen production cost between 4$ to 5$ per kg of H2. 

 An average electricity price in Sweden of 0.788 SEK/kWh without tax [9] in 

2009 results in a hydrogen production cost between 42 to 55 SEK per kg of 

H2. 

 

Investment, maintenance and labour cost will also affect the cost of hydrogen. The 

release of greenhouse gas emissions depend on how electricity is generated. 

Figure 2. The decrease of electric energy required to dissociate water into 
hydrogen and oxygen as a function of the reaction temperature [10]. 

 

The hydrogen production efficiency from LTE is only about 25% if electricity comes 

from standard LWRs with a thermal efficiency of 33%. The energy losses associated 
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with LTE have lead to the development of the high temperature electrolysis (HTE) to 

increase the efficiency. Figure 2 shows how the electric energy changes with reaction 

temperature, as used in high temperature electrolysis (HTE). 

 

HTE is more efficient than traditional LTE mainly for two reasons; (1) some of the 

energy is supplied as heat, with higher efficiency than electricity and (2) because the 

electrolysis is more efficient at higher temperatures. 

 

Most HTE research is focused on the solid oxide electrolysis cell (SOEC), which is 

based on the same technology as the solid oxide fuel cell. The SOEC is composed of 

electrolyte, cathode (hydrogen electrode) and anode (oxygen electrode). In the HTE 

reaction, water is heated by an external source (HTR for example) into steam before it 

enters the electrolysis cell. The steam is supplied to the cathode side of the SOEC 

where water is decomposed into hydrogen and oxygen. Hydrogen is removed on the 

cathode side while the oxygen ions move through the electrolyte to the anode where it 

is removed as oxygen gas. The basic configuration of a SOEC is shown in Figure 3. 

 

Figure 3. The basic configuration of a solid oxide electrolysis cell (SOEC). 

The SOEC is not commercially available yet, mainly because of material issues 

making the life-time of the cell too short. The life-time of the SOEC is estimated to 

about 5000 h which has to be increased to about 20 000 h before a commercial 

introduction can be realized. In a solid oxide fuel cell, hydrogen act as the energy 

source to generate electricity in the reverse reaction presented Figure 3. 
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2.1.2 The sulphur-iodine cycle 

The sulphur-iodine process (SI) is a three step thermo-chemical process that results in 

dissociation of water into hydrogen and oxygen [11]. The process is illustrated in 

Figure 4, and comprises three reactions: 

 

1. The Bunsen reaction: water reacts with sulphur dioxide and iodine at around 

120 °C, to form sulphuric acid, H2SO4 and hydriodic acid, HI.  

2. Sulphuric acid decomposition: sulphuric acid is decomposed in a 2-stage 

reaction, first to SO3 and then to SO2. The first reaction takes place at around 

400-500 °C, whereas the second reaction takes place at temperatures greater 

than 800 °C [12]. However, it has been suggested that at least 1000 °C is 

needed for the SI process to perform well [13].  

3. Hydriodic acid decomposition: hydriodic acid is decomposed to form 

hydrogen and iodine at temperatures greater than 300 °C.  

 

Water represents the only incoming flow and hydrogen and oxygen are the only out 

coming flows. The rest of the process chemicals are recycled and reused. 

 

Figure 4. Simplified flow chart of the Sulphur-Iodine process 

General Atomics (GA) first investigated the SI cycle in the 1970s but low energy 

prices put a stop to the ongoing research. In the late 1990s, GA restarted the research 

on thermo-chemical cycles and chose the SI cycle for further research because of its 

predicted high efficiency and great potential for further improvement. Since then, 

development of the SI cycle has been conducted in Japan, Korea and Europe as well as 

in the US. 
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The SI process has not been introduced on a commercial level yet mainly because of 

material issues and further research is focused on materials that can withstand both 

high temperatures and a very corrosive environment. The HycycleS programme is a 

R&D cooperation that aims to develop materials for the SI and the HyS processes. 

2.1.3 The hybrid-sulphur cycle 

The hybrid-sulphur (HyS) process is a two stage thermo-electric process first 

developed in 1979 by Westinghouse [13], and is illustrated in Figure 5. The HyS 

process first uses high temperature heat to dissociate sulphuric acid into sulphur 

dioxide and oxygen. The presence of sulphur dioxide when performing electrolysis 

decreases the cell potential and hence decreases the amount of electric energy needed 

to dissociate water into H2 and O2. The process is summarized by the two reactions 

presented below. 

 

H2SO4 → SO2 + H2O + ½ O2 (3) 

2H2O + SO2 → H2SO4 + H2 (4) 

 

Figure 5. Simplified flow chart of the Hybrid-Sulphur process 

The hybrid-sulphur cycle suffers from the same difficulties of finding materials that 

can withstand high temperatures and a corrosive environment as presented in the 

sulphur-iodine section. A commercial HyS plant has not yet been constructed. 

2.2 Production using fossil fuels 

2.2.1 Steam methane reforming 

Steam reforming of natural gas (SMR) is the most common way to produce 

commercial bulk hydrogen as well as the hydrogen used in the industrial synthesis of 
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ammonia. Ammonia is a very important chemical feedstock, widely used for 

production of fertilizers. The SMR process can be divided into three reactions. 

  

1. The natural gas is first cleaned from its sulphur and nitrogen content because 

the catalytic ability of the nickel catalyst used in step two decreases rapidly in 

the presence of sulphur and nitrogen. 

2. Water steam reacts with methane at temperatures between 700 to 1000 °C in 

the presence of a nickel catalyst and the product yield consists of carbon 

monoxide and hydrogen (see formula 5). 

3. More steam is added in a reaction called “gas shifting” where the remaining 

carbon monoxide reacts with water to produce additional carbon dioxide and 

hydrogen (see formula 6). 

 

 

CH4 + H2O → CO + 3H2  (5) 

CO + H2O → CO2 + H2  (6) 

CH4 + 2H2O → CO2 + 4H2  (7) 

 

In order to separate the produced hydrogen from carbon dioxide it is most common to 

use either absorption in aqueous ethanolamine solutions or adsorption in pressure 

swing adsorbers (PSA). PSA is a newer technique that removes the carbon oxides 

resulting in 99.99% pure hydrogen gas [14]. High purity hydrogen is especially 

needed when used in Polymer Electrolyte Membrane Fuel Cells (PEMFC) and at 

laboratories while the ammonia production process is not as sensitive to carbon oxide 

impurities. 

 

The SMR process has an energy efficiency of about 70% meaning that 70% of the 

initial energy in the natural gas and the energy needed as heat is then stored as 

chemical energy in the hydrogen gas [15]. If excess steam can be used in nearby 

processes the efficiency might be as high as 89% [16]. In a life cycle assessment from 

2001, a large scale SMR with 89% efficiency, releases about 12 kg of CO2 equivalents 

for every kg of produced hydrogen [16]. Another study, using life cycle assessment, 

shows that about 10.5 kg CO2 is release for every kg of produced hydrogen [17]. 

  

A study made in the United Arab Emirates in 2003 calculated the cost for hydrogen to 

about 8 $/GJ H2 (~1.13 $/kg H2) if using SMR. The average natural gas price was set 

to 4 $/GJ NG [18]. Since the natural gas price constitute about half of the cost to 

produce hydrogen using SMR, it will be very sensitive to fluctuations in the natural 

gas price. In this study, the same model, presented by Kazim in 2003 is used for 

America and Europe, using the average natural gas prices in 2008 and 2009 as 

retrieved from the World Bank [18-19]. The result is presented in Table 2. The natural 

gas price in 2009 represent a normal year, prices between 2000 and 2009 are in the 
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same order except for 2008. The price in 2008 was much higher than a normal year 

and was chosen as a reference to show the magnitude of the possible fluctuations in 

natural gas prices. 

 Table 2. Estimated cost for hydrogen using theory presented by Kazim and 
natural gas prices retrieved from the World Bank [18-19] 

  America Europe 

 Unit 2008 2009 2008 2009 

NG price $/GJ 8.4 3.62 12.91 8.31 

H2 cost $/GJ 12.86 7.62 16.91 12.31 

H2 cost $/kg H2 1.82 1.08 2.4 1.74 

2.2.2 Gasification of coal 

Gasification is a process that converts carbonaceous material, such as coal, oil, 

biomass and even plastics into carbon monoxide and hydrogen by letting the raw 

material react at high temperature with a controlled amount of oxygen and steam. By 

limiting the amount of oxygen, only a relatively small fraction of the fuel burns 

completely and most of the carbon-containing feedstock is chemically broken apart 

into synthetic gas (syngas). Syngas constitutes primarily of hydrogen and carbon 

monoxide but can include other gaseous constituents depending on the conditions in 

the gasifier and the type of feedstock used. The syngas produced during gasification 

now undergoes the same treatment, containing gas shifting (2.2.1, formula 6) and 

cleaning either via adsorption or PSA described in section 2.2.1. 

 

The reaction for coal gasification cannot be expressed as formula since coal does not 

have an exact chemical formula. Hard coal and lignite have different carbon to 

hydrogen ratio which will affect the amount of CO2 and H2 produced during 

gasification. 

 

The cost for hydrogen produced from coal gasification has not been found but is 

estimated be somewhere between the cost for SMR and electrolysis. The cost is one of 

the most important aspects for this type of hydrogen production, and consequently the 

cheapest alternative will be used first. Coal is used prior to electrolysis indicating a 

lower cost. Reliability, simplicity and safety are also very important aspects. 

2.3 Storage 

2.3.1 Compressed hydrogen 

Compressed hydrogen is the most common way to store hydrogen at a small scale, and 

is used in most prototype fuel cell vehicles. The technique is well proven using high-

pressure cylinders, quite similar to scuba tanks, made out of advanced filament-

wound, carbon-fibre composite material which allows storage of hydrogen at 35 or 70 
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MPa. But raising the pressure does not increase the hydrogen density proportionally. 

Even at 70 MPa, the best achievable hydrogen density is 39 g/l which correspond to 

about 15% of the energy content in gasoline, in the same given volume (based on 

HHV) [21]. The ideal gas law are sufficient to describe the gas density as a function of 

the gas pressure up to about 10 MPa. The gas density does not increase proportional at 

higher pressures. 

 

The compression of gas requires energy and according to a study by Bossel in 2006, 

one must count on a 10% energy loss due to compression (compression energy 

compared to HHV of hydrogen) [20]. The amount of energy needed to compress 

hydrogen depends on the difference between initial and final pressure. In Figure 6 the 

energy loss due compression of hydrogen is shown in relation to the increase of gas 

pressure. 

Figure 6. Energy required for the compression of hydrogen compared to its 
higher heating value. Calculated using theory in [20]. 

2.3.2 Liquid hydrogen 

Liquefaction of hydrogen will increase the hydrogen density to about 71 g/l, which 

corresponds to about 30% of the energy content in gasoline, in the same given volume. 

However, liquid hydrogen has some important draw-backs such as its low boiling 

point (-253 °C) which necessitates the use of cryogenic equipment and special 

precautions for safe handling [21]. The low temperature also requires containers that 

are insulated extremely well making the containers large and heavy. In addition, more 

energy is required for liquefaction than for compression of hydrogen.  
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Some hydrogen will also be lost because of boil-off effects. For the best large-scale 

containers the boil-off rate can be as low as 0.03% per day5 [22]. Future large scale 

liquefaction plants are predicted to be more energy efficient (about the same as 

compression) than commercial plants today [23]. The energy loss for two existing and 

three suggested future liquefaction plants are presented in Table 3. 

  

Table 3. Liquefaction energy compared to H2 HHV (141.9 MJ/kg). The table 
shows the energy consumption for two existing liquefaction plants and three 
feasibility studies, noted as future.  

 Capacity  

[tonne/d] 

Energy 

 [MJ/kg LH2] 

Energy loss [%] *** 

Linde AG * 4.368 54 38 

Large American *  36 25 

Future * 300 30.3 22 

Future ** 173 25.5 18 

Future ** 864 18 13 

*Bossel 2006 [20]. **Valenti 2008 [23] 

2.3.3 Storage in materials 

Hydrogen can be stored either by adsorption, or absorption in materials. Adsorption is 

when the hydrogen atoms are bound to the surface of a material and absorption is 

when the hydrogen atoms are absorbed at interstitial locations in the lattice of the host 

material. Carbon is the most common material that has the ability to adsorb hydrogen 

while metal hydrides absorb hydrogen. 

 

The targets for on-board storage of hydrogen are set to 6.5 mass% and 62 kg/m3 by the 

US Department of Energy (US DoE). The desorption temperature also need to be low 

so that heat from the PEM fuel cell can be used (80 °C to 100 °C). 

2.3.3.1 H2 storage in carbon 

Hydrogen adsorbs on the surface of a solid material depending on the applied 

temperature and pressure. The amount of hydrogen that can be stored is also 

dependent on the shape of the carbon nanostructure. For a monolayer of hydrogen on a 

carbon surface, the theoretical maximum hydrogen storage capacity is 3.4 mass% [24]. 

If the carbon material has been subjected to ball milling (crushed to a powder) the 

maximum storage capacity can be increased to about 7.4 mass%. Eighty percent of the 

                                                      
5 All cryogenic tanks have some heat transfer through the insulation, no matter how thick the 

insulation is. This causes some of the liquid hydrogen to boil and becomes a gas. This causes 

the pressure in the tank to rise and to maintain a somewhat constant pressure in the tank, some 

gaseous hydrogen are vented. The boil-off rate is always slightly higher than the venting 

because space where the liquid hydrogen used to be is now filled with gaseous hydrogen. This 

is commonly referred to as boil-off losses. 
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hydrogen desorbs at temperatures of over 600 K which is not suitable for on-board 

storage in fuel cell vehicles [24] 

2.3.3.2 Metal hydrides 

There are many metals and alloys capable of reversibly absorbing hydrogen. 

Hydrogen atoms are stored at interstitial locations in the lattice of the host material. 

During desorption, hydrogen atoms recombine into molecular hydrogen. There are 

many metals available for use as an hydrogen absorber such as magnesium Mg, 

lanthanum La or palladium Pd but also some alloys such as iron-titanium FeTi, 

zirconium-vanadium ZrV2 and titanium-vanadium TiV2. Alloys derived from LaNi5 

shows the most promising properties such as fast and reversible sorption at relatively 

low pressures at room temperature [24]. Due to the high density of the host material 

the absorbed hydrogen remains under 2 mass% (too low for on-board applications). 

Table 4 shows the properties of some well-known hydrides. 

Table 4. Hydrogen storage properties of some metal hydrides. The table is 
modified from Schlapbach [24]. 

Metal Hydride Mass% P, T 

LaNi5 LaNi5H6 1.37 2 bar, 298 K 

ZrV2 ZrV2H5.5 3.01 10.8 bar, 298 K 

FeTi FeTiH2 1.89 5 bar, 303 K 

Mg2Ni Mg2NiH4 3.59 1 bar, 555 K 

 

A higher mass density is only possible if using lighter host materials like calcium and 

magnesium. MgH2 contains about 7.7 mass% of hydrogen but he formation from bulk 

magnesium is extremely slow and necessitates temperatures of up to 300 °C.  

2.3.3.3 Light hydrides and alanates 

Alanates and other light materials can also be used as host materials with a much 

higher hydrogen storage capacity by weight but demand high temperatures to desorb 

hydrogen (typically ~600 °C). Lithium, boron, sodium and aluminum are examples of 

materials that form stable compounds with hydrogen. The hydrogen content for 

LiBH4 can be as high as 18 to 18.5 mass% but require temperatures between 80 °C 

and 600 °C to desorb hydrogen [24-25]. In a study by Mao in 2009 it is shown that the 

desorption temperature can be lowered by doping the material with TiF3, but only a 

small fraction will desorb at low temperatures. Up to 600 °C is still needed to desorb 

the majority of the hydrogen [25]. 

2.3.3.4 Concluding remarks 

There are numerous materials suitable for hydrogen storage either by adsorption or 

absorption, but no material has been found that match all the requirements set for on-

board storage by the US DoE on storage capacity and desorption temperature and 

pressure.  
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2.3.4 Underground storage 

Hydrogen can be stored in underground depleted gas fields, aquifers and/or caverns. It 

is also possible to place compressed hydrogen tanks and liquefied hydrogen tank 

underground to save ground space. 

 

In the long-term, provided that a widespread hydrogen pipe-line network would be 

deployed, underground storage in depleted gas fields, aquifers and cavern is proposed 

to be the most economic way of storing large quantities of hydrogen. However, 

thorough examinations of the geological properties have to be done in order to see the 

technical feasibility of a certain gas field or cavern. 

 

Compressed gas or liquid hydrogen could also be stored in tanks that are buried 

underground. The largest tank for compressed hydrogen available today can store 

about 15 tonnes of hydrogen at 12-16 bars. The tank has an inner volume of about 15 

000 m3 [22]. This type of storage is proposed to be used at local refuelling stations. As 

of today, compressed gas tanks are rarely placed underground because it makes 

inspection of pipes and tank difficult. 

 

Liquid hydrogen storage containers, placed underground, have been developed 

intensively because of its use in space propulsion. The largest liquid hydrogen tank in 

the world, owned by NASA, is a spherical tank with a diameter of 20 m that can store 

about 324 kNm3 liquid hydrogen (about 270 tons). The evaporation rate is below 

0.03% [22]. However, such large and sophisticated tanks are very expensive to 

construct and it might be some time before they get commercially available. 

 

The draw-backs of using naturally occurring gas fields and caverns are that their 

location might be far from production and customers. A pipe-line network will in most 

cases have to be deployed to fully utilize them.  

2.4 Distribution 

2.4.1 Truck 

Even though pipe-line transportation usually is preferred for gases, road transports by 

truck are likely to be used before a widespread hydrogen pipe-line system is built. 

Road transportation of gaseous hydrogen is extremely inefficient because of the low 

energy density. The amount of hydrogen that can be transported in a standard forty 

tonne truck is highly dependent on the pressure at which the hydrogen is stored. 

Stored at 200 bar, between 180 to 540 kg of gaseous hydrogen, can be transported 

using existing trailers [22]. However, not all of the gaseous hydrogen can be delivered 

to the costumer due to the imposed pressure equalisation of the costume tank [22]. As 

a consequence, up to 20% of the hydrogen will be transported back to the production 

site [20]. 
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Liquefied hydrogen has a higher energy density by weight than gaseous hydrogen. 

The French company, Air Liquide has liquid hydrogen trucks with volumetric 

capacities of 15, 41 and 53 m3, which can transport 1000, 2900, and 3750 kg of 

hydrogen respectively [22]. 

 

The average diesel consumption for a class 8 truck in Europe, travelling a distance of 

150 000 km per year is about 32.5 l/100 km [26-27]. If neglecting that the fuel 

consumption is dependent of the mass of the load the average energetic loss, compared 

to the HHV of the transported fuel, per every 100 km travelled can be calculated. A 

one-way delivery is assumed, meaning that the truck returns empty to the hydrogen 

production plant. 

Table 5.  Input parameters to energy efficiency calculation when transporting 
hydrogen and diesel by truck. 

Input Unit Diesel Hydrogen 

Higher heating value MJ/kg 45.9 141.9 

Density Kg/Nm3 850 0.089 

Load (gas) Kg/truck ---* 180, 540 

Load (liquid) Kg/truck 26 000 1000, 2900, 3750 

Delivered load (gas) % ---* 80 

Delivered load (liquid) % 100 100 

Diesel consumption m3/100 km 0.0325 0.0325 

* Diesel is in its liquid phase at room temperature and ambient pressure. 

By using the input parameters presented in Table 5, the energy efficiency diesel and 

hydrogen transportation was plotted for travel distances up to 1000 km (see Figure 7). 

The comparison shows that the overall energetic losses are higher for hydrogen 

transportation than for diesel transportation. The transport of liquid hydrogen, when 

using the largest trailer is comparative to diesel but still higher. Transport of gaseous 

hydrogen is not suitable for long distances, as can be seen in Figure 7. 
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Figure 7. Energy efficiency when transporting hydrogen by truck. Energy in the 
consumed diesel compared to the energy content in the delivered hydrogen 
(HHV). The 180 kg trailer has been excluded since the losses were so large that 
it would not be likely to be used for large scale transport. 

2.4.2 Pipe-line 

Pipe-line distribution of hydrogen may be the most energy efficient way to distribute 

hydrogen, but the construction cost is high. Hydrogen pipe-lines are already used 

within refineries and ammonia production plants. A total of 1600 km of hydrogen 

pipe-line exists in Europe today [22]. The energetic losses in a hydrogen pipe-line are 

mainly due to the powering of pumps and compressors. On shorter distances (>100 

km), the hydrogen flow can be achieved simply due to the pressure difference at the 

production facility and the users [22]. But as said before, compression requires energy 

and a pressure drop is hence a loss in energy. The energy flow in a hydrogen pipe-line 

is about 30% less than for natural gas because of the lower volumetric energy density 

of hydrogen (one third of natural gas) [22]. This either call for higher pressure, and/or 

flow or a larger diameter of the pipe in order to achieve the same energy flow. The 

energetic losses related to pipe-line distribution of hydrogen are lower than for 

transportation by truck, but additional infrastructure has to be built. In a study by 

Bossel in 2006 it is claimed realistic with 95% energy efficiency for pipe-lengths 

shorter than 100 km and about 85% for distances between 100 and 1000 km including 

initial compression [20]. 

 

Hydrogen has a tendency to permeate through materials and a hydrogen pipe-line will 

most likely be subjected to larger losses than a natural gas pipe-line. A hydrogen pipe-

line needs to be thicker and use materials less sensitive to hydrogen embrittlement. 
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For comparison, a natural gas pipe-line, with 400 mm diameter and 80 bar cost about 

10 000 SEK/m in Sweden. However, the pipe-lines for hydrogen can be expected to be 

significantly more costly. Pipe thickness constitutes about 10% of the total cost, and 

increases linearly with thickness [28]. 

2.4.3 Transfer 

Regardless of how the hydrogen is transported, it will always need to be transferred; 

first from the truck or the pipeline to a storage facility at the refuelling station and later 

from the storage to the onboard storage in the vehicle. In the transfer, losses can be 

expected. If pipe-lines are used, hydrogen will flow naturally to the low pressure 

storage in at the refuelling station because of the pressure difference with insignificant 

losses as a result. 

 

When transferring gaseous hydrogen from the low pressure tank at the refuelling 

station to the high pressure tank in the vehicle, the energetic losses are as described in 

Figure 6 in section 2.4.1. Compression from 15 bar (proposed storage pressure at 

refuelling station) to 700 bar results in about 7% energy loss compared to the HHV of 

hydrogen. 
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3 Markets for hydrogen 

3.1 Transportation 

Hydrogen has been proposed to replace fossil fuels in the transportation sector in the 

future. It can be used either in fuel cells or internal combustion engines to propel cars, 

buses and trucks. Jet engines in aeroplanes can with relatively small modifications use 

hydrogen as fuel. 

3.1.1 Road transportation 

In 2006 there were about 949 million vehicles in the world, using about 40% of the 

annually produced oil [3]. In a prediction by OPEC, the number of cars in the world 

will increase by about 2.4% per between 2007 and 2030 reaching a total number of 

some 1.3 billion cars in 2030. The largest annual increase is predicted to be in Asia, 

the Middle East and Africa. Some of these cars could be replaced with hydrogen fuel 

cell cars in the future. However, it is not likely that hydrogen will first be introduced 

in the developing countries where the largest increase is. It is more likely that 

hydrogen will be introduced in the developed countries. 

 Table 6. The number of cars in the world and the predicted increase by region. 
Data provided by OPEC [2]. 

 Cars [million] Annual 

increase [%] 

 2007 2010 2020 2030 2007-2030 

North America 259 259 295 325 1.0 

Western Europe 238 238 260 277 0.7 

OECD Pacific 85 86 89 88 0.2 

OECD 582 583 644 691 0.7 

Latin America 49 53 69 85 2.5 

Middle East & 

Africa 

22 26 42 63 4.8 

South Asia 17 23 60 143 9.6 

South East Asia 27 31 48 71 4.2 

China 26 36 89 167 8.4 

OPEC 19 23 35 52 4.4 

DCs 160 192 342 582 5.8 

Russia 28 30 38 42 1.8 

Other 

trans.economies 

31 34 46 56 2.6 

Transition 

economies 

59 65 84 99 2.3 

World 802 840 1070 1372 2.4 
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The largest threats to a large scale use of hydrogen as an energy carrier for road 

transportation is the lack of infrastructure and the energetic losses due to storage and 

distribution as discussed in section 6.2. 

3.1.2 Aviation 

As of today, the total world use of Jet fuel in aviation represents about 6% of the total 

world use of oil, about 5 million barrels per day [2] If only considering the energy 

content, some 600 reactors of 600 MWth6  would be needed to produce hydrogen that 

amounts to the same total energy content. Some airports that are large users of fuel 

that may benefit from a large scale hydrogen production facility located nearby. If the 

hydrogen production plant is located near the consumer the energetic losses due to 

transportation can be minimized. However, airports demand a 100% secure delivery of 

fuel. This either calls for large fuel storage facilities or excess hydrogen production 

that can cover for the revision shut-downs of the plant. 

3.2 Refining industry 

An oil refinery is an industrial process plant where crude oil is processed and refined 

into more useful products like gasoline, diesel, kerosene, heating oil etc. Oil refineries 

are usually large industrial complexes with a widespread piping network, carrying 

streams of fluids between various chemical-processing units where the hydrotreater, 

hydro cracker and the hydrodesulphurization are the processes with the largest 

hydrogen consumption. However, catalytic reforming of naphtha produces significant 

amounts of hydrogen as a by-product that can be used in the processes mentioned 

above. The hydrogen produced in the catalytic reformer does in general not cover the 

hydrogen need within the plant why a steam reformer, similar to SMR described in 

2.2.1, plant is usually connected to the refinery. In Sweden, two out of five refineries 

are using additional SMRs to provide hydrogen. The feedstock used in the steam 

reformer varies between specific plants but usually contain various light hydrocarbon 

fractions [29]. 

3.2.1 Refineries in Sweden 

There are five refineries in Sweden where the majority of them are located on the west 

coast. Preem and Shell produces mainly gasoline, diesel and kerosene while Nynas 

produces mainly special products like transformer oils in their refinery in Nynäshamn. 

Nynas also have a refinery in Gothenburg for production of bitumen. This refinery is 

excluded in Table 7 because it does not use any hydrogen in the refining processes. 

 

                                                      
6 H2-MHR, see section 4.4.4 for a brief description of the reactor system 
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Table 7. Production characteristics of the Swedish refineries. It is important to 
remember that hydrogen produced during catalytic reforming is not of interest 
to replace by nuclear since, hydrogen is only a by-product from a, in a refining 
point of view, essential process.  

Location Owner Size  

[Mbbl** 

oil/y] 

H2 from 

reforming 

[tonne/y] 

H2 from SR 

[tonne/year] 

Source 

Gothenburg Preem 38.4 25 000 0 [29] 

Lysekil Preem 82.5 51 370 60 183 [30] 

Gothenburg Shell 28.9 ---* 0 [31] 

Nynäshamn Nynas 31.1 0 22 000 [32] 

*All hydrogen produced using catalytic reforming, no available data. ** bbl, US 
barrel of oil. 

3.2.2 Refineries world-wide 

Refineries are usually located in the regions where the upgraded petroleum products 

are to be used because it is easier to transport the crude oil instead of the refined 

products. Therefore the majority of the refineries are located in America, Europe and 

Asia where petroleum products are widely used. Figure 8 shows the world petroleum 

output in the year 2003. Hydrogen is needed in different quantities depending on 

which fuels that are produced. The production of diesel requires more hydrogen than 

jet fuel and gasoline [29]. 

 

Figure 8. World product output in 2003. One million barrels are equal to 119 264 
m

3
. [33]. 
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3.3 The fertilizer industry 

Hydrogen is used in large quantities in the ammonia fertilizer industry. Ammonia is 

used as the feedstock for production of various fertilizers like ammonium sulphate, 

ammonium nitrate, calcium ammonium nitrate and urea [34]. It is the synthesis of 

ammonia that requires hydrogen. Today natural gas is used both as feedstock and 

energy in the production of hydrogen using steam methane reforming. Ammonia is 

produced by combining hydrogen and nitrogen (from air) at temperatures of around 

500 °C in the Haber-Bosch process. 

 

3H2 + N2 → 2NH3 (9) 

 

The world production of ammonia was in 2008 about 152 million tonnes which 

corresponds to  about 27 million tonnes of hydrogen used every year [1]. Some CO2 

produced during the production of hydrogen is used to produce urea instead of being 

released to the atmosphere. The production of urea is a two step process that is 

summarized in formula 10. 

 

2NH3 + CO2 → (NH2)2CO + H2O (10) 

 

The total production of urea in 2008 was about 146 million tonnes requiring about 107 

million tonnes of carbon dioxide and 82 million tonnes of ammonia. On a worldwide 

basis, 54% of the produced ammonia is used for urea production, the most common 

nitrogen fertilizer. This is because it has the highest nitrogen content per weight (46 wt 

%) and is therefore the most economic fertilizer to transport. Only the CO2 produced 

from the feedstock is used for urea production today. The numbers presented in Figure 

9 should be seen as an indication of the potential in each region since quite rough 

assumptions have been made. The assumptions and calculations are presented in 

section in the appendix B. 
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Figure 9. The potential to replace existing hydrogen production in the ammonia 
production industry. The percentage given shows how much of the existing 
hydrogen production that can be replaced based on the criteria that carbon 
dioxide is used to produce urea. Asia has been excluded. See the appendix B 
for calculations. 

 

As shown in Figure 10, all regions except North America and west Europe produce 

almost as much as they consume. East Europe (e.g. Russia) has a large ammonia 

production and exports their surplus ammonia. China is the largest producer in the 

world, with about 38% of the world production in 2008. The main benefit of 

producing hydrogen from nuclear would be to minimize the CO2 emissions from 

SMR. 

 

The ammonia industry, like any other producing industry, strives to achieve the 

highest capacity factor that is possible. It is desirable to run the ammonia production 

plant at its maximum capacity every day of the year. In order to achieve this, hydrogen 

has to be delivered at the same rate that it is consumed or stored at site. Nuclear 

reactors typically have to shut-down for maintenance and fuel change once a year. 

During this time, no hydrogen will be produced. Using many small reactors, with the 

same total production capacity as a few large, the production loss due to outages will 

be less. The hydrogen production plant will also have to be shut-down once in awhile 

for maintenance and inspection. 
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Figure 10. The world ammonia production and consumption by region [1] 
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4 High temperature reactors, HTR 

4.1 General design 

The high temperature reactors are graphite moderated and helium cooled. There are 

two main reactor core designs; the pebble bed and the prismatic block core. Both 

designs use coated fuel particles fixed in a graphite matrix and formed into either fuel 

rods or pebbles. 

4.1.1 Coated fuel particles 

The coated fuel particle (CFP) can withstand much higher temperatures than 

conventional metal clad fuel as seen in standard light water reactors (LWR). The CFPs 

have been evolved ever since their first introduction in the DRAGON7 reactor in the 

1960s to the current TRISO particle of today [35]. The TRISO8  coated particle design 

is typically a 0.9 mm diameter fuel particle consisting of a fuel kernel (either fissile or 

fertile9) surrounded by a porous buffer layer, an inner pyrolytic carbon (IPyC) layer, a 

silicon carbide (SiC) layer and an outer pyrolytic carbon (OPyC) layer [36] (see 

Figure 11). The TRISO coating can be seen as a miniature reactor pressure vessel that 

retains radionuclides and fission gases at temperatures up to 1600 °C [37]. 

 

Figure 11. A schematic picture of the TRISO particle 

 

The porous buffer layer (low-density pyrocarbon) serves as a buffer that provides 

sufficient void space to hold fission gases and CO. Without the buffer layer the inner 

                                                      
7 The DRAGON reactor was the first high temperature test reactor, operated in the UK 
8 TRISO is an acronym for TRI-material, ISOtropic. 
9 U235 is a fissile nucleus, having high probability of fission when exposed to a neutron. 

Th232 is an example of a fertile nucleus, meaning that the probability for neutron absorption is 

large. Th232 then becomes Th233 that becomes the fertile nucleus U233 via beta decay 
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pressure due to fission gas release could cause the CFP to crack. The buffer layer also 

serves to protect the fuel kernel from external forces and protects the rest of the CFP 

from cracking if the fuel kernel migrate or swell [37]. 

 

The IPyC layer is made of high-density pyrocarbon and serves to protect the kernel 

and the buffer from chemical attack by chlorine compounds, which are produced as a 

by-product during deposition of the SiC layer. 

 

The SiC layer is a high-density, high-strength coating with the main purpose of 

providing structural support, retaining fission gases and metallic fission products like 

silver and strontium. Early reactors that used CFPs without a SiC layer had problems 

with high levels of silver, strontium and caesium in their primary helium loop. 

However, the heavy metal retaining abilities of the SiC layer has been questioned in a 

study by the research center Jülich based on the operation of the AVR [38]. 

 

The OPyC layer is high-density pyrocarbon layer that protects the SiC layer from 

external mechanical damage that may occur during fabrication or fuel handling. It also 

serves as a bonding surface to the graphite matrix. The OPyC layer shrinks when 

subjected to irradiation, which helps to maintain the SiC layer in compression.  

The fuel kernel has typically a diameter of 0.5 mm and can consist of uranium, 

thorium, plutonium, and even spent LWR fuel [12]. 

 

Present R&D focus on increasing the CFP’s temperature durability and their retaining 

abilities of heavy metals [35]. It is also very important to develop mathematical 

models to test the particles performance during normal operation and accident 

conditions [36]. 

4.1.2 Graphite moderator 

The moderator is a material, put in nuclear reactors to slow down fast neutrons into 

thermal neutrons with low energy. The neutrons loose energy (speed) every time they 

collide with atoms in the moderator. The fraction of energy lost, when a neutron 

collide increases when the mass of the nuclei is as near the mass of the neutron i.e. 

hydrogen, with atomic mass around 1 is the best moderator while heavier nuclei are 

not as good. Graphite consists almost entirely of carbon with an atomic mass 12 times 

larger than hydrogen, making it a poor moderator. In order to get the same 

moderation, more collisions are needed (i.e. more graphite are needed). This makes 

the reactor core larger, than a reactor of equal power that uses light water as 

moderator. On the contrary to hydrogen in light water, graphite has a very low 

absorption cross section, meaning that the probability that neutrons are absorbed in a 

collision is very small. This enables very good neutron economy in a graphite 

moderated reactor. 
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Even though graphite has been used as a nuclear moderator in the past e.g. in 

Advanced Gas cooled Reactors (AGR) in the UK and RBMK in Russia, a full 

understanding of graphite behaviour under high temperatures and radiation has not 

been achieved. Graphite behaviour under fast neutron radiation summarizes as 

follows: 

 Dimensional change, shrinkage and swelling 

 Change in coefficient of thermal expansion 

 Change in elastic modulus 

 Change in thermal conductivity 

 Irradiation induced creep 

 Change in electrical resistivity 

 

Even though graphite is well suited for use at high temperatures, one has to be careful 

at low temperatures where graphite can ignite due to the release of the Wigner10 

energy, a phenomenon that can occur when graphite is subjected to fast neutron 

radiation at low temperatures [39].  

4.1.3 Helium coolant 

Helium is well suited as coolant medium in the HTRs. It is a noble gas meaning that it 

will not react with materials surrounding. Its boiling point occurs already at about -269 

°C [40] hence no phase transition will take place at the given temperatures for HTR 

operation. However, helium tends to cause embrittlement of metals which could 

reduce the life-time of materials subjected to it. 

 

The use of helium is somewhat restricted to the small amounts available in the world. 

Helium forms naturally by alpha decay of heavy metals like uranium and thorium. The 

formation is very slow and the extraction of helium from the earth crust exceeds the 

formation by far. Helium is found in large quantities in natural gas fields where the 

Hugoton field in Dexter, USA is the largest helium deposit [41]. USA is the largest 

producer of helium with about 78% of the estimated total production of 169 Nm3 in 

2008 [42]. 

                                                      
10 Wigner energy. When fast neutrons collide with the carbon atoms in the crystal structure of 

graphite, the atoms can be displaced from the lattice. However, not all displacement will cause 

defects because some of the struck atoms will find rest in vacancies from other displaced 

atoms. The atoms that do not find rest in vacancies will come to rest in non-ideal locations in 

the graphite structure. Because the atoms are located at non-ideal locations they are associated 

with energy. When large amounts of displaced atoms have accumulated in the graphite 

structure they pose a risk if they all fall back at the same time with large energy release as a 

consequence. This can cause a sudden increase in temperature that in the worst case ignite the 

graphite if oxygen is present. The build up of Wigner energy can be reduced by heating the 

material. In graphite, temperatures above 250 °C are needed to ensure that the Wigner energy 

will not possess a threat. 
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4.2 HTR core types 

4.2.1 Pebble bed core 

The pebble bed reactor was first tested in Germany by the research centre Jülich 

between 1968 and 1988 [35]. The principle of a pebble bed reactor is that fuel pebbles, 

consisting of TRISO-particles in a graphite matrix are slowly passing through the 

pressure vessel, as illustrated in Figure 12). A pebble bed reactor typically consists of 

3-400,000 pebbles that are cycled up to 10 times depending on the burn-up. When a 

pebble is used it is placed in an underground intermediate storing facility often located 

under the reactor. The main advantage of a pebble bed reactor is the uniform reactivity 

in the core and simultaneous refuelling process. Pebble bed reactors are often planned 

to have maintenance shut-down every six years or so, which enable very long 

continuous operation. In a pebble bed reactor helium coolant is flowing through the 

reactor core from top to bottom. Graphite reflectors are placed around the core, both to 

achieve a good neutron economy and for heat absorption. Control rods can be used in 

pebble bed reactors but has to be placed in the graphite reflectors not to harm the 

pebbles. Graphite dust, carrying contamination, will form in larger extent in the pebble 

bed reactor mainly due to mechanical erosion of fuel pebbles. A dust removal system 

is therefore required, but a total of 0.1 kg/MWth has to be assumed to be located in the 

primary system at the end of the reactor life time [43]. 

 

Figure 12. Left: Conceptual design of a pebble bed reactor, using a pre-stressed 
concrete pressure vessel, as used in the German THTR-300 (section 4.5). Right: 
coated particles shaped as a pebble (courtesy of Informationskreis 
KernEnergie, Berlin [44]) 
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4.2.2 Prismatic block core 

In the prismatic block core, TRISO particles and graphite shim particles are bonded 

into a graphite matrix formed into cylindrical fuel compacts with a diameter of about 

13 mm and length 50 mm. The fuel compacts are stacked in the blind holes of the 

hexagonal graphite blocks. The fuel compacts are then trapped in the fuel blocks by a 

graphite plug in the top of the hole that acts as an additional barrier to the release of 

metal fission products. The hexagonal fuel blocks of the MHR has dimensions 794 

mm in length and 360 mm across the flats of the hexagonal cross section [12]. Each 

fuel block has 210 blind fuel holes, 108 coolant holes and contains 3126 fuel 

compacts. Some of the blind fuel holes, usually located in the corners of the fuel block 

can contain burnable absorbers like boron combined with carbon (B4C). The prismatic 

block core is illustrated in Figure 13. 

 

Figure 13. Left: the fuel block in the MHR. Right: cross section of the conceptual 
core of the MHR. (Courtesy of General Atomics [12]) 

4.2.3 Pin-in-block core 

The pin-in-block core is a hexagonal block core very similar to the one used in the 

MHR. The difference lies in the design of the fuel compacts and the hexagonal blocks. 

The core configuration is very similar to the one presented in Figure 13 with relatively 

small modifications. The hexagonal blocks in the Japanese HTTR have dimensions of 

580 mm in length and 360 mm across the flats of the hexagonal cross section. The 

block is made of graphite with holes for fuel compacts, control rods and fuel handling. 

The fuel compacts has dimensions 39 mm in length and 26 mm in diameter with a 

hole in the middle for cooling. 14 fuel compacts, surrounded by a graphite sleeve 

constitute a fuel rod of the same length as the hexagonal blocks [45]. The fuel element 

and fuel block is illustrated in Figure 14. 
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Figure 14. The fuel assembly of the Japanese HTTR. (Courtesy of IAEA [45]) 

4.2.4 Heat transfer system 

There are mainly three different heat transfer systems proposed for the HTR: The 

direct helium loop, the indirect helium loop and the indirect helium/water loop. The 

direct helium loop uses the same helium that flows through the reactor to power the 

turbine, which would contaminate the turbine. The direct helium loop was first 

considered because of its simplicity and high thermal efficiency. The latest HTR 

conceptual designs either use an indirect helium loop or an indirect helium/water loop. 

 

An indirect heat transfer systems can be divided into the primary and the secondary 

loop, separated by a heat exchanger. The heat exchanger is a vital component since it 

separates the contaminated side from the non contaminated. In the primary loop, 

helium flows through the reactor core, from top to bottom and absorbing heat. The 

core outlet temperature for a HTR varies but is commonly around 950 °C. In the heat 

exchanger, heat from the hot helium in the primary loop is transferred to the helium or 

water in the secondary loop. On the secondary side it is now possible to connect 

turbines or process heat applications such as a hydrogen production plant without the 

risk of contaminating them. 

 

Since no helium turbine has been developed on a commercial level yet, the near-term 

HTR concepts are using a conventional steam turbine for power generation. Both the 

postponed South African PBMR and the Chinese HTR-PM are planned to use a steam 

turbine in the near-term future with an efficiency of about 40%. Later reactors of the 

same design is planned to utilize a helium turbine with an efficiency of about 50%. 

 

The He/water cycle has unfortunately some draw-backs. In order to achieve high 

efficient electricity generation, high pressures are needed in the turbine on the 
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secondary side, typically exceeding the pressure on the primary side. It is also 

important to have a higher pressure on the secondary side to prevent contaminated 

helium to reach the secondary side. In the event of a rupture in the heat exchanger, 

water will flood the reactor core, increasing the reactivity11 and may also lead to 

unwanted chemical reactions between graphite and water. 

 

Additional heat exchangers, as shown in Figure 15, can be used if water has to be 

used. This decreases the probability of a water ingress accident but adds additional 

components that will affect the overall plant efficiency and economy. 

 

Figure 15. A conceptual VHTR, under development in the NGNP programme, 
producing electricity and hydrogen. An indirect heat transfer system is used to 
prevent that the turbine and hydrogen production plant are contaminated. 

The indirect helium/helium loop is the most preferably one since it separates the 

contaminated primary side from the secondary side. A higher pressure on the 

secondary side will in this case only cause clean helium to flow into the primary side 

in the case of a rupture in the heat exchanger. 

4.3 Reactor safety 

The high temperature reactor has a strong negative temperature feedback coefficient to 

avoid uncontrolled power control due to reactivity insertion. In addition, it has a 

Reactor Cavity Control System (RCCS) that should be enough avoid a core meltdown. 

In addition control rods can also be used to control the reactivity in the core and an 

active shutdown cooling system (SCS) can be used to transfer decay heat if the heat 

transfer system fails.  

                                                      
11 Water is a good moderator and the addition of it would lead to an increase in reactivity. 
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4.3.1 Shutdown cooling system, SCS 

The SCS is an active reactor cooling system that uses water to cool the helium before 

it enters the reactor core if the heat transfer system fails. A helium/water heat 

exchanger is used to cool helium while the water is cooled using a water/air heat 

exchanger in the conceptual design of the MHR [12]. A drawback of using water is 

that in the event of a heat exchanger rupture, water can flood the reactor core. Water is 

a good moderator and would lead to increased reactivity, if only partially.  

4.3.2 Reactor Cavity Control System, RCCS 

The RCCS is a safety system that provides a passive way of removing core residual 

heat during accidents when neither the heat transfer system (HTS) nor the SCS are 

available. The RCCS is a completely passive reactor cooling system that works 

without the use of any active components such as pumps, valves and circulators. The 

reactor vessel is uninsulated so that heat can be transferred through it by thermal 

radiation and natural convection.  

Figure 16. The Reactor Cavity Control System in the modular helium reactor by 
General Atomics. (Courtesy of General Atomics [12]) 

Natural flow is obtained simply by placing the cold air inlet in the bottom of the 

circuit. When the air temperature rises, it becomes lighter (decrease in density) 

causing the air to rise. This is how the natural flow is obtained in the RCCS circuit 

illustrated in Figure 16. 
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4.3.3 Development of the HTR 

The research and development of the HTRs from the early test reactors of the 1960s to 

the concepts of today can be subdivided into four phases, each with its own purpose 

and goals. This section gives a brief description of the development of the HTR. 

 

First phase 

The Dragon (UK), Peach bottom (US) and AVR (Ger) are considered to be the 

foundation of the first phase of HTR development. The aim of their existence was to 

test materials, fuels and plant layout for later reactor concepts. During this phase, two 

conceptual designs were born; the German pebble bed reactor and the American 

hexagonal block reactor. 

 

Second phase 

The second phase was characterized by the idea of building large HTRs for electricity 

generation. The Fort St. Vrain (FSV) in the US and THTR-300 in Germany prototype 

reactors were built during this era to show the possibility to build large HTR for high 

efficient electricity generation (39% [35] for the FSV and THTR-300 instead of 32% 

for standard LWR’s). Both the FSV and the THTR used a steam turbine for electricity 

generation. Based on the FSV design, the Americans developed a series of large 

HTR’s in the range between 770 MWe to 1540 MWe (2000 MWth to 4000 MWth). 

Many large reactors were contracted during the 1970’s but were later cancelled due to 

decreasing energy costs (from fossil fuels) and the domination of LWR’s in the large 

reactor segment. These reactors utilize a uranium-thorium fuel cycle to achieve good 

fuel economy. The large HTR’s like THTR-300 and FSV used a pre-stressed concrete 

reactor pressure vessel (PCRV) because the low energy density in the reactor core 

made the PV so large and hence impossible to manufacture in steel. 

 

Third phase 

The third phase was initiated by the revolutionary idea of optimizing the design for 

small and medium sized modular reactors instead of going with the trend toward 

larger units. The main incentives were the realization of inherent safety, recurrence of 

proven technology of the first and second phase. By developing smaller simplified 

systems for series production it was believed that economic advantages could be 

achieved. A system with fewer parts, produced in modules in factories could reduce 

the construction time and hence the capital cost [46]. Commercial designs with these 

features were developed but realization could not yet be achieved due to the general 

adverse situation for nuclear energy and the low cost of energy from fossil fuel. China 

and Japan has later on took up the concept and built the HTR-10 and the HTTR test 

reactors [35]. 
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Fourth phase 

The fourth phase is mainly an upgrade of the third phase with respect to the 

Generation IV demands on nuclear reactors. The following aspects characterize the 

fourth phase: 

 

 Systematic adoption of the highest safety standards, which require exclusion 

of any health impact to the public even in low-probability cases. 

 Adaption of the latest Helium turbine and magnetic bearing technology (the 

helium turbine does not exist yet) 

 Efforts to minimize radioactive wastes 

 Optimizing for Pu-burning 

 Demonstration of direct disposal characteristics of HTR fuel 

 Cost competitive plant design 

 More focus on niche markets such as process heat for industries or H2 

production 

4.4 HTR concepts of today 

The HTR concepts of today are either based on the criteria’s stated in the third or 

fourth phase. Of the reactors presented in Table 8 the first four belong to the third 

phase while the last four belong to the fourth phase. The main purpose of the three test 

reactors is however to gain knowledge and experience in order to reach the goals for 

the fourth phase. The following chapter will give a brief description of the reactor 

concepts presented in Table 8.  

Table 8. Current HTR reactors concepts 

 Country Power [MWth] He temp 

In/out (°C) 
Usage Status 

HTTR Japan 30 395/950 Test Operation 

HTR-10/GT China 10 250-300  

/700-950 

Test Operation 

PBMR South 

Africa 

400 350/950 Electricity Postponed 

MHR USA 600 490/950 El/H2/heat Development 

GTHTR300 Japan 300 589/750 El/H2 Development 

HTR-PM China 250 250/750 Electricity Commissioning 

ANTARES France 600 400/850 El/H2/heat Development 

4.4.1 PBMR 

The South African PBMR has been under development by PBMR Pty (Ltd), Eskom 

and several international partners since 1994. The reference design has changed 
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several times since the initial design of a 268 MWth reactor [11]. In recent years the 

main focus has been to develop a prototype coupled with a helium turbine. Eskom has 

been the major funder of the PBMR but in August 2009, Eskom reported major losses 

during the last years [47] and a month later Eskom cut their funding of the PBMR to a 

minimum. In order to attract funding from industries around the world, a new PBMR 

design has been developed. A smaller, 200 MWth (80 MWe), intended for process 

heat applications and electricity generation is proposed. The new design uses a steam 

turbine instead of a helium turbine. The aim is to attract industries with a large need 

for process heat [48]. A week later South Africa and USA signed an R&D agreement 

with the purpose of sharing information on high temperature reactors within the 

NGNP programme [49]. 

4.4.2 ANTARES 

The French ANTARES program is a joint venture between AREVA NP, CEA and 

EDF intended to research and development of HTRs. The main goal of the program is 

to construct a HTR prototype for industrial use. 

   

The ANTARES reactor design is based on the GT-MHR using an indirect cycle 

making it easy to couple with other applications such as a hydrogen production plant. 

However, during recent years, both AREVA NP and CEA have cut their funding of 

the ANTARES programme. Full attention is instead focused on the development of 

the Sodium Fast Reactor (SFR) [50]. 

4.4.3 RAPHAEL 

The RAPHAEL IP12 programme was launched in 2005 as a part of the European 

Union 6th Framework programme with main purpose to address the viability and 

performance issues of future HTRs designed to provide both electricity and process 

heat. The RAPHAEL consortium includes 33 organisations from 10 European 

countries. 

4.4.4 MHR 

The Modular Helium Reactor MHR, developed by General Atomics can be used either 

for electricity generation using a helium turbine or hydrogen production using either 

the SI or HTE process. When coupled to a hydrogen production plant HPP it is called 

the H2-MHR and when coupled with a helium turbine it is called the GT-MHR. The 

reference H2-MHR uses a hexagonal block core of 600 MWth but reactors ranging 

between 15 to 600 MWth have been designed to suite also smaller users [51]. 

  

In the conceptual design of the H2-MHR, the SI cycle is considered. A hydrogen 

production facility of four H2-MHR units (2400 MWth) for hydrogen production will 

                                                      
12 ReActor for Process heat Hydrogen And Electricity generation Integrated Project 
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have an electricity consumption of about 800 MWe mainly due pumps and 

compressors in the HPP. Three GT-MHR with a thermal efficiency of 48% are 

proposed to supply the HPP with its electricity need. The system produces some 

368,000 tonnes of hydrogen per year at a total system efficiency of 45%, if assuming a 

capacity factor of 90% [12]. If electricity were to be supplied from a LWR with 33% 

efficiency the total system efficiency would fall to 37%. GA is involved in the NGNP 

program and in the near-term the main focus is to construct a HTR for production of 

process steam for industrial use [51]. 

4.4.5 NGNP 

The Next Generation Nuclear Plant (NGNP) is a US governmental program aiming to 

develop a commercial prototype V/HTR. Three processes for hydrogen production are 

currently being investigated within the NGNP program; the SI, HyS and HTE. In 2011 

they will proceed with one of the thermo chemical processes and continue for scale up 

to compare with the HTE process, if the HTE process is ready for scale-up. The two 

selected processes will be further developed until 2015 when one process will be 

selected as the best. This process is planned to be demonstrated at large scale in 2019 

[50]. But before a HTR prototype for hydrogen production will be realized the aim is 

to build a HTR for production of process steam for industrial use. The NGNP 

prototype is decided to use a modified PWR steel pressure vessel containing a core of 

350 MWth. The aim is to produce process steam at a temperature of 600 °C [51]. 

4.4.6 HTR-10/GT 

The Chinese test reactor HTR-10 is built on the site of the Tsinghua University’s 

Institute of Nuclear Energy Technology (INET) near Beijing and is part of the Chinese 

national High Technology R&D Programme [46]. The design began in 1992, 

construction started in 1995, and the reactor was completed in 2000. The reactor went 

critical for the first time in December 2000 and reached full power operation in 

January 2003. The objectives of the HTR-10 are to verify and demonstrate the 

technical and safety performance of the reactor. When the first HTR-PM has been 

constructed, the HTR-10 will be coupled with a gas turbine now called the HTR-

10GT. The main objective of the test reactor is now to conduct research and 

development of a helium turbine coupled to a HTR. 

4.4.7 HTR-PM 

The HTR-PM, planned for construction start during 2009 in China, could be the first 

commercial HTR ever to be built based on the third phase. The HTR-PM project 

consists of two pebble bed reactors each of 250 MWth coupled with a classic steam 

cycle for electricity generation [44]. The Chinese idea is to build two plants with a 

steam cycle and at the same time develop the HTR-10GT. At a later stage more HTR-

PMs will be built but now coupled to helium turbines. Operation from the HTR-PM 
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will give valuable information for the future development of the reactor. China is the 

only country that has not included hydrogen production in their governmental research 

programme [11]. Research on hydrogen production using high temperature 

electrolysis is however performed at the University of Tsinghua in Beijing [52]. 

4.5 Issues remaining to be solved 

The following areas where research and development is still required for HTRs to 

become operative have been identified: 

 

 Material issues 

 Tritium mitigation 

 Core behaviour 

 Coated fuel particle design 

 

High temperatures, corrosive environments and helium/hydrogen embrittlement will 

require that enhanced materials are used. Many of the proposed materials to be used in 

the future HTRs are still under a research and developing phase and it is not certain 

whether they will have the desired properties when used in a real plant. Finding 

materials that can withstand high temperatures is the most important task, in a 

hydrogen production point of view since high temperatures are required. 

 

The development of a heat exchanger that can cope with high temperatures, helium 

embrittlement and some radioactivity is very important in order to separate the nuclear 

plant from the hydrogen production plant. 

 

Tritium (3H) is a radioactive isotope of hydrogen that is produced in small amounts in 

the reactor core. It has the same ability to permeate through materials as hydrogen and 

needs to be kept away from the HPP not to contaminate the produced hydrogen. A 

helium purification system, to reduce the tritium in the secondary loop is therefore 

needed. The heat exchanger also needs to be designed so that tritium permeation is 

kept as low as possible. 

 

Only partial understanding of the thermodynamic behaviour of the reactor core has 

been gained today. Therefore the mathematical models that are available today are 

claimed not to be sufficient [38]. Laboratory experiments are proposed to gain more 

data to calibrate the model. 

 

Although the coated particle fuel was developed many years ago, full understanding of 

its behaviour under high temperatures has not been yet achieved. In order to minimize 

the radioactivity in the primary loop, and thus secure safe reactor operation, new types 

of fuel particles will have to be developed and tested [38]. 
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The material issues is probably the most difficult to solve and is a serious threat to the 

usability of the HTR to produce hydrogen since all the mentioned production 

alternatives require very high temperatures. Some is also exposed to a corrosive 

environment. 



Hydrogen production using high temperature nuclear reactors. A feasibility study 

Viktor Sivertsson, Uppsala University, February 2010 

 

 Page 39 (64)  

 

5 Hydrogen production using HTRs 

5.1 General remarks 

High temperature reactors can produce hydrogen using both electricity and heat. 

Electrolysis and high temperature electrolysis utilize mainly electricity while the 

thermo-chemical processes utilize mainly heat to produce hydrogen. The efficiency of 

the electricity generation is therefore essential for all production alternatives presented 

in this section. All figures presented in the following section are based on flow sheet 

optimizations (e.g. computer models) and does not necessarily coincide with future 

real plants. A common assumption in the flow sheet optimizations presented in the 

following section is the electricity is produced by a HTR coupled with a helium 

turbine with an efficiency of about 50%. One should bear in mind that the helium 

turbine nor the thermo-chemical processes and high temperature electrolysis are 

available at a commercial level yet. 

 

All the production facilities should be located at a secure distance from the reactor so 

that a possible hydrogen explosion will not harm the reactor. 

 

The environmental impact of a production method coupled to a HTR is measured in 

global warming potential (GWP), a measure of how much a given greenhouse gas 

(GHG) is estimated to contribute to global warming. The reference GHG is carbon 

dioxide (GWP=1) which all other GHGs are compared to. The unit for GWP is CO2 

equivalents. The GWP is commonly used in life cycle assessments and represent the 

total GHGs released during the whole life of the power plant in relation to its total 

production during the same given time.  

5.2 Electrolysis 

HTR could use the low temperature electrolysis presented in section 2.2.1 but would 

result in an efficiency of only 36% if assuming that electricity is produced with an 

efficiency of 48%. 

 

The energy efficiency of the high temperature electrolysis (HTE) coupled with HTR is 

calculated to 45% [53] in a study by the Korea energy research institute (KAERI) in 

2007. It is here assumed that the steam has a temperature of 850 °C and that electricity 

is produced by HTRs coupled with a He-turbine with a thermal efficiency of 50%. In 

another study made by Toshiba an overall efficiency of 53% is predicted assuming 

electricity production using a He-turbine with a thermal efficiency of 52.6% at 800 °C 

[10]. 

 

HTE is at an early research and development stage and although the figures that are 

presented by different research teams show great potential there are still large 
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uncertainties about the performance in a real plant. Further efforts should primarily 

focus on acquiring reliable data in the fields of thermodynamics, kinetics, material 

behaviour, and electrochemical performance to support simulation and technological 

optimization [52]. A large-scale hydrogen production plant using the HTE process has 

not yet been constructed mainly because of material issues.  

 

In a life cycle assessment by the University of Idaho Falls in 2005 calculates the GWP 

for hydrogen production using the HTE coupled to VHTR to be 2 kg CO2-eq/kg H2 

[54]. 

5.3 The sulphur-iodine cycle 

The sulphur-iodine (SI) process coupled to a HTR present efficiencies that are in the 

range between 35-45% [11]. A total efficiency of 45% is claimed to be realistic in a 

feasibility study made by GA in 2006. It is assumed that electricity is generated at an 

efficiency of 48% [12]. The total efficiency would decrease to about 38% if electricity 

were supplied by standard LWRs with a thermal efficiency of 33%. The SI flow sheet 

is constantly changing and new optimized flow sheets are likely to be proposed in the 

near-term future [11]. Whether they will lead to a higher efficiency is however 

uncertain. 

 

In a life cycle assessment by the University of Idaho Falls in 2009 calculates the GWP 

for hydrogen production using the HTE coupled to VHTR to be 2.5 kg CO2-eq/kg H2 

[55]. 

 

An integrated lab scale experiment of the SI cycle has been developed through the US 

DoE and the French CEA I-NERI agreement [56]. The Bunsen section, developed by 

CEA, and the sulphuric acid section developed by Sandia national laboratory have 

both been shipped to GA where the HI section was developed. The equipment has 

now been assembled at the GA testing facility and closed loop testing was scheduled 

to begin during 2009 [11]. No further information has been found that confirms 

whether the closed loop testing did begin during 2009 or not. 

 

Bench scale experiments have been performed at the Japan Atomic Energy Agency 

(JAEA), which demonstrated a stable production of hydrogen, but the thermal 

efficiency was only 10% [57]. Heat losses in the HI section were found to be the 

primary reason to the low efficiency.  

 

The cost for hydrogen produced using the SI process coupled to a high temperature 

reactor varies between different studies. General Atomics estimate the cost to be as 

low as 1.97 $/kg for a nth of a kind hydrogen production plant [12]. However, a recent 
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study by CEA concluded that the cost for a first of a kind hydrogen production plant 

using the SI process could be as expensive as 12 €/kg (~17$/kg13)  [58]. 

5.4 The hybrid-sulphur cycle 

The hybrid-sulphur cycle (HyS) coupled to a HTR presents efficiencies in the range 

between 41.7 and 48.8%. A study by the Savannah River National Laboratory (SRNL) 

in 2005, estimated an efficiency of 48.8% (higher heating value) using flow sheet 

optimization [59]. It is believed that efficiencies above 50% are achievable in the 

future. In a later study, also by the SRNL the overall efficiency is estimated to be 

41.7% (HHV) assuming that electricity used in the process are generated at an 

efficiency of 45% (HTR using He-turbine) [60]. In the later report no predictions of 

future achievements are given. 

 

The predicted production cost of hydrogen from the HyS process coupled to a HTR 

are according to the manufacturers around 2 $/kg H2 [12] while recent studies by CEA 

shows that the production cost could be significantly higher (6€/kg ~ 8.6$/kg13) [58]. 

The difference in these studies is that the lower value is the predicted cost for a nth of a 

kind hydrogen production plant, taking advantage of large scale production of parts, 

improved understanding of the operation etc. The higher cost is predicted using the 

available knowledge today. 

 

No life cycle assessment on the HyS process coupled to a HTR has been found but the 

GWP is estimated to be in the same range as the SI and the HTE processes. The 

largest contribution to the GWP is the reactor itself not the actual hydrogen production 

process. 

 

One advantage of the HyS process compared to HTE and the SI process is that the last 

reaction (where H2 is produced by electrolysis) does not need high temperature heat 

and thus can be placed at a secure distance from the reactor without significant heat 

losses. The heat losses increase with pipe length while the safety is assumed to 

increase when the distance between the HTR and the H2-production facility increase.  

5.5 Comparison 

Data on efficiency, cost and GWP presented in sections 2.3.1 and 2.3.2 for the fossil 

fuel based alternatives and sections 5.2 - 5.4 for the nuclear-based alternatives are 

summarized in Table 9. The following sections compare the energy efficiencies, costs 

and environmental impact of each production alternative. 

 

                                                      
13 1 € = 1.43 USD, [www.x-rates.com/calculator.htm, 2009-12-21] 
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Table 9. Estimated hydrogen production efficiencies, cost and GWP of different 
production methods. Since the values are estimates they are associated with 
large uncertainties. 

 Energy 

Source 

Energy 

efficiency [%] 

Cost  

[$/kg H2] 

GWP 

[kg CO2-eq/kg H2] 

Hybrid- Sulphur HTR 41.7 – 48.8 2 – 8.6 2 – 3 *** 

Sulphur-Iodine HTR 35 – 45 2 – 17 2.5 

High temp. 

electrolysis 

HTR 45 – 52 --- 2 

Low temp. 

Electrolysis 

El 25 4 – 5* ---**** 

Steam methane 

reforming 

NG 70 - 89 1.08 – 2.4  

** 

10 – 12 

* An approximation based on the average electricity consumption for a 
commercial electrolyser (53-70 kWh/kg H2) and an electricity price of 0.07$/kWh. 
**The cost is very dependent on the natural gas price. 
*** Since the HyS is a mixture of electrolysis and thermo-chemical cycles it is 
assumed that the GWP is in the same range as HyS and SI. 
**** Dependent on the GWP for electricity generation. 

5.5.1 Energy efficiency 

The energy efficiency of the hydrogen production plant is very important, since a 

reduction in energy consumption will also reduce the price per produced kg of 

hydrogen. In Table 9 it appears that high temperature electrolysis has the highest 

predicted efficiency of the nuclear alternatives. Since all the efficiencies stated are 

estimates based on flow sheet optimizations it is very difficult to know whether a real 

plant will achieve those efficiencies. A bench scale study by JAEA showed an 

efficiency of only 10% for the SI-plant [57]. The energy efficiency of the SMR, which 

is a commercial technique, is at least 25% higher than all the nuclear-based 

alternatives. Improvements in the efficiency are essential in order to increase its 

competitiveness to SMR. 

5.5.2 Environmental impact 

Both LCA studies on the SI and the HTE process is performed at the University of 

Idaho Falls assuming that the amount of material, and fuel used in the 600 MWth HTR 

is proportional to a light water reactor of 3000 MWt. Since the HTR can achieve a 

higher burn-up than conventional light water reactors it is likely that a HTR would 

require less fuel for the same power. The HTR-PM is designed for a burn-up of 90 

GWd/tU [46] while future VHTR concepts are designed to reach even higher burn-up. 

A standard LWR can achieve burn-ups in the range between 40 and 60 GWd/tU. The 

HTR are also planned to use less materials than LWRs. The electricity used within the 

reactor and the SI-plant is assumed to be produced using high temperature reactors 

[54-55]. If using electricity drawn from the US grid, the CO2 emission from hydrogen 
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production using HTR coupled with an SI-plant would increase with almost a factor of 

four [55]. As a comparison, the GWP for conventional nuclear power for electricity 

generation is about 3 g CO2-eq/kWh, in a study by Vattenfall AB [61]. If using a 

commercial electrolyser using 53.4 kWh/kg H2 and electricity from a Swedish nuclear 

power plant, the total GWP would be about 160 g CO2-eq/kg H2. This is significantly 

lower than the value presented in the life cycle assessment performed by the 

University of Idaho Falls. The GWP for construction of the electrolyser is neglected. 

 

A life cycle assessment does not present an exact view of the global warming potential 

because of its total dependency of which assumptions that are made. This comparison 

should not be seen as an exact comparison but still gives a hint about the difference in 

GWP between the mentioned production alternatives. 

 

The GWP for SMR is at least six times the GWP for nuclear-based hydrogen, 

regardless of which method that is used. Nuclear on the other hand produces 

radioactive waste that may not contribute to global warming but, if treated wrong, is 

very harmful to all living organisms for a very long time. 

 

Another area that is subjected to intensive research, favouring the use of fossil fuels, is 

the technique to capture (CCS14) and store CO2 in underground aquifers like depleted 

natural gas reservoirs. Shell and Norsk hydro is currently investigating the use of 

steam methane reforming at the same location as the natural gas extraction. Natural 

gas are to be converted to hydrogen and the CO2 are pumped back into the natural gas 

reservoirs [62]. 

 

The production of hydrogen at a large scale also requires substantial amounts of water. 

The amount of water depends on the feedstock used. When water is used as feedstock 

9 kg is used for every kg of hydrogen while using natural gas only require half of that 

amount. Using large quantities of water might not be problem in Scandinavia where 

pure water is not a scarce commodity, but will most likely be a problem in other parts 

of the world. Sea water can be used, but then a desalination plant is needed resulting in 

additional costs (investment and energy costs). SMR uses half as much water at ideal 

conditions. 

 

Steam methane reforming is a mature, commercially available technique with the 

lowest production costs today. The price for hydrogen produced using SMR is 

however highly dependent on the natural gas price that is predicted to rise in the 

future. In Western Europe and the OECD the annual increase between the 1990 and 

2007 was 3.2% and 4.3% respectively [2]. In a projection by the U.S. Energy 

Information Administration in 2009 it is predicted that the total world natural gas 

consumption is going to increase by 28% until the year 2030 [63]. 

                                                      
14 CCS – Carbon Capture and Storage 



Hydrogen production using high temperature nuclear reactors. A feasibility study 

Viktor Sivertsson, Uppsala University, February 2010 

 

 Page 44 (64)  

 

 

The cost estimates for hydrogen produced from nuclear are associated with great 

uncertainties and the real production cost will not be known until a large scale 

prototype HTR for hydrogen production has been built. The cost for hydrogen 

produced in the prototype will probably be closer to the higher values presented in 

Table 9 since they are estimates for a first of kind NPP. In order to reach the lower 

prices it is assumed that many plants are built. One should also have in mind that 

many factors may affect the price. Both the HTR and the HPP use materials that have 

not yet been developed and it is a risk that they become very expensive to 

manufacture. Even if the price for SMR will increase in the future it might not be 

enough to make nuclear produced hydrogen cost competitive. 

 

Depending on the future politics, a CO2 tax might be introduced or the price for 

certificates of emissions could be increased. This would benefit the production of 

hydrogen from non-fossil fuel alternatives. As mentioned in the section on 

environmental impact, CCS would make this benefit less important.   

5.6 Concluding remarks 

Based on the energy efficiency, environmental impact and economy it is very hard to 

determine which of HyS, SI, and HTE that is the most favourable option to replace 

SMR and gasification of coal. They are all subject to intensive research and 

development and as more knowledge is gained, one of them will probably be found to 

be the most suitable. Today, none of the nuclear options present a competitive option 

compared to SMR. The following factors will play an important role for the 

competitiveness of hydrogen produced using high temperature reactors:  

 

 Increasing fossil fuel prices 

 CO2 taxes or increased price for the certificates of emissions 

 Increased efficiency of the HyS, SI, and HTE 

 Development of corrosion and temperature resistant materials 

 

The first two statements seem more likely to happen in the future while the last is a 

little more uncertain. Exactly how much the price for fossil fuels has to increase in 

order for hydrogen from HTR to become cost competitive is hard to say. The demand 

for natural gas has increased during recent years. Based on this it is likely that 

hydrogen produced from nuclear will be cost competitive in the future, giving that 

natural gas prices will increase. The cost for releasing CO2 will probably increase as 

well, making the nuclear option further cost competitive compared to fossil fuel based 

hydrogen. However, if Carbon Capture and Storage (CCS) techniques become 

available and proven cost competitive it could be major contributor to the continued 

use of fossil fuels for hydrogen production. 
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6 Evaluation of the feasibility of HTRs for 
hydrogen production 

6.1 General remarks 

This section discusses general issues and opportunities of using hydrogen produced 

using high temperature reactors. It is very important to realize that even if hydrogen 

production using high temperature reactors is proven to be technically feasible in the 

future, there are numerous aspects that have to be taken into consideration before an 

introduction of HTRs can realized. The following list summarizes the most important 

aspects. 

 Economy 

 CO2 tax and penalties 

 Licensing 

 Joint venture between chemical industry and nuclear industry 

 Knowledge and experience in operating a HTR for industrial use 

 Nuclear regulatory issues 

 Public acceptance 

 Safety 

 

The economy of a HTR has to be competitive with other alternatives of producing 

hydrogen. Today the nuclear option seems to be more expensive than the fossil fuel 

based production methods. Two things can help make the HTR more cost competitive: 

a CO2-tax and fossil fuel depletion which would make them very expensive. In 

addition, there is a risk that the materials be used in the NPP and the HPP will be 

expensive since they have to temperature, corrosion, and radiation resistant. The price 

for conventional hydrogen production like SMR and gasification is highly dependent 

on the price of the feedstock, tax and penalties due to CO2-release. The price for 

natural gas is highly dependent on supply and demand in a specific region because gas 

is a lot more difficult to transport than oil. Today, the natural gas price is higher in 

Europe than in America but the construction of the new NG pipeline (Nord stream) 

from Russia to central Europe might change that. Future CO2 tax and penalties could 

help making the nuclear alternative more cost competitive but the introduction of such 

on a world-wide basis has shown to be harder than expected and it might be some time 

before that will be realized. The outcome of the 15th climate meeting (COP) in 

Copenhagen in December 2009 is an evidence of how hard it is to make a world-wide 

CO2 reduction agreement. 

 

The licensing of HTRs for hydrogen production, and industrial use has never been 

done and is expected to be one of the key issues to be solved before a market 

introduction [3]. By building the first prototype HTR for industrial applications, the 

NGNP program in the US has the aim to develop a strategy for licensing [51]. High 

temperature reactors have been licensed before, in Germany and the USA, but not for 
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production of hydrogen and/or used for industrial applications. Since their time of 

operation in the 1960-70s, the nuclear regulatory environment has become stricter. 

  

The use of HTRs for industrial use demand joint ventures between chemical 

industries, nuclear manufacturers and nuclear operators [64]. In addition, political 

support is needed from governments. These joint ventures should serve to exchange 

information between the members so that all parties know how to collaborate. 

Expertise in the operation of chemical industries and hydrogen production facilities 

already exists. However, the nuclear authorities and operators today have little 

knowledge and experience of the HTR, making it hard for them to evaluate the 

system. This may serve as an obstacle in the introduction of HTRs, not only for 

industrial use. In order to introduce a new reactor concept to the market, the education 

of personnel will be essential for the operation of the reactors. 

 

The high level of safety associated with the HTR is predicted to allow for siting close 

to the chemical industries or communities. The first prototype reactors are likely to 

have additional active safety systems, making them more expensive. Reiner Kuhr at 

the Shaw group means that when the passive safety has been demonstrated in the first 

prototypes, the forthcoming reactors must be built with as few active safety systems as 

possible to reduce costs [64].  

 

The availability of a nuclear power plant suffers from outages, both planned and 

forced because of overhaul and safety shut-downs. This is a very important aspect 

when using them in close relation to users with the need of a very stable fuel or 

feedstock supply. This topic is discussed further in sections 6.2.2, 6.3.1 and 6.3.2 for 

aviation and the refining and fertilizer industries, respectively. 
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6.2 Hydrogen for transportation 

6.2.1 Road transportation 

High temperature reactors present a way to produce hydrogen, centralized at large 

scale with high efficiency. However, if hydrogen is going to be used as an automotive 

fuel it needs to be stored, transported and distributed to the end-users; the vehicles. For 

this to become a reality, distribution infrastructure needs to be built. One should also 

note that such a system would imply relatively large losses. 

Figure 17. Total efficiencies from production to the end use of hydrogen in a 
fuel cell vehicle compared to the production of electricity to end use in an 
electric battery vehicle. Values in parenthesis are when predicted increases in 
efficiency are being taken into consideration.  Values presented without 
parenthesis presents the efficiencies of available technology today. 
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One way to measure the applicability of hydrogen as an energy carrier for automotive 

applications is to calculate the system total energy efficiency.  

There are three possible distribution paths for hydrogen (all which are produced using 

HTR) that are presented in Figure 17 and the results are summarized in the following 

list: 

 

1. Compressed gas. Hydrogen are compressed to 200 bars, transported by truck 

to refuelling station, stored at 15 bars and then compressed to either 350 or 

700 bars. The total efficiency is: 15 – 17%. 

2. Liquefied gas. Hydrogen are liquefied, transported by truck to refuelling 

station, stored as liquid and transferred to vehicle either as liquid or gas. 

Additional compression is needed in the latter case. The total efficiency is: 12 

– 17%. 

3. Compressed gas. Hydrogen is compressed to 700 bars, distributed by pipe-

line, stored at 15 bars, compressed to either 350 or 700 bars. is: 17 – 19% 

depending on the distance from the production site. 

 

Since the HTR can also produce electricity it seems fair to compare the hydrogen 

vehicle with a battery electric vehicle. The benefits of using electricity as an energy 

carrier and used in battery electric vehicles is summarize in the following list: 

 

 Electric vehicles have higher total efficiency 

 Existing infrastructure for distribution 

 

It is clear that substantial investments in hydrogen infrastructure are needed in order to 

use hydrogen as an automotive fuel while electric cars can rely on the already existing 

electric grid, at least in the near term future with a small number of vehicles. The 

capacity of the electric grid needs to be increased when the number of electric vehicles 

increases. However, the introduction of electric vehicles seems to be easier than 

hydrogen vehicles. 

 

As of today, the fuel cell vehicle has two advantages compared to the battery electric 

vehicle; (1) the storage containers can hold more energy than a battery which allows 

for longer travel distances and (2) the refuelling takes less time, about 5 minutes to fill 

a 4 kg gaseous hydrogen tank. On the contrary, a polymer electrolyte fuel cell is very 

sensitive to poisoning (e.g. to carbon monoxide) which necessitates high purity 

hydrogen, putting serious demands on the production, storage and distribution of it. 

Internal combustion engines are not as sensitive to hydrogen impurities as the fuel cell 

making it a attractive for use in vehicles even though they are less energy efficient. 

 

The hydrogen option presented in this section needs substantial research and 

development in production, storage, distribution and fuel cell technology. The R&D 
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effort of electric vehicles is more or less restricted to the vehicle (battery and 

charging). 

The high temperature reactor can produce both hydrogen and electricity and this 

example shows that it is more convenient to produce electricity to power electric 

vehicles. The conversion to hydrogen represents an unnecessary step considering that 

hydrogen is converted back to electricity in the fuel cell. 

 

However, in the long term future it has been proposed that hydrogen fuel cells could 

be used to increase the range of electric vehicles if the energy density in the batteries 

has not been increased by then. 

6.2.2 Aviation 

The use of hydrogen as an energy carrier in aviation has one major advantage 

compared to vehicles; an airport requires large quantities of fuel, and if production is 

placed nearby, losses due to distribution could be cut substantially. On the contrary, 

airports demand a 100% secure fuel supply which could be difficult to achieve when 

considering that nuclear power plants need to be shut down during overhaul. 

Table 10. The data for Arlanda airport is supplied from Arlanda 
Flygbränslehantering AB (AFAB) [65]. 

Arlanda airport Jet-A Hydrogen Unit 

Fuel use 1407 428* tonne/day 

Fuel storage 5467 – 6834 1663 – 2078* tonne 

HHV 43.15 141.9 MJ/kg 

* Assuming that the total energy use and storage of the airport is the same as 
when using Jet-A. 

To illustrate what would be required from a hydrogen production facility supplying 

hydrogen to a large airport, Arlanda has been selected as a representative example. 

The example is based on the conceptual design of the H2-MHR and the GT-MHR 

(section 4.6.4) using the following assumptions: 

 

 Aircraft energy efficiency is not dependent on the fuel. The total energy 

required as fuel is assumed to be the same in both cases. 

 Data from the H2-MHR has been used assuming that the energy efficiency is 

the same for the reference design of 600 MWth as for smaller reactors of the 

same design. The reactor is scalable and can be built in smaller sizes with no 

affect on the overall performance (efficiency, hydrogen production rate) 

 Electricity is supplied using MHRs coupled to helium turbines at an efficiency 

of 48%.  

 There are no political obstacles for building additional reactors. Today, only 

10 reactors are allowed to be operated in Sweden. 
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Possible properties of the hydrogen production facility are presented in Table 11. 

Table 11. Input parameters for a HTR for hydrogen production. Data is taken 
from the H2-MHR, assuming a linear scalability. Original data from [12]. 

Reference design used in the example   

Number of reactors 18  

 

 

HTR 

Size 100 MWth 

Availability 90% 

Number of He-turbines 8 

Efficiency of He-turbine 48 % 

Size of He-turbines 48 MWe 

Total electricity generation 384 MWe 

Number of hydrogen production plants (HPP) 10  

 

HPP 

Size of HPP 100 MWth 

Production capacity per HPP 0.54 kg/s 

Total hydrogen production 466 tonne/day 

Total water consumption >4194 tonne/day 

 

A nuclear reactor is not suitable for load following e.g. adjusting the reactivity to the 

load because of the build-up of reactor poison in the core. The reactors are therefore 

connected to the same heat transfer system allowing switching of production from 

electricity to hydrogen if a reactor is shut-down. This enables a continuous hydrogen 

production even when a reactor is shut down. In this configuration it is possible to 

change the production without changing the reactivity. Additional electricity needed 

would be supplied from the grid. In the case where one reactor is shut-down, one gas-

turbine is also shut-down reducing the electricity generation by 48 MWe. There are no 

problems for the grid to cope with such a small change in load. 

 

The hydrogen production plant will also have to be shut-down on a regular basis for 

maintenance which calls for more hydrogen production plants, externally supplied 

hydrogen or a large-scale storage. 

 

In order to optimize such storage one has to know both the scheduled and the forced 

outages of the hydrogen production plant. The reactor shut-down can be covered by 

switching production as described earlier. Externally supplied hydrogen will have to 

be used if the outages of the HPP exceed the storage capacity.  

This example shows that small reactors for both electricity and hydrogen production 

may be used in order to achieve a secure hydrogen production. However, storage, 

back-up production or externally supplied hydrogen is needed to cover for outages in 

the HPP. It is also possible to use more reactors and increase the electricity generation, 

making the reactor deliver electricity to the grid when all reactors operate under 

normal conditions. However, a more thorough analysis is needed to determine the 

most suitable number of reactors and their size. The availability of the reactors and the 
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hydrogen production plants needs to be thoroughly examined before an optimized 

reactor park can be modelled. 

 

If hydrogen production using HTRs are found to be more reliable than the existing 

fuel supply chain, the storage could possibly be reduced to cover only one day 

consumption of 428 tonnes. A one day storage is common at European airports today 

[65]. Since future hydrogen aircrafts much likely will use liquid hydrogen the storage 

should also. It would be sufficient with two 270 ton containers, described in section 

2.4.4. 

 

The water consumption due to the production of 428 tonnes of hydrogen per day is at 

least 4200 tonnes per day. The average water consumption at the airport amounts to 

some 1300 tonnes per day [66]. Additional infrastructure for water supply would most 

definitely have to be built.  

 

Even if high temperature reactors are found to be technically feasible to supply 

hydrogen to an airport, in this case Arlanda airport, there are still numerous obstacles 

that need to be dealt with before it can be realized, that are listed below. 

 

 Infrastructural changes at the airport 

 Development of new aeroplanes 

 Other airport also needs to convert o hydrogen 

 Safety aspects of using hydrogen instead of kerosene 

 

In 1988, a Russian Tupolev 154 had one out of two engines run on liquid hydrogen in 

several test flights [67]. The only plane that has been converted to only utilize 

hydrogen during take-off, cruise and landing is a small Grutnnab Cheetah, a four seat 

propeller aircraft using an internal combustion engine. The development of a new 

aeroplane takes about 30 years [67]. Other components, like engines and fuel storage 

containers also need to be developed. The CRYOPLANE consortium lead by Airbus 

is currently investigating the use of liquid hydrogen in aeroplanes. 

 

The environmental benefit of a transition to hydrogen fuelled aeroplanes is obvious, if 

hydrogen is produced from carbon neutral sources like nuclear. 

The burning of 1 kg of kerosene results in 3.16 kg of CO2, 1.24 kg of water and some 

CO, soot, NOx and SO2. Based on the energy content in hydrogen, it will require 0.34 

kg of hydrogen to release the same energy with 3.21 kg of water and small amounts of 

NOx as the only emissions [67]. The NOx emissions from a cryoplane could be as low 

as 1/10 to 1/20 of the amounts released from current kerosene engines [67]. 

 

The aircrafts departed from Arlanda could reduce their daily CO2 emissions with some 

1300 tonnes per day (if the whole airport is converted to use hydrogen instead of Jet 
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fuel). As of today there is no tax or fee for releasing greenhouse gases in the aviation 

sector. Aviation will be included in the trade of certificate of emission in 2012, 

(EU27) [68]. The increasing fossil fuel prices and CO2 taxes will at some point force 

aviation into the transition to other fuels and hydrogen is a promising candidate. 

 

6.3 Hydrogen for industrial use 

6.3.1 The refining industry 

The hydrogen use is predicted to increase since lower grade crude oil, with more 

contaminants is expected to be used in the future when oil depletion will be more 

noticeable. The maximum allowed sulphur content in marine bunker oils is also going 

to be reduced in the future [2], requiring more hydrogen at the refineries. 

 

In the Swedish refineries, most of the hydrogen is supplied from catalytic cracking of 

naphtha. The additional hydrogen needed is produced using steam reforming, also 

using various fractions of naphtha. However, the Swedish refineries are too small to 

really benefit from a nuclear reactor, without a widespread hydrogen pipe-line 

network. 

 

Larger refineries are more likely to be able to benefit from a nuclear reactor. The 

largest refineries are located in South Korea, USA, Venezuela, India and Kuwait. Both 

USA and South Korea has large refining capacity and R&D activities on thermo-

chemical processes and high temperature electrolysis for hydrogen production using 

nuclear heat. USA also develops high temperature reactors within the NGNP 

programme and by General Atomics. Since the large refineries most likely already 

have steam reformers on-site, they can be used as back-up hydrogen production when 

the nuclear power and the HPP is shut down for maintenance or fuel change. 

 

Additional experience would be needed in order to operate the hydrogen production 

plant. Expertise in handling the hydrogen gas exists already in gas companies like 

Linde AG (Ger), Air Liquide (Fr) and Air Products (USA). 

6.3.2 The fertilizer industry 

The fertilizer industry uses natural gas both as feedstock and energy to produce 

ammonia. In the fertilizer industry some 27 million tonnes of hydrogen is produced 

and used within the plants in 2008. Since nuclear power will replace existing SMRs at 

the ammonia production plant, they can be used as back-up to cover for outages in the 

reactor operation. This reduces the need to use small reactors and to have large storage 

facilities.  
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Some CO2 produced in the existing SMRs are used to produce urea (see section 3.3) 

and therefore it is not possible to replace the whole hydrogen production with nuclear. 

Figure 18. Number of potential reactors by region. Should be seen as an 
indication of which regions that are most promising. 

The largest potential to use HTRs to produce hydrogen for the ammonia production 

industry is in Europe, North America and Latin America as shown in Figure 18. 

 

The new natural gas pipe-line from Russia to Germany via the Baltic Sea will result in 

a more secure delivery of gas to central Europe. This might reduce the price for 

natural gas in Europe making the HTR less cost competitive compared to natural gas. 

The price for natural gas will however increase in the future, but this will most likely 

delay the increase. 

 

Since the Haber-Bosch and the SMR process require substantial amounts of heat, this 

is a more possible market introduction for the HTR in the ammonia industry. Later 

when the industry is already used to HTR, additional units could be added for 

hydrogen production. 

 

7 Conclusions and discussion 

If hydrogen production using HTRs is proven to be technically feasible and cost 

competitive in the future its market introduction is still uncertain. The following list 

summarizes the feasibility for an introduction in the examined potential markets. 
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 The HTR is only suitable to produce hydrogen as an energy carrier for road 

transportation when a wide-spread hydrogen infrastructure has been deployed. 

If that is realized, HTR may provide hydrogen in large quantities. It is very 

uncertain whether it will be economic to use this production alternative, even 

in the future, assuming higher prices for fossil fuels and a possible CO2-tax. 

 It might be technically feasible to use the HTR to produce hydrogen for 

airports without the construction of a large-scale hydrogen infrastructure. 

 It is technically possible to use the HTR to provide hydrogen for both 

refineries and ammonia production plant.  

 Refineries. The potential market is limited to only the largest refineries with a 

large demand for externally produced hydrogen. The use of tar sand in the 

future with a higher content of contaminants will increase the need of 

hydrogen that could trigger the use of HTRs. 

 Ammonia production plants. Europe and USA has the most favourable 

conditions for the use of HTRs to produce hydrogen. The potential market for 

HTRs is at most 60 reactors of 600 MWth. 

 

Both the use of hydrogen as an energy carrier for road transportation and aviation is 

totally dependent on hydrogen infrastructure. It is very uncertain whether a wide-

spread hydrogen infrastructure will be deployed in the future since there are many 

other alternative fuels that may present less costly infrastructure and less losses in the 

distribution (see section Road transportation 6.2.1) for a comparison between fuel cell 

and battery electric vehicles). The only advantage of using hydrogen as an automotive 

fuel instead of electricity is the vehicle operating distance and the refuelling time. If 

the battery electric vehicle can show similar properties there will be no need for 

hydrogen as an energy carrier for road transportation. 

 

Hydrogen may serve as a good fuel for aviation but as shown in this report, probably 

not supplied using HTRs without a wide-spread hydrogen infrastructure. There is a 

possibility to use back-up hydrogen production units to cover for revision shut-downs 

but will add to the total cost of the produced hydrogen. 

 

In addition, the use of nuclear power is heavily dependent on the political agenda. 

Without political and public support, nuclear power is not likely to be the first choice 

to produce hydrogen. The climate impact of fossil fuels has brought renewed interest 

in nuclear power and future CO2 taxes and penalties may further increase the interest. 

However, exactly how the internalisation of environmental interest will be 

implemented in the future is difficult to predict. Taxes and penalties are both possible 

ways to benefit energy sources with less carbon footprint. Commissioning and 

licensing is also expected to be a major obstacle for the introduction of the HTR for 

hydrogen production. 
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8 Outlook 

During the last decades, the transition to a hydrogen based transportation fleet has 

been the main motivation for research and development of alternative ways to produce 

hydrogen. The use of hydrogen as an energy carrier is adherent with substantial energy 

losses (storage and distribution) and will need major infrastructural investments before 

it can be realized. In my opinion, it is therefore uncertain whether the transition to a 

hydrogen economy can motivate for further R&D activities of alternative ways to 

produce hydrogen in the future. 

 

The main proponent of the hydrogen economy is the USA. Hydrogen is seen as a way 

to cut green house gas emissions from transports and to decrease their dependency on 

foreign oil. A large share of the crude oil is produced in unstable countries in the 

Middle East and the large military involvement by America in that region is, by some, 

believed to be related to securing a reliable oil supply. The use of more nuclear power 

will instead make America more dependent on uranium which can be supplied from 

more stable countries like their neighbour Canada, the largest producer of uranium in 

the world [69]. 

 

On-site production of hydrogen using small scale electrolysers fed by electricity 

produced by HTRs is a possible way to minimize the energetic losses due to storage 

and distribution that has not been discussed in this report. Using the electric grid with 

an efficiency of 90% could result in a hydrogen production efficiency of about 30%. 

The total efficiency of the hydrogen car would be in the same order as the large scale 

options presented in this report. However, obstacles like water consumption at the 

refuelling site would have to be considered. 

 

The production of process steam of 600 °C is a viable option to introduce the HTRs 

for industrial use. The operation of this first prototype will, if proven to be safe and 

reliable, pave the way for the introduction for an industrial use of HTRs. This will 

affect the possibilities of a nuclear hydrogen production for use in industrial use. If the 

prototype cannot live up to the high expectations it may harm the development of the 

HTR for hydrogen production. 

 

Finally is should be stated that this work only covers hydrogen, one of the proposed 

production alternatives for High temperature reactors. It would therefore be interesting 

to evaluate the future potential for process heat and electricity from HTRs. Such a 

study could be extended to cover hydrogen as energy storage for balancing the electric 

grid. Hydrogen could be produced using heat from HTRs or off-peak electricity and be 

used in stationary fuel cells during the day to replace peak power. This could 

potentially result in a more stable grid but the losses due to storage and conversion to 

electricity in the fuel cell will still be an issue. 
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11 Appendices 

11.1 Appendix A – SWOT analyses 

The SWOT-analyses was used at a early stage of the work to highlight the potential 

strengths, weaknesses, opportunities and threats to the introduction of nuclear-based 

hydrogen for the potential markets; road transportation, aviation and industrial use. 

 

Table 12. SWOT for road transportation 

Strengths 

 Reduce CO2-emissions (only 

water) 

 High fuel cell vehicle efficiency 

Weakness 

 Hydrogen storage 

 Safety – H2 explosions and 

leakage 

Opportunities 

 Huge market, 949 million 

vehicles in the world in 2008 

 Increasing oil price 

 Future CO2 tax 

Threats 

 Distribution – energy losses 

 Storage – energy losses 

 Infrastructure – costs 

 Total efficiency may be to low 

(from producer to end-user) 

 Economy 

 

Table 13. SWOT for aviation 

Strengths 

 No CO2 emissions from fuel 

 H2 has higher energy density 

than kerosene which might allow 

for lighter aeroplanes 

 Few large consumers – suitable 

for HTR which can produce 

much hydrogen 

Weakness 

 Significant modifications of the 

aero planes for H2 usage 

 New infrastructure needed at the 

airport 

Opportunities 

 Quite large potential market 

 Can give aviation a better 

climate reputation – might 

increase the number of flights 

 Future CO2 tax 

Threats 

 Economy 

 Public acceptance 

 Competition from other fuels such 

as kerosene (used today), synjet 

(synthetic kerosene) and maybe 

methane 

 Only CO2 emitted within the 

airport is allocated to the airport. 
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Table 14. SWOT for industrial use 

Strengths 

 Reducing CO2 emissions 

 

Weakness 

 It is risky to depend on only a 

few consumers – especial when it 

comes to a investment of this size 

(large) 

Opportunities 

 Decrease CO2 emissions by 

replacing the use of fossil fuels 

 Increasing CO2 taxes might 

favour nuclear in the long term 

Threats 

 Has to be competitive to other 

alternatives 

 Economy 

 Public acceptance 

 Licensing of the HTR for 

industrial use 
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11.2 Appendix B – calculations 

The following calculation is made to approximate the potential hydrogen production 

that can be replaced by nuclear. The synthesis of urea uses ammonia and CO2 

produced from the existing hydrogen production and some of the existing production 

is therefore not suitable to replace. The majority of hydrogen used for ammonia 

production uses methane as the feedstock but coal and naphtha is sometimes used as 

well. Coal is used primarily in Asia, with more CO2 release than if methane (natural 

gas) is used. Coal has no exact chemical formula and the carbon/hydrogen ratio varies 

between different types of coal (coal and lignite). In the calculations it is assumed that 

all hydrogen is produced by using methane as feedstock. Therefore has Asia been 

excluded from the calculations. Still there are large uncertainties in these calculations 

and the results should be seen as an indicator in which areas that are most suitable for 

nuclear-based hydrogen. All statistics on production, import and export of ammonia 

and urea is provided by International Fertilizer industry Association (IFA) [1, 70]. 

Table 15. Molar masses for the elements used in the calculations 

Element H C O N 

Molar mass [g/mole] 1.00798 12.01115 14.00672 15.994 

 

Table 16. Conversion factors for the known reactions 

Conversion factors used in the calculations  

Ammonia production   

3H2 + N2 = 2 NH3  

1 4.632 5.632  

0.177 0.822 1  

Hydrogen production   

CH4 + 2H2O = CO2 + 4H2 

0.364 0.818 1 0.183 

1.989 4.468 5.459 1 

Urea production    

2NH3 + CO2 = (NH2)2CO + H2O 

1 1.294 1.764 0.529 

0.772 1 1.363 0.409 

0.566 0.733 1 0.30 
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Table 17. Data on ammonia and urea production in column 2 and 3 provided by 
IFA. Column 4-5 are calculated using the conversion factors in Table 16 

 Ammonia 

Production 

[ktonnes/y] 

Urea 

Production 

[ktonne/y] 

Total H2 for 

ammonia 

production 

[ktonnes/y] 

Total H2 

dedicated 

to SMR 

[ktonnes/y] 

Fraction of H2 

production that 

can be 

replacable 

West Europe 10315 4 452 1 831 598 0,326 

Central Europe 4873 3 081 828 414 0,500 

E. Europe & C. Asia 21690 11 601 3 687 1558 0,423 

North America 14432 9 951 2 453 1337 0,545 

Latin America 9202 4 521 1 564 607 0,388 

Africa 5054 5 118 859 687 0,800 

Oceania 1415  495 240 66 0,276 

 

Table 18. Total potential for HTR in the fertilizer industry 

 Total potential 
[installed MWth] 

Total potential  
[# of 600 MWth reactors] 

West Europe 8044 13 

Central Europe 2704 5 

E. Europe & C. Asia 13886 23 

North America 7284 12 

Latin America 6242 10 

Africa 1120 2 

Oceania 1135 2 

This result should be seen as an indication of the potential for HTRs to produce 

hydrogen in various regions. 

 

 


