IAEA-Conference ‚Non-Electric Applications of Nuclear Energy’



Oarai, JAPAN, April 16-19, 2007


Integration of Nuclear Energy and Chemical Production:

High-Temperature Gas-Cooled Reactor for Chemical Syntheses 

of Hydrogen, Oxygen, Methanol and Hydrocarbons

Heinrich KLEFENZ 

RTM Resources + Technologies – Management

HTC-RTM High-Technology-Centre – RTM

D-76879 Bornheim 
Germany


[image: image1.jpg]



April 17, 2007 

Oarai, JAPAN

Contents:

Introduction

Water Dissociation

Hydrogen and Oxygen Separation
Carbon Dioxide Separation
Chemical Syntheses with Hydrogen 
Hydrocarbon Syntheses
Oxygen
Nuclear Hydrogen
HTGCR and Energy / Hydrogen

Introduction

· Nuclear Energy is a Non-Fossil Source of Energy

· HTGCR (High-Temperature Gas-Cooled Reactor) provides Thermal Energy at ~ 1000 °C

· HTGCR (’pebble-bed reactor’) is inherently safe

· Uranium Resources are a long-term (uranium ores, sea water) Energy Source
· High Temperature Heat suitable for Endothermic Chemical Syntheses

· Combination of Nuclear Energy with Chemical Syntheses provides Energy & Hydrocarbons & Materials

Water Dissociation
Reaction:

2 H2O   (
2 H2   +   O2   (delta H = + 118 kcal) (endothermic reaction)

Production of 
· 100.000 tons of Hydrogen and
· 800.000 tons of Oxygen 
       requires input of 
· 900.000 tons of water and 

· 3 x 1012 kcal = 3.5 x 109 kWh = 3.5 x 103 GWh    
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Hydrogen and Oxygen Separation
    
· At 1000 °C and equilibrium, water vapour is dissociated less than 0.1 %, containing < 0.05% Hydrogen and <0.02% Oxygen

· Hydrogen and Oxygen need to be removed to generate industrial amounts

· Extraction of Hydrogen and Oxygen has to be at high (dissociation) temperatures to avoid recombination (reassociation)

Technologies for Hydrogen Extraction:
· Palladium Membranes
· Ion-Transfer-Membranes (ITM)
· Mixed-Ion-Membranes (Proton-Conducting-Membrane)
Technologies for Oxygen Extraction:

· Ion-Transfer-Membranes (ITM)

· Mixed-Ion-Transfer-Membranes (OTM = Oxygen-Transfer-Membrane)

Oxygen Ion Conductor: 

· Gd-doped or Y-doped Cerium Oxide CeO2 plus electronic conductor (e.g. Ni) (dual-phase ceramic-metal composites)
· SrFeCoyOx (single-phase mixed oxygen / electron conductor)

· Dissociation / Reduction Catalyst Surface
Proton-Conductor:

· SrCexYby/ScyOz
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   Carbon Dioxide Separation

· Membrane Separation

· Amine Absorption and Dissociation
Chemical Syntheses with Hydrogen
CO2   +   4H2  (     CH4   +  2H2O      (-165 kJ/Mol CO2)
(Sabatier Reaction) (exothermic)
Ammonia
N2  +  3H2  (  2NH3

Methanol (from Synthesis Gas)
CO  +  2H2  (   CH3OH

Methanol (from Carbon Dioxide)

CO2  +  3H2  (  CH3OH  +  H2O

Fischer-Tropsch – Hydrocarbons (from Synthesis Gas)
CO  +  H2  (  (CH)n  +  H2O
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Hydrogen Consumption (50 million tons-per-year)
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Hydrocarbon Syntheses
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Fischer-Tropsch Synthesis of Hydrocarbons from Methane:
CH4  +  O2  +  H2O  (  CO  +  H2    (
   Fischer-Tropsch Hydrocarbons     +     H2O  
Oxidative Coupling of Methane to Hydrocarbons:
2CH4  +  O2  (  C2H6  +  H2O
Partial Oxidation of Methane to Methanol:
2CH4  +  O2  (  2CH3OH  
Methanol-to-Propylene (Olefins) (MTP)
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Oxygen
· Utilization for Conventional Power Generation (Coal, Oil, Gas) with facilitated Capture of Carbon Dioxide

· Oxydation Reactions (e.g. Toluene to Phtalic Acid)

· Oxygen Blowing of Metallurgical Smelters

· Fuel Cells
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Nuclear Hydrogen
· Nuclear Hydrogen is Hydrogen (H2) derived from Nuclear Energy by Thermal Splitting of Water   

· Nuclear Hydrogen is produced without fossil fuels (natural gas or petroleum) 

· Nuclear Hydrogen does not contribute to depletion of hydrocarbon resources and to the addition of Carbon Dioxide to the atmosphere (global climate change)
· The Hydrogen can be used for the ‘Hydrogen Economy’ (fuel cells, energy production) as well as for Chemical Syntheses

· It is advantageous for large-scale hydrogen-consuming processes such as ammonia synthesis, methanol, methane, hydrocarbons
· The Nuclear Reactor deployed is a HTGCR (High-Temperature Gas-Cooled Reactor) (a ‘pebble-bed reactor’, “Kugelhaufen-Reaktor”) which provides the thermal energy at about 1000 °C (Helium gas) and is inherently safe.

HTGCR and Energy / Hydrogen
· The production of 100.000 tons-per-year of Hydrogen plus 300 GWh of Electricity requires a 600 MW HTGCR.
· At 8000 h per year, this represents an installed thermal capacity of 500 MW (at 90% energy conversion efficiency)
· The additional production of 300 GWh of electricity involves a capacity of ~ 100 MW (thermal), thus the total installed (thermal) capacity of the HTGCR is 600 MW.
· A Nuclear Reactor designed to deliver 100.000 tons-per-year of Hydrogen consumes 900.000 tons-per-year of Water (~ 110 tons-per-hour) and delivers Hydrogen plus 800.000 tons-per-year of Oxygen.

· The HTGCR delivers Hydrogen at ~ 1.00 € / kg plus Electricity at ~0.04 € / kWh
· Methanol Production cost 30 – 40 € / tonne
· GTL-Liquid production cost 80 – 90 € / tonne
Membrane Fluxes:
The flow of 900.000 tons-per-year of Water (110.000 kg/h =~ 4.25 kMol/min) correspond to 

· 10.000 m2 ITM and OTM-Membranes with
· 0.4 Mol/min/m2 of Hydrogen and
·  0.2 Mol/min/m2 of Oxygen
Investment:  
· Investment  for a 600 MW HTGCR with Hydrogen plus Electricity Production ~ 450 Million Euro
· “HTGCR + Hydrogen Production Plant” is constructed, financed and operated by project financing.

· Design, Technologies, Construction:

· Advanced Design, Systems Engineering and Technologies for Water Splitting, Hydrogen and Oxygen Separation, Heat Exchange and Materials-of-Construction
· GTL-Plants with ITM / OTM Reactors (1000 bpd) under construction (“numbering-up”) (GTL = Gas-to-Liquids)
· ITM-Membrane-Reactor with ~1000 m2 of dense Ceramic Membrane

· Realization as EPCM and EPC Project (Turn-Key Lump Sum) 

Integration of Nuclear Energy and Chemical Production: 

High-Temperature Gas-Cooled Reactor for Chemical Syntheses of Hydrogen, Oxygen, Methanol and Hydrocarbons

H. Klefenz, HTC-RTM High-Technology-Centre – RTM, D-76879 Bornheim, Germany

E-mail address of author: info@rtm-hkl.com; sarkle@t-online.de
Abstract:
The design, engineering, technologies, processes, materials, operation and manufacturing of electricity, steam, hydrogen, oxygen, methanol and Fischer-Tropsch (GTL = Gas-to-Liquids)-Liquids by means of an integrated Helium-cooled High-Temperature Gas-Cooled Reactor (HTGCR) plus chemical processing units is described. The integrated plant comprises the generation of high-temperature helium (~1000 °C), catalytic splitting of water into hydrogen and oxygen, separation of hydrogen and oxygen, hydrogen separation with Pd-membrane, oxygen separation with ceramic membrane (solid electrolyte), extraction of carbon dioxide from air with membrane process, reaction of carbon dioxide with hydrogen to methane (Sabatier reaction), generation of synthesis gas (syngas), synthesis of hydrocarbons, synthesis of methanol. The processes and equipment are described in detail (reaction kinetics, thermodynamics, conversion efficiencies, reactor design, materials of construction, catalysts, operation, investment cost, manufacturing cost for electricity, steam, methanol, and GTL-liquid (electricity 0.03 – 0.04 €/kWh, methanol 30 – 40 € per tonne, GTL-liquid 80 – 90 € per tonne). A thermionics unit for direct conversion of heat to electricity with high conversion efficiency is also included. Novel materials for high temperature processes are presented. The design is calculated at 1000 MW electrical energy and 2 million tons-per-year of hydrocarbons.
The integrated plant provides a replacement of fossil fuels for generation of energy, hydrogen and hydrocarbons, production of non-fossil hydrogen, extraction of carbon dioxide from atmosphere (climate change abatement), synthesis of non-fossil hydrocarbons with direct applicability for chemical and energy uses (C1-chemistry, petrochemical substitution, hydrogen for fuel cells).  

High-Temperature Gas-Cooled Reactor


Splitting of Water into Hydrogen and Oxygen


Hydrogen for Hydrogen Economy 

(Fuel Cells, Energy, Transport, Chemicals)

Hydrogen + Carbon Dioxide (from atmosphere)

(Sabatier-Reaction)


Methane


Syngas


Methanol, Fischer-Tropsch – Liquids, 

GTL – Liquids (Naphtha & Gasoline)
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