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Abstract:

The High Temperature Reactor (HTR), as the only nuclear system
producing high temperature heat up to 1000 °C, offers a wide
variety of applications. Beside electricity production, via
steam turbines and in future via gas turbines, there- is: District
heat with high efficiency, long distance energy for urban energy
supply, high pressure injection steam production for enhanced
oil recovery, medium range temperature heat direct application
in chemical and related industry and last not least, high tem-
perature application for the refinement of fossil energy car-
riers. Recent results of studies and programmes will be pre-
sented: Near term applications are identified, e.g. refineries
and alumina industry with smaller HTR units. Another large
market is the production of hydrogen, methanol and ammonia
on the basis of natural gas, the relevant technology has been
developed up to the pilot scale. The refinement of fossil energy
carriers, in particular of coal, is subject of the R + D pro-
gramme in the cooperation between German industrial companies
and the Nuclear Research Center. The results are very promising
and will be explained in detail. This programme will be continued.
Objectives are: improvement of the technology and of the econo-
mics as well as environmental aspects, e.g. the reduction of
emissions of carbondioxid. The topics of the programme deal
with the different apparatus, e.g. steam methane reformer,
steam coal gasifier, intermediate heat exchanger and last not
least the process heat HTR.
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The HTR, Applications, Economics and Environmental Aspects

1. Introduction: HTR Company founded

With the date of May 8, 1989 the HTR-GmbH has been founded

as a Siemens/ABB Gemeinschaftsunternehmen for the High Tem-

perature Reactor (HTR). This cooperation in the reactor in-

dustry of the Federal Republic of Germany can be understood

as an important signal in the development of the HTR towards

commercialization: The HTR for electricity production and co-

generation is an industrial product.

The HTR-GmbH offers the HTR-technology in three variants: The

HTR-500, the HTR-Modul, and the GHR-10, fig. 1, lit. 1. The

HTR-500 is based on the THTR-300 in Hamm-Uentrop and will be

used for the production of electricity in larger grids. The

HTR-Modul-power plant with small and medium power at one side

is based on the experimental reactor AVR in Jiilich and will

be used for the production of electricity, process steam and

HTR - GmbH founded ,

HTR-500 THTR-300 Electricity ' X

HTR-Modul AVR Electricity sn}ller
Process Steam grids
Heat

GHR-10 District Heat
Text16E

1: HTR-company founded: Principal industrial products
of the HTR for electricity production and cogeneration
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heat, respectively for the production of electricity in countries

with smaller grids. The GHR-10 is used for the production of

district heat.

Beside these possibilities there exists a wide variety of appli-

cations of the HTR in the heat market. In the following there

will be given an overview with some remarks on different aspects,

and there will be given a detailed description of new proposals

in a second paper.

2. HTR Applications: Electricity and Heat

2.1 Physico-chemical Principals due to Temperature

The HTR, as the only nuclear systems producing high temperature

heat up to 1 000 °C, offers a wide variety of applications

in energy conversion processes, because the heat produced in

the nuclear fission process is high temperature heat. This

heat can in principal be used to increase the heat capacity

of heat carriers and to increase the "chemical energy" of chemi-

cally reacting systems.

HTR applications, phisico-chemical principles

HTR

Steam

Gas
Turbine

Heat Carriers

Separation

Chemical Processes

Refinement of Fossils

Thermal Loop

Thermochemlcal Cycle

Electricity
District Heat,Steam

Enhanced Oil Recovery

Desalination of Seawater

^ 2 ™6~^" ̂  2 ̂

CH+H2O -*-CO+3/2H2

4+H2O-*— CO+3H2

H2O—*~H2+1/2O2

Fig. 2: HTR applications, physico-chemical principals of
applications and typical examples
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2.2 Short Description of Principals and Processes

An overview on the wide variety of applications is given in

fig. 2.

Via the increase of the heat capacity of working fluids and

via the turbine cycle nuclear energy is converted into elec-

tricity, fig. 2, upper part. For the steam turbine this is

existing technology; the gas turbine offers the possibility

of an improvement. In both cases cogeneration is possible for

the production of district heat and of process steam.

For many processes the production of heat carriers, e.g. in

the form of process steam, is an important task. An example

for a direct application is enhanced oil recovery by injection

of high pressure steam. Another example of the application

of heat carriers is the separation of substances, e.g. the

desalination of sea water, fig. 2, middle part.

A third class of applications applies the increase of the "che-

mical energy" of systems. Many processes in the chemical industry

and related industry, lit. 2, require the application of heat

of higher temperature. A classical example is the production

of ethylene by the splitting of ethane. Another large area

of application is the refinement of fossil energy carriers:

Coal, heavy oil and natural gas may be converted into more

valuable products for the energy market. These processes can

be operated "allo-thermal", that means in such a form that

high temperature heat is required, fig. 2, lower part.

Process class no. 4 is the "thermal loop", better known as

the "EVA/ADAM-system". Here the chemical reaction system of

the steam reforming is used for the transportation of energy

from a larger nuclear heat plant to consumers of electricity,

process steam and district heat, fig. 2, lower part.

Last not least, there can be mentioned class no. 5: the thermo-

chemical cycle for the production of hydrogen and oxygen from

water, txg. 2, lower part. This process, as well as the elec-

tricity production is CARNOT-limited.
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2.3 A Conclusion from the Logistic Growth Law

The systemcatic of the "logistic growth law", being applicable

in many cases, has been used to analyse the introduction of

nuclear energy into the electricity market, lit. 3. Results

of this analysis are presented in fig. 3 in form of a FISHER

and PRY-transform. It describes the penetration of nuclear

power for some countries of the world and gives the value of

the capacity of saturation in GWe as well as the time-constant

of this penetration.

There has been drawn a conclusion, and that is: "According

to these charts, nuclear power growth will stop around 1995,

indicating the end of the Kondratiev cycle", lit. 3, page 24.

Another conclusion may be, that nuclear energy may find new

markets in the non-electrical market.

F

TT F
10.2

1940 1950 1960 1970 1980 1990 2000

Pig. 3: Penetration of nuclear power in world nations with
saturation in GWe and time-constant
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3. HTR-Process Heat, a Future Option

3.1 Status of the Art in General

R & D-work for nuclear process heat applications, in particular

for the refinement of coal, has been performed in the Federal

Republic of Germany since of 15 years in the projects "Proto-

type Plant Nuclear Process Heat (PNP)", lit. 4, and in the

project "Nuclear Long Distance Energy (NFE)", lit. 5. The status

of the R & D-work is as follows:

1) The license-ability of a process heat plant, consisting

of a reactor plant and of a coal gasification plant, has

been evaluated by legal bodies with positive results.

2) The qualification of the metallic high temperature materials is

very advanced; for the nuclear reformer and for the intermediate

heat exchanger materials lifetimes of more than 100,000 hours

have been achieved, the test programmes are going on.

3) The newly developed material AC 66 for the helium-heated

gas generator of the steam/coal-gasification plant withstands

hard corrosion conditions.

4) Design and calculation methods for high temperature heat

components are available.

5) The nuclear reformer and the intermediate heat exchanger

have been tested in several modules in large experimental

plants and in the pilot plant scale.

6) The hydrogen/coal-gasification process has sucessfully been

tested in a semi-technical and a pilot-plant scale.

7) The steam/coal-gasification process, non-catalytic and catalytic,

has successfully been tested in a semi-technical plant scale.

8) The AVR reactor in Jiilich has demonstrated the production

of high temperature heat in the form of helium with the

mean outlet temperature of 950 °C.

9) The THTR-300 in Hamm/Uentrop is demonstrating the large

industrial applicability of the HTR technology.
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3.2 The Nuclear-Heated Steam Reformer in Particular

A very important component for nuclear process heat applications

is the helium-heated steam reformer. There have been developed

two versions of helium-heated steam reformers, the NFE- and

the PNP-version. Both have been tested in the large experimental

facility "EVA/ADAM II" of the Nuclear Research Centre Jiilich,

lit. 6.

The construction of the experimental reformer for the PNP-project

is shown in fig. 4. Primary helium with the mean temperature

of 950 °C enters the facility, heats the tubes and is thereby

cooled to 700 °C. Primary helium of 300 °C is used to realize

"coaxial design". The process gas, a mixture of methane and

steam, enters the tubes from the top and reacts almost com-

pletely. The end-concentration of CH. is e.g. 5.6 %.

The important results of more-year experimental work are

- the principals for the design of helium-heated reformers

are known and have been verified and

- computer programmes for the modulation of the operational

behaviour are available.

3.3 Future Development Programme "Nuclear Process Heat"

The partners of the PNP-project are continuing their R & D-

work on the application of nuclear process heat in particular

for the refinement of coal, lit. 1. Due to the drop of the

oil price the effort in this programme is reduced.

The programme is planned for 10 to 15 years. On the one-hand

side this indicates that there will be an economic future.

On the other hand side the uncertainty in the development of

the prices of conventional energy carriers has to be considered.

The programme is organized in three phases:
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Spaltgas
460 °C

ProzeBgas
330 °C

Primarhelium
300 °C

950 °C

Spaltgas-
sammelraum

ProzeBgas-
sammelraum

Tragplatte

Isolierung

Rekuperator

300 °C P r i ma r_
700 °C helium

Zwischenplatte

Spaltrohre

RohrfUhrungs-
platte

Fig. 4: Design of the test facility for the PNP-bundle of the
helium-heated steam reformer

D-3



- 8 -

Phase 1: Development of concepts and evaluation

Phase 2: Improvement of technical viability

Phase 3: Development and design work for the first plant.

The programme is broad and covers all main parts of a plant

for the refinement of coal using HTR-heat, fig. 5.

F u t u r e R+D : Nuclear Process Heat

group

1 Steam Reformer

2 Hydrogen/Coal-Gasification
3 Steam/Coal-Gasification
4 Process Heat HTR
5 Gas Cleaning
6 Materials
7 Safety and Licensing
8 Potential of lmprovement,Market T^ZE

Fig. 5: Topics of the future R & D-programme on nuclear process
heat applications

Group 1: Helium-heated steam reformer: new. app., higher T

Group 2: Hydrogen/coal-gasification: higher throughput

Group 3: Steam/coal-gasification: new app., higher T

Group 4: Process heat-HTR

Group 5: Gas cleaning: high T desulphurisation

Group 6: Materials programme: cheaper materials, AC66

Group 7: Safety and Licensing: process heat applications

Group 8: Potential of improvement, market, market penetration.
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The topic "Process Heat-HTR" means the following:

1) Increasing of the outlet temperature to 1 000 - 1 110 °C.

2) Increasing of the inlet temperature to 350 - 500 °C.

3) Decreasing of the helium pressure.

4) Decrease of the effort on, omitting the intermediate heat loop.

5) Dedicated pressure containing, new arrangements of components.

The increase of the outlet temperature and of the inlet temperature

allows in total a better application of the heat in the chemical

processes for the refinement of fossil fuel energy carriers,

because this results in positive effects on the chemical equi-

librium and on the kinetics of the chemical reaction. A typical

example is the increase of the reaction rate of coal per HTR

thermal power in the steam/coal-gasification by a factor of

2 by the increase of the process temperature by 50 K from e.g.

800 °C to 850 °C. The decrease of the helium pressure allows

an equivalent decrease of the pressure of the chemical process,

which has a positive influence on the chemical equilibrium.

Of course the optimum value has to be found at, may be, around

20 bar. The intermediate heat loop may in future be not ne-

cessary because the retention qualities of the fuel element

is excellent and because further improvement of materials and

apparatus may allow heating by primary helium, e.g. by improved

methods for inspection.

The dedicated pressure containing and new arrangements of com-

ponents should result in a reduction of costs due to less im-

portants of pressure in process heat applications.
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4. Economics, the Values of Resources

4.1 Direct Competition

The economic competitiveness of the HTR for electricity pro-

duction has been shown by studies of the reactor industry to-

gether with the utilities, lit. 8 and 9. These evaluations

have been done in comparison to a large light water reactor

under German conditions. The general results are: The HTR is

competitive.

The economical competitiveness of nuclear process heat applica-

tions have been evaluated for nuclear coal gasification under

the consideration of the potential of improvement of the tech-

nology, lit. 10. Further information are included in lit. 2.

The general results is: There is economical competitiveness

compared to conventional processes and - at higher prices of

conventional energy carriers - there is competitiveness in

the market.

Of course, all these conclusions depend on the future development

of nuclear energy and on the success of the continuing R & D-work.

4.2 The value of a Natural Resource

Beside the "direct competition" it may be worthwhile to con-

sider a second criteria in economics. This is the value of

a natural resource.

The resources of fossil energy carriers are relatively large

and will be depleted only after several decades. Nevertheless

they are limited. Therefore it may be an economic point of

view, to expect a maximum of profit from a certain natural

resource. Obviously and in principal natural resources are

used for the built-up of infra-structures.

For the explanation let's take an example. There may be a natural

gas field with the capacity of lTWy (Tera-Watt-year). That
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amount of energy is equivalent for the operation of an energy

production of about 30 GW with the capacity factor of 0.8 for

40 years. At the market place Europe this resource has different

values depending on the kind of product, which is produced

from the resource and, of course, the market conditions. Typi-

cal examples are given in fig. 6, lit. 11.

The example considers the import of products after transportation

over a distance of about 2 500 km with a power input equiva-

lent to about 30 gW. Depending on the product and on the con-

version process the market value of the natural resource is

as follows, fig. 6. If the resource is sold as natural gas
9the market value is 300 x 10 DM, if it is converted into me-

thanol by an autothermal process the market value is 450 x
g

10 DM, and if it is converted into methanol and ammonia by

an allo-thermal process with HTR-process heat, the market value
g

is about 7 50 x 10 DM. So by conversion the market value is

increased to 150 % respectively to 250 %. In this calculation

N a t u r a l R e S O U r C e S , Increasing their values

Natural Gas Field of 1 TWy (30 GW x 0.8 x 40y)

Market Value

a s 109DM
1) Natural Gas 300 100

2) M e t h a n o l (autothermal) 450 150

3) Methanol+Ammonia 750 250
allothermal with HTR

NG=1ODM/GJ; Liquids= 500 DM/t

Fig. 6: Natural resources, increase of their market values
with the example of natural gas for a natural gas field
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the following specific market values, typical for the Federal

Republic of Germany in 1986/87/88 have been taken: Natural Gas =

10 DM/GJ and methanol and ammonia (average) = 500 DM/t, lit. 11.

The first increase is achieved by the conversion of the natural

resource "natural gas" in the more valuable product "methanol"

by an auto-thermal conversion process including cheaper trans-

portation as a liquid. The second improvement of the market

value is achieved by the application of nuclear energy in the

form of high temperature heat from the HTR.

The chemical principals of the conversion of natural gas into

the liquid products methanol and ammonia are explained in fig. 7.

Natural Gas CH. + water + air is converted into methanol CH-OH

and ammonia NH-.. If the process is operated "allo-thermal",

that means using high temperature heat from the HTR, all CH.

can be converted in CH^OH in principal and the hydrogen sur-

plus can be converted into ammonia. In an auto-thermal process

(without HTR) the product yield is about 0.6, in the allo-ther-

mal process (with HTR) the product yield is 1.06. So the pro-

Methanol and Ammonia from Natural Gas

28CH4+24H2O+2(O2+4N2) =$> 2 8 C H 3 O H + 1 6 N H 3

+HTR
Product Yield

without HTR 0.60 .
with HTR 1.06

Product Yield = H (Product) / H (Feed)
TextKE

Fig. 7: Methanol and ammonia from natural gas, chemical prin-

cipals and product yields of different processes
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duct yield is increased by the factor of 1,77. The product

yield is the ration of the heating value of the product com-

pared to that of the feed, fig. 7.

In the context of discussions on technologies to mitigate the

CO?-problem an interesting proposal has been made, lit. 12.

It is the export of Hydrogen from the Sovjet Union to Western

Europe. The conversion process is the production of H7 from

Natural Gas by steam reforming, using HTR heat, and the separa-

tion of C0?. The C0« may be used for enhanced oil recovery

or may be stored in expired gas fields. In total this is C0 ?-

free application of natural gas made effective by the applica-

tion of nuclear energy from the HTR.

5. Environment and Safety

In the scientific discussion on the future development of nuc-

lear energy there are proposals to increase the safety of nuc-

lear energy, lit. 13. To some extend this is because of the

"nuclear controversy". Recently this discussion got an additional

driving force by the climatic problems due to the emission

of carbondioxide. In a paper on "carbondioxide and inherently

safe reactors" by A.M. Weinberg, lit. 14, it is stated: "Car-

bondioxide is emerging as the world's central environmental

concern. This development poses a dilemma for environmental

activists: Nuclear energy, which especially after Chernobyl,

has been regarded by many activists as an environemntal abomi-

nation, nevertheless is one of the few energy sources, that

do not emit C O " . In discussing requirements for future reac-

tors the following conclusion is made: "An acceptable core-melt

probability seems to be an overriding necessary condition.
-4At the Rasmussen fiducial rate of ca. 10 /reactor year, a

carbon sparing energy system with about 5 000 reactors would

suffer, on average, a core-melt every other year. The apriori

core-melt probability would have to be reduced by at least

two, and possibly three

even 10~7/reactor year".

/r

two, and possibly three orders of magnitude, say to 10 or
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In addition to the reduction and limitation of the risk there

is the additional possibility of the reduction and limitation

of the damage as for example with the user-requirement "no

sheltering, no evacuation" of US-utilities, lit. 15. The most

promising official results in that direction is realized by

the HTR-Modul, lit. 16, which recently has been discussed in

an licensing procedure in the Federal Republic of Germany.

As an example for the limitation of the damage the following

typical result is given from a safety evaluation on the HTR-

Modul, lit. 16, p. 50. In the accident "loss of pressure in

the primary circuit with subsequent core heat-up" the accident

dose for "total body" for adults is 0,0003 Sv, equivalent 0,03 rem.

This value is by a factor of about 15 lower than the limit

values after article 28 of the German Radiation Protection

Ordinance and by a factor of about 3 less than the yearly na-

tural background.

In addition to that encouraging state of the art in safety

and in limitation of damage it is, of course, possible to develop

further improvements. Such an improvement would be the "fire

protection" of graphite, the main construction material of

the fuel elements and of the core of the HTR. In that contexts

it is important to remember that this material graphite - being

at the same time the moderator for the neutrons - is high tem-

perature stable and therefore one reason that high temperature

heat can be produced. Initiating work on fire protection has

been done in the Kurchatov Institute, lit. 17, on the deposi-

tion of carbon in the pores of graphite. Further proposals

have been made on other materials, e.g. Silicon Carbide SiC,

other techniques, e.g. thin layers, lit. 18, and so on. Pro-

tection of graphite is used meanwhile in conventional tech-

niques, there it should be possible to develop finally such

an improvement for the graphite of the HTR.
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