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Summary
Large Scale production of hydrogen is one of the most influential tasks for industrial and developing regions worldwide. It has the potential for high economic impact. Many industrial
processes and the mobility sector can benefit from its use at reasonable prices.
Synthetic fuel and sea- or wastewater desalination are two outstanding uses of the high temperature and electric power to be gained by the HTR pebble bed nuclear technology.
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1 History of High Temperature Reactors (HTR)
The German development of HTR Power Plants was primarily initiated through the ideas of
Prof. Dr. R. Schulten. He developed this technology in the 1950`s while employed by Brown
Boveri. Dr. Schulten became CTO at the new BBC/Krupp Reaktorbau GmbH in Mannheim
and later as Professor and Director of KFA-Jülich Nuclear Research department1. He stated:
“In the field of Nuclear Energy, the AVR Reactor occupies a specific unique position. Helium
gas cooled, graphite moderated, inherently safe and the hottest reactor worldwide. It is the
story of the only pure German development of nuclear power plant technology.”

1.1 Design principles and features of HT reactors.






Spherical graphite fuel elements containing the fission material.
Graphite as main construction material for reflector and moderator.
Helium used as the cooling gas.
Primary helium/secondary helium circuit together with the reactor vessel enclosed in
one gastight containment, preferably of pre-stressed concrete.
A secondary helium/steam circuit can be installed for additional safety. The loss in temperature can be afforded because of the high initial temperature.

These are the most important basics for safe operation. They allow the construction of an inherently safe nuclear power plant (NPP) with outstanding safety by design2 3.
Two examples of HTR really built and operated in Germany for years until 1990.
Between 1960 and 1990 a test and a demonstration HTR were built and operated in Juelich and
Hamm. Both were shut down as a consequence of the German political decision to totally abandon nuclear power generation. Business consequences followed.
We still hope that this promising technology will be accepted in the world to produce the energy
for a growing mankind in dearth for electricity and high temperature industrial processes. We
welcome that China has embarked on this technology.

1.2 The AVR in Juelich, facts and experiences.
This was the first pebble bed reactor to become witness of no-meltdown technology. The AVR
Project initiated the test and scientific reactor (Figure 1), also named AVR. It was set up from
“zero”. There was no prior experience in engineering and design of reactor components operating in a helium environment4. The wholly new development of all components was a huge
challenge. Consequently delays and cost increases had to be expected.
Aggravating, the TÜV5, underwent a steep learning curve. It had to develop appropriate testing
methods for a NPP with HT and Helium. Long delays and some useless testing consumed much
time. This again multiplied the cost for this first of a kind (FOAK).

AVR – Experimental High-Temperature-Reactor: “21 Years of Successful Operation for a Future Technology.”
VDI-Verlag ISBN 3-18-401015-5 1990.
2
AVR – Experimental High-Temperature-Reactor: “21 Years of Successful Operation for a Future Technology.”
VDI-Verlag ISBN 3-18-401015-5 1990.
3
K. Kugeler: “Gibt es den katastrophenfreien Reaktor?“ Physikalische Blätter 37 / 2001.
4
U. Cleve: “Die Gesamtanlage des AVR Versuchsatomkraftwerkes in Jülich“, Inbetriebnahme und Funktionsprüfungen. Atw: 5/1966.
“AVR Versuchsatomkraftwerk mit Kugelhaufenreaktor in Jülich.” Sonderdruck atw 5/1966
5
Technischer Überwachungs Verein, the main regulatory oversight agency in Germany
1
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Extensive cold tests for all components were
successfully performed in a normal environment of temperature and pressure. Resulting
facts follow here. Conclusions are drawn further down.
 The steam generator, an evolvent type, also
FOAK, was constructed and built several times
to realize an optimal structure. New special test
procedures had to be developed in parallel to
production.
 After completion it underwent a helium
pressure test, also a worldwide FOAK.
 Although the absorbing rods functioned
well hundreds of times in normal climate, they
failed after installation in the helium atmos-










phere.
About 600 normal valves for standard environment failed in helium. They had to be
newly designed (this was done by BBK6).
The final – best - pebbles were of the TRISO -Type
The pebble charging system showed smooth operation during many years.
The pebble extraction unit7 with numerous components, Figure 5, was designed and
developed by BBK. It transported 2,400,000 pebbles in 23 years of operation. 220 pebbles were damaged and had to be eliminated. This is a loss rate of 0.0092%.
23 years of operation and numerous experimental shutdowns showed an average availability of 66,4% per year. Maximum in one year was 92 %.
The hollowed graphic bricks were essential for smoothening the pebble flow (see Fehler! Verweisquelle konnte nicht gefunden werden..
The only incident was one of INES 1. One welding out of several thousand in the steam
generator leaked. After some months of repair the steam generator was returned to function with full capacity8.
All other incidents had a level of “zero“9, if measured by the later established INES.

Brown, Boveri, Krupp
U. Cleve: “Fragen und Antworten zum Experten-Bericht über Störfälle mit dem AVR.” FZ-Jülich, 2014.
U. Cleve: “Fuel handling facility of high temperature pebble bed reactor.” THTR-Meeting Brüssel 1967.
8
AVR – Experimental High-Temperature-Reactor: “21 Years of Successful Operation for an Future Technology.”
VDI-Verlag ISBN 3-18-401015-5 1990.
U. Cleve: “Fragen und Antworten zum Experten-Bericht über Störfälle mit dem AVR.” FZ-Jülich, 2014.
9
AVR – Experimental High-Temperature-Reactor: “21 Years of Successful Operation for a Future Technology.”
VDI-Verlag ISBN 3-18-401015-5 1990.
U. Cleve: “Fragen und Antworten zum Experten-Bericht über Störfälle mit dem AVR.” FZ-Jülich, 2014.
6
7
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After decommissioning
in 1989 the whole
graphite interior was
looking like just installed. None of the
bricks had moved by
even a fraction of a millimeter. Some very
small accumulations of
graphite dust in some
corners were found.
The core was enclosed
with two vessels of
steel. The small space in
between held a helium
filling that was continuously tested for contamination.
Repairs outside of the
outer vessel were done
during operations. Special de- and remounting
tools for all components
were designed and
worked according to
specs.
No repair was needed
within the inner vessel.
The AVR served as a
longtime test platform
for a variety of fuel elements with various
compositions of Uranium (high and low enriched) and Thorium.
Not a single person was
ever injured by radiation.
A basic diagram of the
AVR fuel circulation
cycle is shown in Figure 6.10
There was not the smallest radioactive contamination measured in the turbine/generator
part of the AVR.

U. Cleve: “Fragen und Antworten zum Experten-Bericht über Störfälle mit dem AVR.” FZ-Jülich, 2014.
U. Cleve: “Fuel handling facility of high temperature pebble bed reactor.” THTR-Meeting Brüssel 1967.
U. Cleve: “Onload fuelling of pebble bed high temperature reactor.” HTR-Symposium London 1968.

10
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Figure 3 shows a vertical section of
the AVR of the steel vessel in tube
form with:

inner core,

graphite reflector,

thermal shield,

biological shield 1
inner pressure vessel,


outer pressure vessel
Helium filling between

the two vessels.
The inner core structure, Figure 4,
had a diameter of 3m and a height
of 4.5m.

Fig 3 Section through the
AVR vessel

1.3 The HTR 30011 in Hamm, facts and experiences.
The basic design of this demonstration
NPP (Figure 7) started in 1965. Experience
from the AVR was not yet available at that
time. Besides the mere size (scale-up factor
20), some important features were differently designed. It has a prestressed concrete pressure vessel and an exceptional
dry cooling tower. Now it is in “safe enclosure” waiting for decommissioning.
It was designed, built and operated by an
industrial consortium and city utilities, instead of a research center. The Juelich research center closely cooperated.

11

Thorium High Temperature Reactor

7
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1.3.1 Pressure vessel









THTR 300 had a pressure vessel of pre-stressed concrete (PCPV, Fig.9) instead of two
steel-pressure vessels (Fig. 3) at the AVR.
A model PCPV at a scale of 1:20 was tested with water pressure. Tiny cracks occurred at
a pressure between 90-120 bar. The main crack occurred at 190 bar. After a pressure drop
to 40 bar the vessel was nearly gastight again. The pre-stressing cables pulled the concrete
back in place12.
These results were deemed very important since this test proved, that oxygen could not
enter into the vessel even at a crash. The test served as the baseline for the calculation of
the THTR-300 PCPV13.
The PCPV was chosen primarily for safety reasons.
The PCPV dimensions were 25 meters in diameter and 28 meters high. Concrete walls
were about 5 – 6 m thick.
A closed circuit for the helium cooling gas inside the cavern of the PCPV avoided release
of fission products and graphite dust.
Helium gas flow from top to bottom (AVR was bottom to top).

1.3.2 Pebble fuel elements and control rods






The main fuel was Thorium, gastight sealed in coated particles.
Pebbles had a diameter of 60 mm, same size as at the AVR.
The THTR had so called BISO-particles in the Pebbles as fuel elements14.
Control rods were in bays of the graphite inner lining.
Shutdown rods were designed to move directly into the pebble bed.

U. Cleve, K. Kugeler, K. Knizia: “The Technology of High Temperature-Reactors, Design, Commissioning and
Operational Results of 15 MWel Experimental Reactor Jülich, Germany and THTR-300 MWel Demonstration Reactor Hamm and Their Impact on Future Designs. “IACPP-Congress Nice 2011,
13
“Auslegung, Konstruktion und Errichtung des Spannbetondruckbehälters des THTR-300. Ablauf und
Ergebnisse.“
14
New advanced particles, so-called TRISO-particles were tested in the AVR. THTR was operated only with
BISO-particles fuel (kernel, buffer layer [No 0], intermediate layer of pyrolytic graphite [No 1], high density layer
pyrolytic graphite [No 2] notice by G. Dietrich.
12

8
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For the shutdown rods “Pre start-up tests” were forced by the licensing authority and their
independent experts (TÜV). These rods were inserted several times vertically into the pebble bed. In contrary to design no ammoniac lubrication was added to the helium. Because
of excess friction between the shut-down rod surface and the pebbles then a larger number
of fuel balls were crushed.
Later, when lubrication was added, the crushing effect diminished.
During the total life of the THTR about 0.6% of the pebbles were ruptured, substantially
more than with the AVR at 0.0092%.

1.3.3 Safety and other aspects






Even with these effects, there was no increase of the radiation level in the primary helium
circuit. Most probably the crushing did not destroy the coatings of the fuel particles.
Thermodynamic efficiency of 40 % at the THTR was as high as in conventional power
plants in those times.
All other THTR components such as blowers, fuel element feeding and handling components, graphite structures, etc. were designed very similar to the components of the AVR
with some improvements.
Excellent nuclear and radiological safety of the demo THTR reduced radiation levels of
employees and environment far below the licensed values.
Nuclear risks were not experienced.

After decommissioning of the THTR-300 to safe enclosure the turbine and generator set was
sold to a conventional power plant. It is connected to a normal steam boiler plant and still in
operation (2017).

Vertical section through the THTR 300 with PCPV

9
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2 Important components15
The most important equipment and components are discussed here. The results apply for most
HTRs with pebble bed and some other designs too. Reported facts are combined with recommendations for future new reactors.

2.1 Pebble fuel elements.
The pebbles are the most important parts of an HTR. Three kinds of pebbles are used. Those
containing fresh fuel (FE), those with absorber-particles (AE), and the neutral graphite balls
(GE), used to moderate the neutrons. Not only during operation should fuel elements (FE) be
safe – avoiding a meltdown. Also – when burnt up – they should not cause any danger in storage. Both requirements are fulfilled by the TRISO Elements.
Basically FE are tennis ball size hollow graphite elements filled with thousands of small radioactive kernels also called coated particles (CP).

2.1.1 Design of the TRISO elements
Many different designs of pebbles and particles were
tested in the AVR.
Figure 11 shows an
early concept with
the dimensions. It
had coated particles
inside. With this design, radioactivity of
the primary helium
was calculated to be
107 Curie. But those
values were never
measured. As already
mentioned
several
advanced particle design including the
new TRISO pebbles
were used in the
AVR. Particle coating is meant to prevent fission products
from release.
Fig. 12 Arrangement of a BISO,
kernel, buffer, intermediate, high
density

So all real experiences base on the use
of those TRISO elements.

There are other designs and proposals
for FE still going on. Since the only current use would be
for the Chinese HTR-PM, there is little knowledge available about them, but we assume they have also TRISO

Fig 11 Original concept of a pebble
(Union carbide)

U. Cleve, K. Kugeler, K. Knizia: “The Technology of High Temperature-Reactors, Design, Commissioning and
Operational Results of 15 MWel Experimental Reactor Jülich, Germany and THTR-300 MWel Demonstration Reactor Hamm and Their Impact on Future Designs. “IACPP-Congress Nice 2011,

15
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particles. The Chinese pebbles were tested in the EU Lab in Petten (NL) and are currently being
filled into the HTR-PM.

2.1.2 Coated
particles
Each pebble contains
about 10 – 15 thousand coated particles
(CP) with the fissile
material. They are
kept in place and buffered by a matrix of
graphite.
The inner diameter of
the TRISO particles is
0.5 mm. It contains
the fissile material
(Fig. 13). Each kernel
is encapsulated by
three layers of very
hard and pressure resistant PyC -/-SiC-/-PyC . to arrive at an outer diameter of about 0,9 mm.
This coating is gas tight (Fig. 13).
The filling of about 200 g in total weight per pebble contains about 6 g of heavy metal for
generating
the energy.
The outer
shell
is
about 5 mm
thick.
The coating
layers
of
each particle remain
gas tight up
to 1.8000 C
and do not
deteriorate
or corrode
even under
high
heat
and
pressure.

11
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The TRISO-CP combination avoids
fission- and decay-products release,
the sources of dangerous radioactivity.
Three layers keep all fission products
safely enclosed.
By this technology the radioactivity of
the primary helium was brought down
from 107 to only 3,6x102 Curie. This is
a reduction by the factor 0.00003616.
These results were proven during long
term operation in the AVR even with a
large testbed of different fuel-balls designs. The elements are reliable and
showed excellent advantages compared to all other fuel elements in other
nuclear power plants. The only disadvantage is a lower density of energy –
the price for ultimate safety.

Fresh pebbles can be stored and handled without risk of radiation (Fig. 14).

CONCLUSION: The more robust the fuel elements, the safer the nuclear plant.

16

Urban Cleve: “Der AVR-Kugelhaufenreaktor und seine Weiterentwicklung.” Elektrik+Elektronik Heft 3 /1969.

12
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Courtesy Dr. Michael Fütterer

2.1.3 Fuel cycle, intermediate and final storage, proliferation
For every nuclear technology there is a need not only of a valid operation but also of a 100 %
fuel cycle. Fissionable material must be kept proliferation safe.
Since burnt up elements still contain radioactive elements and actinides, one must prevent them
to go uncontrolled into the environment. The spectrum of produced radioactive substances varies widely in half-life period and intensity. Some of them also create new radioactive nuclides.
The responsibility to care for radioactive waste is shouldered by state and governments in most
countries of the world. Final storage solutions in most countries are not yet available. Also, it
is not generally agreed, what “final” should mean.
Future research will probably find recycling solutions
by spallation and transmutation.
The pebble technology opens an entirely different
scenario: deep underground storage will not be necessary, since radiation tapers off within estimated 300
years to normal environmental grades. Yet a controlled and secured monitoring should take place. The
quantity of waste will be considerably higher than of
comparable reactors of Gen II + III. But the waste is
of lower specific radioactivity because of the lower
energy density.
Even with the increased quantity of waste this will be
an important alternative to costly underground excavation with uncertain access, visibility and control.

13
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Used, burnt down fuel pebbles or graphite
balls are today stored (Fig. 15) in specially designed cast-iron CASTOR containers (yellow).
These containers are already sitting for about
30 years in the intermediate storage on premise in Juelich and in intermediate storage at
Ahaus, Westphalia. No cooling is necessary.
There is no risk of contamination or radiation
of the environment or personnel17. A strong
opinion advocates storing the used fuel balls
in stockrooms in the basement of the reactor
building.
2.1.3.1 Breeding of fissile Uranium 233 from Thorium 232.
Besides or instead of using Uranium, the HTR technology also allows for using Thorium.
Sufficient Thorium can be found in the surface of the earth to feed nuclear power plants for a
very long time18. As Thorium in itself is not an apt fuel, it must be converted to fissile fuel by
breeding. This is done by shooting slow neutrons into 232Th which converts it to 233Th after first
creating Protactinium (233Pa) which decays to the fissile 233Uranium.
This process is an interesting possibility in a THTR power plant and was used in Hamm. The
coated particles can contain 235/238Uranium, and/or 232Thorium19. These fuel materials can be
combined in the pebble matrix and burned up and converted to fissionable nuclides together.
After leaving the core, every single pebble is measured (see The AVR in Juelich, facts and
experiences.) for its degree of burn-up. This measurement gives values of their content of Plutonium too. Although the generation of Pu is very small, this process reliably controls any proliferation of fissionable material. This meets the non-proliferation treaty (NPT).
2.1.3.2 Decommissioning and reprocessing of fuel elements and coated particles.
The European JRC describes an experiment20 to recycle burnt up fuel completely: This process
is able to separate kernels from the graphite matrix. Further it enables reprocessing the remnants
of fuel by separating the coatings from the fuel content. The content remains intact and can be
enriched for new kernels in new pebble elements. This was proven by experiments as shown in
Figure 16, 17, and 18. The characteristics of the coated fuel kernels and the complete pebbles,
manufactured by NUKEM21, are shown in Table 2.
H. Bonnenberg: “High Temperature Gas Cooled Reactor with spherical fuel elements.” DGAP 2007.
N. Nabielek, K.Verfondern, M.J. Kania: “HTR Fuel Testing in AVR and MTRs.” HTR Conference, Prague 2010.
N. Nabielek, C.Tang, A.Müller: “Recent Advances in HTR Fuel Manufacture.“ HTR-Conference Prague 2010.
18
U. Cleve: “Zukunftsdialog der Bundeskanzlerin: Thorium als Energiequelle.” Argumente und Stellungnahmen.
Beiträge im Internet 2012.
U. Cleve: “Breeding of fissile 233 Uranium using 232 thorium with Pebble Fuel Elements.” EIR-Conference: Report
49, May 2013.
U. Cleve, “Thorium: Brennstoff aus der Erde für tausende von Jahren.”
19
H. Bonnenberg: “High Temperature Gas Cooled Reactor with spherical fuel elements.” DGAP 2007.
N. Nabielek, C.Tang, A.Müller: “Recent Advances in HTR Fuel Manufacture. “ HTR-Conference Prague 2010.
E. Mulder, D.Serfontaine, W. van der Merve: “Thorium and Uranium fuel Cycle symbiosis in a pebble bed high
temperature reactor.” HTR-Conference Prague 2010.
20
“A High Voltage Head-End Process for Waste Minimization and Reprocessing of Coated Particle Fuel for High
Temperature Reactors.” Joint Research Centre in Petten, Netherlands
21
Now owned by Rosatom
17
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2.2 Pre-stressed concrete pressure vessel (PCPV).
From a safety aspect the reactor vessel is as important as the pebbles for any NPP. Because of
their low energy density cores for large pebble bed reactors need a larger diameter. These dimensions cannot be met using metal pressure vessels. So steel cannot be used for this. This was
found out when designing the THTR for Hamm.
Other construction materials were considered for a large design with high volume and high
pressure.
Pre-stressed cast iron for the vessel was discarded because safety conditions could not be met
and the construction would have caused fundamental problems.
As mentioned above, the pre-stressed concrete pressure vessel (PCPV) was chosen due to its
excellent safety advantages versus the cast iron vessel. The construction of this design was
without prior experience.
It could stand the operational helium pressure at a calculated 40 bar.

15
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2.2.1 Design and construction of the THTR-300 PCPV22.
Figure 21 shows a cross section of the reactor. Inside are the core, graphite and carbon brick structures, thermal shield, six
steam generators, blowers, shutdown rods,
measuring devices, liner isolation, and
liner cooling system. Penetrating holes for

outward pipes from/to the steam generators can be
seen. These holes (135 in total) in the concrete were
reinforced by steel layers with steel tops (Fig. 22). To
extract the steam generators the largest holes were constructed at 2.25m diameter. All holes are
surrounded by cables. Some construction phases are demonstrated in Figures 23, 24 and 25.
U. Cleve: “Nukleare Hochtemperaturreaktoren zur Erzeugung flüssiger Brennstoffe, von Wasserstoff und
elektrischer Energie.“ Atw 6/2011.
22

16
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2.2.2 Results of the PCPV pressure test.
Figure 26 shows the accuracy between the measured and calculated factors. The pressure tests
of the real PCPV were performed using nitrogen and helium to ensure accurate measuring. The
design pressure was 39.2 bar and the highest possible pressure in case of an accident was calculated at 46.1 bar. The test reached the calculated and highest possible pressure (as required
by the TÜV) without problems23.
As a result, it can be assured that the existing design knowledge and calculation program are
sufficient to calculate larger PCPVs up to the highest possible capacities, potentially reaching
4.000 MWth. (this statement of size is challenged by other experts)

2.2.3 PCPV safety criteria24.

23
24

HRB: “The commissioning of the THTR-300, a performance report.
K. Kugeler: “Gibt es den katastrophenfreien Reaktor?“ Physikalische Blätter 37 / 2001.
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The main safety properties of a PCPV should enable it to withstand:











Plane crashes, terrorist attacks,
political disturbances inside and outside of the power plant
Air and water ingress
Loss of contaminated graphite dust
All kind of crashes or cracks.
Earthquakes up to highest degrees.
Floods
Radiation
Melting of the core
Graphite burning

Designed with an additional inner He/He heat exchanger safety also is guaranteed against ingress of water and steam.

Courtesy Dr. Michael Fütterer
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2.2.4 Graphite structure and pebble flow in the core25
The pebble charging system did not need
any change during 23 years of AVR operation. So this system can be used with future HTRs. Depending on the core size,
multiple units might be needed to operate
in parallel. These components, previously
designed by BBC/Krupp, are shown in
Figure 5.
Another important feature is the equalised
flow of the pebbles withing the core.
SGL Group was a very important supplier
for both graphite and carbon bricks and is
capable of designing very reliable structures,
The design of the graphite reflector covering the inner wall is very important for
good and symmetrical pebble flow
through the cylindrical structure. The best
test results for the designed AVR wall
were obtained in advance at the test laboratory of BBC/Krupp26. Figure 27.

The pebble flow in the AVR was much better
than in the THTR-300. Diameters of the
THTR were large and led to differing velocities in the pebble The central pebbles would
travel up to 10 times faster than those close
to the outer wall27. Very high burn-up rates
can be achieved with good symmetrical pebble flow.
View inside the THTR core with hollowed graphite bricks.

U. Cleve: “Die Technik der Hochtemperatur Reaktoren“, Kolloquium RWTH Aachen, IEHK Juli 2011.
AVR – Experimental High-Temperature-Reactor: “21 Years of Successful Operation for an Future Technology.”
VDI-Verlag ISBN 3-18-401015-5 1990.
U. Cleve: “Fuel handling facility of high temperature pebble bed reactor .” THTR-Meeting Brüssel 1967.
26
U. Cleve: “Die Gesamtanlage des AVR Versuchsatomkraftwerkes in Jülich“, Inbetriebnahme und Funktionsprüfungen. Atw: 5/1966.
27
U. Cleve: “Fragen und Antworten zum Experten-Bericht über Störfälle mit dem AVR.” FZ-Jülich, 2014.
HRB: “The commissioning of the THTR-300, a performance report.
25
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This design leads also to a very symmetrical gas flow through the pebble bed from bottom up,
which consequently causes an equal good symmetrical cooling of all pebbles across the bed.
The calculation parameters for this design had been developed in the BBC/Krupp laboratory
and showed superior results28.
The experience of the AVR proves that the flow from bottom up has clear advantages. The
helium gas temperature entering the core is 230 0 to 280 0C. Entering the steam generator it
ranges from 750 0C to 950 0C with a maximum of 1,100 0C. This is dependent on the metallic
material stresses and strength of the tube material.

2.3 Helium heat exchangers29
The principle is shown in the following picture. Helium as the cooling medium is circulating
through the black core cavern and the pressure vessel (e.g. PCVP). The winded tube (steam
generator) symbolizes the heat exchange flow. In the tube water/steam is circulating from top
to bottom. It is a He/H2O circuit.
Both the AVR Juelich and the THTR Hamm had only the helium/H2O exchanger to generate
steam.

AVR – Experimental High-Temperature-Reactor: “21 Years of Successful Operation for an Future Technology.”
VDI-Verlag ISBN 3-18-401015-5 1990.
U. Cleve: “Fragen und Antworten zum Experten-Bericht über Störfälle mit dem AVR.” FZ-Jülich, 2014.
29
Sun Guohui et al." Discussion of High-Temperature Performance of Alloy 625 for HTR Steam Generators."
Proceedings of HTR, Weihei, China 2014.
28
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Other designs would have inside the pressure vessel a He/He heat exchanger and the above
described He/H2O steam generator serially connected outside the pressure vessel.
For future reactors this second exchanger (He/He) is proposed for additional safety. The calculations based on the results of the tests performed by FZ-Juelich with the test devices (Fig. 28).
Results of the very high temperature steam boiler tests, with steam temperatures of 600 0C,
done in the GKM Power plant, Mannheim, Germany, can also be put into consideration.
The secondary helium circuit must have a higher pressure than the primary circuit. So the gas
from the primary circuit cannot migrate into the secondary circuit. Thereby pollution of the
secondary circuit and following parts of the power plant will be avoided.
Manufacturing of the steam generators is shown
in the THTR-300 (Fig. 29).
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2.3.1 Helium blowers.
The blowers in the AVR and in the THTR-300 worked properly. An increase to higher capacities may be possible without problems. They should be still oil lubricated (Fig. 30).

2.3.2 The helium cleaning plant.
This unit cleans helium in a bypass of the primary
circuit from impurities such as solid graphite dust
and the radioactive chemical elements Krypton,
Xenon, Argon and Tritium. A detailed description
is published in ATW 5/196630.

2.4 Shutdown and control rods.
An identical design of the THTR-300 control rods
can be used. Depending on the size of the reactor
their number has to be defined (Fig. 31).

2.5 Safety systems and MCA31
tests.
Up to now the AVR is the worldwide only
nuclear power plant with two successful
MCA test-simulations32.
The first was done in spring 1967 during
the commissioning period. As mentioned,
there were many undecided problems with
the unknown behavior of important components, mainly with the absorber rods.
We had an agreement with the TÜV that a
MCA-test-simulation should prove the inherent nuclear safety and the good behavior of all these components.
At highest helium gas temperature of 8500 C and full power of 46 MWth the blowers were quick
J. Schöning et.al “Die Heliumgasreinigungsanlage.” Atw 5/1966.
maximal credible accident
32
U. Cleve, K. Kugeler, K. Knizia: “The Technology of High Temperature-Reactors, Design, Commissioning and
Operational Results of 15 MWel Experimental Reactor Jülich, Germany and THTR-300 MWel Demonstration Reactor Hamm and Their Impact on Future Designs. “IACPP-Congress Nice 2011,
U. Cleve: “Die Technik der Hochtemperatur Reaktoren“, Kolloquium RWTH Aachen, IEHK Juli 2011.
K. Kugeler: “Gibt es den katastrophenfreien Reaktor?“ Physikalische Blätter 37 / 2001.
30
31
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stopped. The power plant was completely without electricity, also the emergency-diesel-engines were out of operation and the control rods were blocked. The core temperature measuring
was in function. After stop, decay heat moved the temperature slowly up to about 1.0000 C 33.
Then the temperature fell down to normal degrees during the following days. Some days later
we re-started the complete power plant as usual34.

After this test, full licensing was granted by the authority for the complete power plant.
A second test was done in 197035. This time all instruments were in operation. All data were
gathered to measure the power and temperature curves. This simulation of a loss of coolant
accident (LOCA) was used to develop a calculation program for future cases. Nevertheless prior
to shut-down of the AVR in 1988 additional safety experiments LOCA/MCA were carried out
(Fig. 20).
There was no nuclear risk whatsoever, as the radioactivity of the primary helium was very low.
The coated particles did a very good job.

These two worldwide first experiments simulated a worst-case scenario
(MCA). Up to now, no other NPP, concept, model or design has ever run a
similar test.
With the Chinese Experimental HTR-10 MWth reactor a further successful loss of coolant test
was done in 2007 with TRISO fuel elements.
The video can be watched at https://www.youtube.com/watch?v=vA4PmocAncI
A similar experiment was done in 1986 in Chernobyl. There the fuel was not coated and the
reactor not inherently safe. The result is well-known. LOCA caused the MCA in Fukushima,
too. Again the fuel was not coated.
Urban Cleve: “Der AVR-Kugelhaufenreaktor und seine Weiterentwicklung.” Elektrik+Elektronik Heft 3 /1969.
U. Cleve, K. Kugeler, K. Knizia: “The Technology of High Temperature-Reactors, Design, Commissioning and
Operational Results of 15 MWel Experimental Reactor Jülich, Germany and THTR-300 MWel Demonstration Reactor Hamm and Their Impact on Future Designs. “IACPP-Congress Nice 2011,
35
AVR – Experimental High-Temperature-Reactor: “21 Years of Successful Operation for an Future Technology.”
p. 91 + 99,VDI-Verlag ISBN 3-18-401015-5 1990.
33
34

23

Version 18. March 2019

3 Lessons learned36
Operational Experiences and close sensitive surveys led to many insights of utmost value for
any future projects with high temperature reactors and pebble bed technology.

3.1 From the AVR in Juelich
Helium is a very thin gas. It needs special knowledge, design, and experience for tubes, valves
and fittings, especially when combined with high temperature and pressure.













Standard valves should be avoided. A special design is required for helium environment.
The pebble charging unit37, Figure 5, can stand for a long time.
Minor problems of the system can be fixed under radioactive conditions using specially
designed equipment.
Performance of this reactor type equals or surpasses conventional reactors, probably a
record. This is an important prerequisite for uninterruptible industrial processes – e.g.
in chemistry.
Serious incidents of INES 1 or higher are almost not to be expected. When small incidents do happen, the downtime is very low. Production can soon be resumed.
Graphite is an ideal material for the inner lining because of stability and consistency.
Radiation will do no harm to it.
Most maintenance and repair can be done during operations, no shutdown needed.
The testing of many different fuel elements resulted in TRISO, an optimal composition
of inner and outer dimensions, heavy metals, coating, stability and enrichment.
The same applies to the coated fuel particles inside.
Injuring or higher damage to people by radiation can be completely avoided.
Positive health effects due to moderate and appropriate levels of radiations are probable,
but not yet tested and proven.

Summing up the operation of the AVR was a unique success story.

3.2 From the THTR 300 in Hamm
Because of the larger dimension some differences came about compared to the AVR. In 1965
long-term positive behavior of graphite reflectors were not known yet. Otherwise an alternative
design - such as a ring shape - might have been accepted.




The PCPV proved to follow the expectations in all respects.
Table 138 shows the differences between calculated design parameters and the parameters in operation. All of them are ideally small. The pre-calculations were of highest
precision.
Reactor and steam generator were in one common environment of heat, pressure and
other factors.

U. Cleve, K. Kugeler, K. Knizia: “The Technology of High Temperature-Reactors, Design, Commissioning and
Operational Results of 15 MWel Experimental Reactor Jülich, Germany and THTR-300 MWel Demonstration Reactor Hamm and Their Impact on Future Designs. “IACPP-Congress Nice 2011,
U. Cleve: “Die Technik der Hochtemperatur Reaktoren“, Kolloquium RWTH Aachen, IEHK Juli 2011.
AVR – Experimental High-Temperature-Reactor: “21 Years of Successful Operation for a Future Technology.”
VDI-Verlag ISBN 3-18-401015-5 1990.
HRB: “The commissioning of the THTR-300, a performance report.
37
U. Cleve: “Fragen und Antworten zum Experten-Bericht über Störfälle mit dem AVR.” FZ-Jülich, 2014.
U. Cleve: “Fuel handling facility of high temperature pebble bed reactor.” THTR-Meeting Brüssel 1967.
38
HRB: “The commissioning of the THTR-300, a performance report.
36
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A two circuit heat exchange (Helium / Steam) system was successful to safely avoid
release of contaminated material (helium, particles, dust).
Helium gas flow from top down tightens the pebble bed making it less mobile.
Conventional absorbing rods will not work well in helium environment. They have to
be specially built and lubricated, when jammed into the pebble bed.
It is better to avoid this by integrating them into bays in the reflector lining. This has
consequences for the dimensions of the core.
Control rods should be bayed in the graphite wall lining.
New nuclear calculations of the reactor physics showed, that a core diameter of 5.6m is
too large. At this distance, shutdown rods in the surrounding graphite reflector cannot
reduce the reactivity down to the necessary low values for a shutdown.
A ring core design therefore is preferred against a monocoque.

Positive results of the operation of the THTR-300 include:39





Rupture of fuel elements does not increase the radioactivity of primary helium cooling
gas.
The contaminated primary helium gas and graphite dust are safely enclosed and contained in the PCPV.
The PCPV is an excellent safety barrier against most thinkable disasters like mentioned
previously.
The power generation turbo/gen set is still running in conventional coal plant

Together the experience with both examples of the pebble bed technology with high temperature reactors seems to be distinguished in safety aspects. This makes a difference even to the
specifications of Gen IV designs.
Both reactors had to be shut down for non-technical reasons in 1988-1990. The political decision to leave nuclear completely was one reason. Skyrocketing cost for testing and licensing40
– some of it probably unnecessary - as well as business and competitive factors led the consortium to break up. As a consequence all experiments – many of them international – had to be
stopped. We consider the closing down of this project a very poor decision for the future development of HTR-Power-Plants worldwide. The most obvious effect is a loss of about 40 years
until now.
Positive results were duplicated by Chinese researchers at Tsinghua University in Beijing and
led to the construction of a demonstration example in Shidaowan which is scheduled to be ready
soon.

3.3 From both HTR pebble bed reactors






The PCPV containment proved to be stable and apt for a larger HTR
This PCPV should house the reactor and the first heat exchanger(s), heated by primary
helium. If a second heat exchanging circuit is installed in series, it can, but must not be
housed in that same containment, too.
Except for the initially high rate of crushed pebbles, the THTR-300 operated with the
same availability as were experienced with the AVR.
TRISO pebbles are the proven best type.
Fuel elements with coated particles surpass any other fuel designs in other NPP.

U. Cleve: “Die Technik der Hochtemperaturreaktoren.“ Atw 12/ /2009.
U. Cleve: “Technik und Einsatzmöglichkeiten nuklearer Hochtemperaturreaktoren.” Fusion Heft 1/2011.4
HKG: THTR-Projektinformationen 1962 – 1985.
40
Mentioned by Prof. Knizia in atw.
39
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No radiation injuries, neither in the AVR nor in the THTR-300 occurred.
HTR power plants can be operated and connected to the power grid in the same manner
as conventional power plants.
The HTR’s inherent safety-by-design was demonstrated three times. In Juelich, Germany tests of maximal credible accident (MCA) were successful in the 60ies, the 70ies
and the 80ies. In 2007 this was repeated at Tsinghua University, China, with a smaller
version, the HTR-10, which has similarities to the AVR.

At these tests a total loss of coolant was simulated, all safety equipment was blocked, and
no human intervention was allowed.
No other nuclear power plants worldwide were even tried to stand a similar test.
After decommissioning the AVR, the pressure vessel in Juelich was filled with porous concrete. This has proved as an excellent bunker for longtime storage of all contaminated components, up to now for almost 10 years. It is planned for 60 -70 years prior to final storage.
Continuous cooling of pebbles is not necessary neither for new nor any other status of the
pebbles
26
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4 Experience driven recommendations
From the above we can derive recommendations that should help any forthcoming projects in
the HTR-realm. The following concepts for HTR are in discussion41:

4.1 HTR concepts.

Quelle : G. Dietrich, VHS Neuss, 3.11.2017
4.2 Design platform features
They describe a realistic design platform for future HTRs and should serve for - large – medium
- small - capacities/ performances alike42.






Fuel pebbles with coated particles
Pebble feeding, extraction, recycling systems with measurement of the burn up rate
Inner liner construction of graphite blocks
Shutdown and control43 rods only in bays in the graphite reflector, never into the pebble
bed, but circular around it.
Gastight housing of both the core vessel together with the helium-helium circuit exchanger. If two or more serial heat exchangers are provided, at least the first should be
in the same environment with the reactor.

G. Dietrich, VHS Neuss, 3.11.2017
U. Cleve, K. Kugeler, K. Knizia: “The Technology of High Temperature-Reactors, Design, Commissioning and
Operational Results of 15 MWel Experimental Reactor Jülich, Germany and THTR-300 MWel Demonstration Reactor Hamm and Their Impact on Future Designs. “IACPP-Congress Nice 2011,
43
Identical with regulation rods
41
42
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The secondary pure helium inside the pipes must have a slightly higher pressure than
the primary helium circuit.
The transport tubes from the heat exchangers/steam generators to various uses should
fork only after the tube has left the common gastight housing shelter.
One Heprimary /HeSecondary heat exchanger serially before the Helium/Steam generator, -- to avoid water ingression44.
Quick emptying all pebbles from the core also down to a safe storage beneath the core.
Water tight basement.
Diesel motor driven generators for electrical reserve power.
Until better experiences are gained, the size of a single core should not exceed 250
MWth to grant passive neutralization of decay heat.

By observing these rules the following benefits can be reached:
The ring core design will result in improved and more symmetrical flow of pebbles through the
core. This in turn will enable higher burn up of the fuel and improved symmetrical cooling of
the whole pebble bed45 in its entirety.
The heat exchanger(s) mounted close to the reactor within the common concrete pressure vessel
prevent(s) any contamination outside of the housing. In case of a leak in the heat exchanger,
the ingressing clean helium from the secondary circuit will mix with the slightly contaminated
primary helium. This mixture will be decontaminated by the primary helium cleaning plant and
refilled into the clean helium circuit.
Forking of the single heat exit from the exchanger for different secondary uses simplifies design
of the pressure vessel and reduce costs.
These additional measures will increase safety still further in cases of heavy danger46:
Special design for
large VHTR- power
plants (500+ MWth47)
Safety Conclusions
for this design follow
the requirements pronounced by Prof. Kurt
Kugeler “catastrophefree”.
Summing up, the safest Nuclear Power
plant is also the most
economical one.
To overcome the most
important detriment of
pebble bed technology – low energy density – here we look at the key possibilities.
U. Cleve, K. Kugeler, K. Knizia: “The Technology of High Temperature-Reactors, Design, Commissioning and
Operational Results of 15 MWel Experimental Reactor Jülich, Germany and THTR-300 MWel Demonstration Reactor Hamm and Their Impact on Future Designs. “IACPP-Congress Nice 2011,
45
U. Cleve: “Fragen und Antworten zum Experten-Bericht über Störfälle mit dem AVR.” FZ-Jülich, 2014.
46
K. Kugeler: “Gibt es den katastrophenfreien Reaktor?“ Physikalische Blätter 37 / 2001.
47
U. Cleve: "Konstruktionsprinzipien zur nuklearen und betrieblichen Sicherheit on HTR-KKW."
44
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4.2.1 Graphite as building element
Design and construction of future large commercial V/HTR power plants will benefit enormously from the stability of graphite structures. They open new possibilities – especially in size
and shape for the core and the mounting of control rods.
Combined with improved graphite from suppliers and extensive knowledge of previous designs
it allows construction of graphite lining and reflectors of high-long-term stability (Fig. 4).
Control rods should never move directly into the pebble bed. (Fig. 19).

4.2.2 Annular (ring) shape enables efficient core dimensions
The core dimensions should allow for small distances between outer and inner wall. Natural
convection alone should absorb decay heat in an emergency.




Beyond a capacity of about 100-150 MWth the common containment should be made from
pre-stressed concrete rather than steel.
Pebble bed reactors reach the border for passive release of heat at a size of 250 MWth,
Block reactors at up to 625 MWth.
The core size must be carefully optimized by these parameters:
o Maximum dimensions of the core should follow current standards of Gen IV Later
these may be put under scrutiny to arrive at larger cores.
o Not too wide so control rods will be close enough to the main radiation focus
o Not too high, so control rods can work efficiently, pebbles not under too high pressure
o This enables low temperatures of the decay heat.
o Total radioactivity potential within the borders of safety
o Helium gas flow upstream from bottom to ceiling. This makes the pebbles “lighter”
and loosens up the bed. This in turn optimizes the helium flow and prevents blocking
of pebbles.

These will lead to the ring core geometry above a certain size48. And its dimensions can be
optimized by finding the best:







difference between inner and outer diameter.
height of fuel zone.
core volume.
energy density of fuel zone.
optimizing helium gas temperatures (in and out).
optimal flow of pebbles through the core.

When designing a ring core reactor there should be precautions taken to easily change the central pillar, because it might be influenced by extra high flow of neutrons.
The ring core reactor49 (Fig. 10) must have several pebble extraction devices below the core.
The ring core shape will avoid all other difficulties. It was patented in 1965
When optimizing these parameters the maximum decay heat temperature should be kept in
close observation. It must never exceed 1,6000 C in case of cooling loss (LOCA) and/or pressure
drop (LOPA). Both would be indicative for an imminent MCA.
U. Cleve, K. Kugeler, K. Knizia: “The Technology of High Temperature-Reactors, Design, Commissioning and
Operational Results of 15 MWel Experimental Reactor Jülich, Germany and THTR-300 MWel Demonstration Reactor Hamm and Their Impact on Future Designs. “IACPP-Congress Nice 2011,
49
U. Cleve, K. Kugeler, K. Knizia: “The Technology of High Temperature-Reactors, Design, Commissioning and
Operational Results of 15 MWel Experimental Reactor Jülich, Germany and THTR-300 MWel Demonstration Reactor Hamm and Their Impact on Future Designs. “IACPP-Congress Nice 2011,
48
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4.2.3 Details for the design of an HTR (Uranium) or an THTR (Thorium)
As a concrete example a thorium very high temperature reactor (TVHTR) is proposed. It
can be designed for up to quite
large units. These are ideal to
deliver the heat that can be extracted at various levels of
pressure and heat.
Various levels in turn are ideal
to co-generate:
 Hydration of mobile fuel
 Hydrogen generation
 Other chemical processes
 Electricity
conventional
generation
 Seawater desalination
 Heating agriculture and
buildings50.
There is no radiation danger
for industrial processes in a
quite conventional construction. Secondary industrial production plants can be built
close to the HTR Power plant.
In sun-rich areas of the earth
(e.g. Africa, Asia, South
America) solar energy can be added to increase thermal efficiency, which in turn results in cost
reduction for all combined production processes.
The possible main design features for this new concept may include:





TRISO Pebbles as fuel elements.
Use of U-235 together with Th-232 to breed U-233, PU51.
A PCPV to surround the primary helium completely plus the reactor will grant extreme
protection against all types of potential critical events52 as mentioned above.
One of the most important feature of this design is the small core, very similar to the
core of the AVR. The results of the MCA tests with decay heat rise (Fig. 20) can be put
into consideration. So, we are able to increase the maximum heat of primary helium

J.Gebel, S.Yüce: “Ab Engineering Guide to Desalination.“ VGB Power Tech. (2008)
U.Cleve: “Cost Valuation of Electricity and Heat for several industrial processes by co-generation in Power Stations.“ Dissertation: University of Heidelberg 1960,
K.R.Schultz, L.C.Brown, G.E.Besenbruch, C.J.Hamilton: “Large Scale Production of Hydrogenby Nuclear Energy for Hydrogen Economy.“ GA-Report A 74265,
51
U. Cleve: “Zukunftsdialog der Bundeskanzlerin: Thorium als Energiequelle.” Argumente und Stellungnahmen.
Beiträge im Internet 2012.
U. Cleve: “Breeding of fissile 233 Uranium using 232 thorium with Pebble Fuel Elements.” EIR-Conference: Report
49, May 2013.
52
U. Cleve: “Nukleare Hochtemperaturreaktoren zur Erzeugung flüssiger Brennstoffe, von Wasserstoff und
elektrischer Energie.“ Atw 6/2011.
50
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possibly to 1,1000 C. The limit would be the maximum allowable temperature for the
metallic tubes of the He/He heat exchanger inside the PCPV.

4.3 Concept of a medium size HTR (from 100 to 500 MWth)
This size represents mainly the design realized in Hamm with some important modifications
based on experience:



The core diameter should be smaller, see the previous paragraph
Control rods should be mounted in bays of the inner graphite cladding

4.4 Modular concept of a small model HTR (SMHTR) < 100 MWth.


For this size we can look at the HTR-10 in Tsinghua and the AVR in Juelich.While we
have concrete and realized experience in the first two units, this knowledge will be the
basis for SMR-HTR.
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5 Summary for the producing end of the HTR
Using the catastrophe-free and storage-easy nuclear energy seems to be a very desirable source
of energy. Therefore future designs of (V)HT- Reactors should follow these design parameters
1. for safety reasons:
 While small reactors up to about 100 to 150 MWth can do with steel pressure vessels,
above this, PCPV is the design of choice.
 Pebbles with TRISO coated particles are needed. Improvements, if any, are welcome.
 Pebble bed ring core (PBRC) enables larger core volumes
 Small core dimensions are also enabled by the annular core concept.
 Several extraction chutes for pebbles.
 Gastight Heliumprimary/Heliumsecondary heat exchanger serially before the steam generator.
 One single housing shell for the reactor and the primary helium circuit.
 Pre-stressed concrete instead of steel above rather low capacities to house core and heat
exchanger.
Result ist inherent safety, so that no melting of the core is possible.
By these building characteristics the complex will conform to highest possible safety standards.
2. For economic advantages:
 Very high primary helium gas temperatures grants multiple benefits.
 Thermodynamic efficiency equals that in fossil power plants.
 One or two times intermediate reheating is possible.
 Very high burn up of nuclear material.
 232Thorium (it breeds 233Uranium) can be used together with 235Uranium
 Continuous production even while fuel is changed or transported
 Co-generation of high and lower heat plus Electricity53.54
3. For political advantages:
 Possibly (weapon-) Plutonium can be burnt, eliminating danger from storage
 Conforming with the non-proliferation-treaty agreement (NPT).
 Safe and easy storage of all nuclear material.
With these requirements obeyed, this source of heat and electricity can be used for many purposes in industry, society and private consumers.
For the economic side of the pebble bed technology it can be said, that cost will be less, because
less to almost no safety installations are needed, compared to current nuclear technology.

J. Schöning et.al “Die Heliumgasreinigungsanlage.” Atw 5/1966.
G. Wrochna: “ Results from Nuclear Cogeneration Industrial Initiative.“ NC2I National Center for Nuclear Research (NCBJ) Poland. 2016,
U.Cleve: “Cost Valuation of Electricity and Heat for several industrial processes by co-generation in Power Stations.“ Dissertation: University of Heidelberg 1960,
54
W. von Lensa: " Internationale Entwicklungsprogramme zum Hochtemperaturreaktor." Bericht FZ-Jülich.
53
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6 Possible uses and benefits55.
Here we outline some typical secondary products, processes and applications where the strength
of the high temperature comes to fruition. Today’s nuclear energy mostly tops out with a temperature in the 3000 C range. The pebble bed technology extends this range up to about 1.0000
C. This gain of about 7000 C allows not only processes which are currently heated by electricity
or fossil. In addition it enables multiple uses down the temperature scale.
Here we focus on:





Hydrogen Production
Water Desalination
Car Fuel Hydration
Electricity generation

The heat produced by HTRs can be used for:





Hydrogen production by thermochemical processes e.g. with Iodine and SO2
Steam or direct gas heat input into water desalination plants
Steam or direct gas heat input into chemical processes, such as synthetic car fuel
Steam to operate turbines for electricity generation

Courtesy Dr. Michael Fütterer

G. Wrochna: “ Results from Nuclear Cogeneration Industrial Initiative.“ NC2I National Center for Nuclear
Research (NCBJ) Poland. 2016,
Fütterer et.al.: “The ARCHER Projekt, Advanced HTR for Cogeneration of heat and Electricity.” Proceedings of
the HTR, China 2014.
U. Cleve: “Nukleare Hochtemperaturreaktoren zur Erzeugung flüssiger Brennstoffe, von Wasserstoff und elektrischer Energie.“ Atw 6/2011.
U. Cleve: “ The Technology of High Temperature Reactors and Production of Nuclear Process Heat.“ NUTECH
-2011, University of Cracow 2011.
55
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Other uses will come up by future new chemical / physical developments and inventions. Basically all industrial processes which need high temperature will benefit from the HTR technology. Nuclear safety regulations are not necessary for those secondary industrial uses.
The HTR can be operated in direct neighborhood of the secondary processes as already demonstrated by the THTR 300 (wall to wall with coal fired power plant Westfalen) . Todays long
distances are not necessary.

6.1 Hydrogen production
Hydrogen can be produced in many ways. We mention the most important processes and the
benefits to be derived from high temperature heat input.
An important aspect is the general usability of hydrogen to solve future energy needs. Sure
there are many industrial uses, that can be served. For decades we have existing H-pipelines in
our industrial areas.
For mobility currently many proposals exist in Germany to use H for heating the fuel cell, which
is making electricity for cars. Research is done by car manufacturers and institutes for almost
40 years.

Courtesy Dr. Michael Fütterer
Just a few weeks ago the city of Hamburg discontinued almost 10 years of using fuel cell busses,
because of uncertainties in the hydrogen technology, safety and economics. Transport logistics
and distribution of H to filling stations could be dangerous when implemented large scale. The
cost of upgrading one existing gas station to include hydrogen is reported between 1 and 1,5
Mio. Euros. Dieser Absatz verwirrt den Leser und ist destruktiv! Besser streichen

6.1.1 Reforming natural gas
One of the most used processes is the reforming of gas. Hydrogen is produced by reforming
natural gas. Also light hydrocarbons from other sources are useful, such as e.g. Gasoline, coal,
34
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methanol or biomass. Much heat is needed. In the various reforming processes, the fossil fuels
consisting of coal-hydrogen chains are deprived of hydrogen in several steps. As by-products
there will be carbon monoxide, nitrogen oxides and sulfur dioxide.

6.1.2 Electrolytic hydrogen production
Electrolysis needs much electricity and therefore is more expensive. But electrolysis is a much
cleaner process, because only water is used as raw material. The water is split into hydrogen
and oxygen. So it will be the method of choice, as soon as electricity becomes cheaper.
Another component is heat. With high temperatures the electrolysis becomes much more efficient and therefore is more economical.
A better way seems to be water electrolysis where water (H2O) is mixed with a liquid that
allows ion transport. Using electricity, water is broken down into hydrogen (H2) and oxygen
(O2) 56. The electrical energy is converted into chemical energy and stored in hydrogen. The
well-established process needs much electricity. Abundant electricity from the HTR lowers the
energy cost dramatically.
Once the HTR comes in, both factors contribute to the economies and overall benefits of the
electrolytic process to gain H. The HTR contributes rather cheap electricity and at the same
time also high temperature. The electrolytic process then is supported by high temperature and
thereby optimized.57

6.1.3 Thermochemical processes
Another way to produce Hydrogen from water is the thermochemical method. It needs rather
high temperatures and so is ideally fed directly with heat from the HTR.
Thermochemical cycles combine heat sources with chemical reactions to split water into its
hydrogen and oxygen components. Chemical compounds used in these processes are continuously recycled. The cycle can be performed with any source of very high temperatures. It is
already tested with heat from the High Temperature Test Reactor in Japan58.
Thermal dissociation means the decay of molecules into their individual atoms by the influence
of heat. Above a temperature of 1,700 °C, steam is directly split into hydrogen and oxygen.
This happens, for example, in solar ovens. The resulting gases can be separated from each other
with ceramic membranes. These membranes must be permeable for hydrogen, but not for oxygen. Very high temperatures occur and only expensive, heat-resistant materials can be used. So
this procedure must be carefully looked at for competitiveness.
Reducing the temperature of the thermal water splitting process below 900 °C can be achieved
by means of coupled chemical reactions. Already in the 1970s, the coupling of HTR-heat into
various thermochemical cycle processes was considered, just like using solar heat. The highest
system efficiencies as well as the greatest potential for improvements from today's point of
view, is an improved sulfuric acid iodine process: Iodine (I) and sulphur dioxide (SO2) react
with water at 120 °C to form hydrogen iodide (HI), and sulphuric acid (H2SO4). After separation

K.R.Schultz, L.C.Brown, G.E.Besenbruch, C.J.Hamilton: “Large Scale Production of Hydrogen by Nuclear
Energy for Hydrogen Economy.“ GA-Report A 74265,
S. Schulien: “Ein Weg aus der Abhängigkeit von Erdöl - Nutzbarmachung der Wasserstofftechnik.“ FH Wiesbaden.
57
https://en.wikipedia.org/wiki/Electrolysis_of_water
58
https://en.wikipedia.org/wiki/Hydrogen_production#Thermochemical_cycle
56
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of the reaction products sulphuric acid is converted into oxygen and sulphur dioxide at 850 °C
hydrogen is split, hydrogen is produced from hydrogen iodide at 300 °C and iodine.
Energy Iodine Sulphur dioxide
Water Iodine Hydrogen. Sulphuric acid.
1200C
J2 + SO2 + 2 H-OH

2 HJ +
H2SO4
Energy Sulphuric acid. Sulphur dioxide
8500C
10 H2SO4  10 SO2
+
5O2
Energy Iodine hydrog..
2 HJ



Oxygen Water
+

10 H20

Iodine

Hydrogen

J2

+ H2

The high thermal efficiencies of the thermochemical processes (up to 50 %) look rewarding.
Material requirements and process technologies have yet to be examined.
Other types of production include the fermentation of biomass, the Kvæner process as well as
the production of hydrogen from green algae.

6.2 Desalination of sea/wastewater59 60.
With the growing need for clean drinking water around the world, its production from sea water
is an important application for High Temperature Reactors.
Desalination plants can be installed of proven components.
6.2.1

Pre-treatment (needed with osmotic technology)
For the reverse osmotic processes the seawater has to
be freed form the larger particles by a cascade of filtering membranes.
The most important particles and ingredients are
listed in table 3. After pretreatment, the residual salt,
brine and solids can be sold
or deposited.

T. Brendel: Solare Meerwasserentsalzungsanlagen mit mehrstufiger Verdunstung.” Dissertation: Ruhr Universität Bochum 2003.
60
U. Cleve: “Dampf-Wärme-Umwelttechnische Verfahrenskombinationen.” Symposium Katovic 1976.
T. Brendel: Solare Meerwasserentsalzungsanlagen mit mehrstufiger Verdunstung.” Dissertation: Ruhr Universität
Bochum 2003.
J.Gebel, S.Yüce: “Ab Engineering Guide to Desalination.“ VGB Power Tech. (2008)
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With the thermal desal tec a simple filter will do in most cases.

6.2.2 Distillation
Besides the rapidly increasing use of reverse osmotic desalination – which is cheaper – distillation is the thermal process of choice. Main reason is the better quality and robustness of the
thermal process. As it needs two types of energy (electrical and thermal) it lends itself to use of
the HTR. While a reverse osmosis plant of today consumes app. 4 kWh/m³, a thermal process
can live with less than 1.5 kWh/m³ electrical energy. Also, thermal desalination plants can do
with low grade heat of a nearby system such as a HTR.
The distilling process heats the water to evaporate and clean it form the smallest unwanted
molecules, e.g. salts. The clean steam can be heated to higher temperatures, needed to spin the
electricity generation turbines. Another part of the steam will be condensed back to clean water
that can be used for drinking and many other purposes.
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The heating process can be procured by different standard types of heat exchangers. These can
be fed by surplus heat from the HTR, after the electro generating turbines are passed.
6.2.2.1 Desalination plant.
For distillation two main methods are in use, the



multi-stage-flash (a tapering out technology), MSF
multi-effect distillation, MED and MED-TVC

Multi-Effect Distillation plant (MED) image sponsored by Desalination Institute DME, Duisburg, Germany
Today mostly used is the multi-effect-distillation process (MED. Chemicals must be added as
far as necessary, depending on the quality of the seawater (Fig. 38, Fig. 39, Post-Treatment).
The best process will be chosen on basis of an economical optimization study.




evaporating by the sun directly,
by solar heat or
by low pressure steam from the turbine.

The brine, consisting of anti scaling and anti foam, salt and other solid components of the seawater will remain while the pure water is condensed back from the evaporated. The solid parts
will be dried and stabilized
in a Zero Liquid Discharge
process (ZLD). Then they
may be sold or stored.
An analysis should be carried out, which demonstrates
the influence of different
plant designs, operating parameters and environmental
conditions on the efficiency
and the costs of the plant and
their thermodynamic efficiency.
MED T-VC Plant for UAE by SIDEM, France

38

When MED-TVC and reverse osmosis are combined,
a demand balancing of Electricity and water desal can
be optimized.

Possible uses and benefits.

Version 18. March 2019

6.2.2.2 Turbine condenser.
If and when the turbine is fed with just precleaned seawater, the condenser of the turbine, Fig.
33, is the first stage to heat up the seawater. Resistant tubes, valves etc. are necessary in the
condenser. The quantity of cooling seawater, the temperature rise and condenser pressure
should be economically optimized as well as the efficiency of the thermodynamic process. Normally the temperature rise in the condenser is calculated at 50-100 C. Also the quantity of cooling water can vary, for a 600 MWel unit between 20.000 – 40.000 m3 / hour. If the supplied
quantity of cooling water is too high for the desalination plant, surplus water will be released
back into the sea or stored for future need (Fig.33) to save precleaning cost.
6.2.2.3

Solar plant.

A conventional solar plant, Fig. 34, can
be added to the installation. The solar
energy depends on sunshine intensity,
which depends mainly on daytime, seasonal fluctuations and environmental
conditions (Fig. 35). It can be used to
reduce the steam drawn from the turbine during sunshine. The heat from the
nuclear plant can then be almost completely used with highest thermal efficiency to produce electricity.
The heat from the solar plant should be
transported to the heat exchanger as
second heating stage. The secure basic

steam from nuclear can be
used to produce additional
electric energy in the low
pressure part of the turbine by
expanding the steam down to
condenser pressure. The solar
plant is able to produce electricity indirectly.
6.2.2.4 The Helium secondsteam
ary/water
generator.

The secondary helium, heated
by the first He/He- circuit, gives its heat to water in a specially designed steam generator. This
generator delivers the steam for the turbine-generator-set that makes electricity. This final steam
has a conventional pressure/temperature of about 220 bar and 5250 C; intermediate reheating
can be installed, if required, two times up to 5250 C.
The temperature of the secondary helium should be calculated in accordance with the first
he/he- heat exchanger. Both temperatures depend on the tube-material. Higher temperatures
allow for smaller exchangers. This has to be economically optimized.

39

Version 18. March 2019
6.2.2.5 The steam turbine generator set and auxiliary components61.
Design changes or modifications to the turbine generator set are not needed. The same construction as in conventional power plants can be designed and installed.
That means: a conventional turbine with typical temperature/pressure and also the water-cooled
condenser and the generator can be used like in conventional power plants. The cool water
leaving the condenser is pumped through several heat exchangers, which are fed by extracted
steam from the turbine at various steps of the temperature scale.

6.2.3 Co-generation of electric power and water.
The use of pre-cleaned seawater as cooling water for the turbine condenser makes it possible to
operate this process without or with smaller cooling towers. All residual heat from the electric
power generation is used for pre-heating the sea-water in the first stage. So cooling towers can
be eliminated or reduced.
The extracted low pressure steam from the turbine feeds the high-pressure line of the turbine to
produce electricity and the residual heat of the steam is then used in the evaporating process for
the desalinization plant.
The thermodynamic efficiency of the combined processes can reach nearly 100%.
The combined feeding of the evaporators by steam from the turbine and with heat from the solar
plant makes it possible to operate the evaporators of the desalination plant up to 8,760 hours
per year. This provides nearly 100% operational time for this high investment costs.
The solar plant replaces the extracted steam from the turbine. More electricity can be indirectly
produced.

6.2.4 Some general background data.
The following slides from DME demonstrate some important factors for the installation of desalination
plants.
They picturize the
need for drinking water, he importance of
energy for the desal
process.
The final evaporation
and drying of the
brine can be completed using solar
heat, a very economical process.

alternatively, according to operational demands as a main or by-product.

The water produced
can be collected and
stored. Both processes can be produced separately and

U. Cleve: “Auslegung und Konstruktion großer Dampfturbinen.” Technische Mitteilungen des HdT Heft 1,
1964.
61
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6.3 Car fuel hydration
Synthetic car fuel hydration from coal was invented in the 20ies, and large scale production has
succeeded in Germany in the 40-ies. In 1944 Germany produced 4 billion liter of “Leuna” fuel
from lignite and coal. Also bio-waste can be the feedstock for the Fischer-Tropsch or BergiusPier processes. These are well known and proven by long years of experience.
In the early 70-ies (oil crisis) fuel hydration was resumed in Germany, but abandoned again,
after crude prices went down after some years. In South Africa the process is currently going
on, without nuclear heat though.
The big advantage is:
While the original Fischer-Tropsch hydration consumes about half of the input coal just for
heating the process, the input heat form a HTR will reduce this need to almost zero. Thereby
dramatically saving the fossile input and also being much more CO2 neutral.
The most plausible end product will be ethanol because this fuel is already used in cars using
the “E85”. Well known is methanol, too. One of the big advantages is, that motors and distribution logistics can mostly be used as they are today. There is very little CO2 exhaustion. Furthermore the processes can be improved by new results of research to optimize them.

6.4 Electricity generation
Since the cooling helium gas is much hotter than needed for normal power generation turbines,
these can be fed by the lower fraction of the heat after some of the above processes have been
supported.
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It has been proven by the Hamm installation of the THTR, that the turbine – generator set can
be used in traditional coal power plants. Also the Chinese HTR-PM under construction will be
mainly used for power generation.

6.5 Other uses, applications and aspects – background Information.
Other uses for the HTR-type of hot gas are many thinkable applications which currently often
are not realized because of high cost. The HTR with pebble bed technology can provide the
necessary source of electric power and heat for:





Chemical production processes with need of high temperature industrial gases.
Steel making: various steps in the process, using ore and scrap.
District heating of metropolitan habitations.
Agricultural needs, e.g. greenhouses or underground heating pipes.

It is unanimously stated by many realistic thinking experts, that a long-term secure provision
of energy for mankind will not be possible without nuclear heat.
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