
Session:

Nuclear Energy

T E C H N O L O G Y A N D E C O N O M I C S

O F N U C L E A R P O W E R P L A N T S

C O N S T R U C T E D B Y K R A F T W E R K

U N I O N I N G E R M A N Y A N D A B R O A D

by

Dr. Hans F R E W E R,

Kraftwerk Union,

B.R.D.

International Power System Fair

and

SYMPOSIUM

Oslo May, 19 - 24, 1970



TECHNOLOGY AND ECONOMICS OF KRAFTWERK UNION SUPPLIED
NUCLEAR POWER STATIONS UNDER CONSTRUCTION OR IN OPERATION
IN GERMANY AND ABROAD

Th£ early seventies are particularly appropriate to make apparent
the structural change in the electricity supply industry caused
by the use of nuclear power stations. For after about 10 years
of research and development in the nuclear field, we have now
entered the commercial phase of the peaceful use of nuclear energy
in Europe, too. The past few years were characterized by a great
many tentative approaches to the technical utilization of the
discovery of nuclear fission. It was believed that this goal could
be reached by the development of a great number of reactor types.

As with any technical development, the time for a selection process
in the direction of the economical.'.y optimum reactor types was
bound to come here, too. A signpost for this is in the Federal
Republic of Germany the establishment of Kraftwerk Union, for
this is the organizational consequence of the selection process
becoming manifest. The extremely cost-intensive and long-term
reactor development does not permit a great number of enterprises
being active in this field in the long term.

This is expressed most clearly by the development in the United
States of America. Here, General Electric and Westinghouse domij-
nate the nuclear market, and it is only the two companies Babcock
& Wilcox and Combustion Engineering that have managed to catch
up with the commercial phase, too.

In Great Britain, France, Switzerland and Sweden, too, analogus
concentration development have taken place in the nuclear power
station field.

In Germany, BBC, Krupp, GHH and MAN have combined their reactor
development activities on the basis of the gas-cooled high-
temperature reactor. Likewise, Kraftwerk Union constitutes the
entrepreneurial framework for a multitude of activities in the
nuclear field. I would explain this to you by means of Fig. 1.
In this context the establishment of Kraftwerk Union was based on
these essential considerations:

1. The concentration of fabrication necessitated by ever larger
unit ratings in the turbine and generator field for conventional
as well as for nuclear power stations;

2. The combination of the engineer and fabrication potential
of Siemens and AEG to achieve as optimum a deployment as
possible in the development, design and handling of power
station contracts;

3. Adaptation to the structural change in the international power
station and nuclear equipment industry, towards large groups
of companies.

Besides the conventional power stations, Kraftwerk Union offers
the commercially proven nuclear power stations with boiling water
reactors and pressurized water reactors. It will generally be
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known that the development of the boiling water reactor concept has
been pursued by AEG, whereas the pressurized-water reactor was
developed by Siemens for natural as well as enriched uranium fuel.

On the basis of the still existing licence ties with CE or Westing-
house, respectively, the nuclear steam supply systems continue to
be the responsibilities of either AEG :>r Siemens. The technical
and commercial responsibility for the overall nuclear power station,
however, will be the task of Kraftwerk Union.

The fuel assemblies necessary for these nuclear power stations
have been purchased from each of two affiliated companies; on
the one hand, Siemens, together with NUKEM has founded the
so-called Reaktor-Brennelemente GmbH (RBG) at Wolfgang near
Hanau, on the other hand, AEG has been operating with GE already
for some time the Kernreaktorteile-Gesellschaft (KRT) at Gross-
welzheim.

For long-term development, only the sodium-cooled fast breeder will
primarily be eligible, with its commercial use being expected during
the eighties. This task is fulfilled in Germany by Interatom,
in which company both Siemens and AEG have a stake. At the same
time, the development of ship propulsion reactors is continued by
Interatom with the integral advanced pressurized water type.

Let us now consider in Fig. 2 on which base of experience Kraft-
werk Union will offer its nuclear power stations in the future.
Here again we can differentiate between the commercially proven
reactor types, the light-water reactors, as well as the reactors
leaving the prototype stage, the heavy-water reactors, and the
long-term developments, the sodium-coded reactors.

It was already at a relatively early phase that Rheinisch-West-
falisches Elektrizitatswerk (RWE)took the decision to build a
15 megawatt boiling water reactor at Kahl, which went into operation
after an astonishingly brief construction period in 1961. Since
then, Kahl proved itself not only as an unusually safe reactor
with a high availability but was also an extremely valuable plant
for proof-testing new fuel assembly types, particularly for the
nuclear superheat reactor (HDR) .

The next step was the construction of the 250 MW boiling water
reactcr at Gundremmingen. The essential improvement over Kahl is
a "dual cycle" with forced circulation. The steam is passed
directly to the turbine without the interposition of a heat
exchanger and a higher efficiency thereby obtained. To increase
the power density and controllability, hot water is simultaneously
withdrawn from the reactor and cooled down in a secondary steam
generator. The steam arising in this process is also supplied to
the turbine.

This plant has been operating since 1966 and in spite of some
shortcomings on the turbine side, has clearly proved the technical
functionability of the reactor system.

In boiling-water reactor development, this was followed by the
Lingen nuclear power station possessing a fossil-fired superheat
system as its specific feature. The plant has now been operating
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for more than twelve months and has proved its full ability to
function, too. At Lingen, which is one of the so-called demonstration
power stations, the German reactor industry succeeded for the first
time in designing and constructing a boiling-water reactor plant
under its full own responsibility without assistance by the US
licencors.

The commercial phase proper, however, commenced with the decision
to build the 670 MW Wiirgassen nuclear power station. This modern
boiling water reactor is being constructed as a so-called single-
cycle reactor where the saturated steam generated in the reactor
flows directly to the turbine, as you may recognize in Pig. 3.
A combination of external forced-circulation pumps and internal
water jet pumps brings about the coolant flov; rate necessary for
adjusting the steam void fraction. By changing the speed of the
forced-circulation pumps, the power can be controlled over a
definite range. With boiling water reactors, too, the configu-
ration of the steam turbo-generator plant corresponds in principle
to that of conventional power stations. However, the direct cycle
necessitates here the partial use of austenitic materials to avoid
an excessive carry-over of corrosion products to the reactor with
the feedwater flow.

The next picture (Fig, 4) shows the containment vessel of a modern
BWR with the reactor pressure vessel and its most important inter-
nals. The water enters from the bottom in a slightly sub-cooled
condition. It flows upwards in fuel assembly channels, heats up
to saturated steam temperature, evaporates in part and flows as a
steam/water mixture into the space above the reactor core. Here,
the steam is separated from the moisture in separators and steam
dryers. The steam is extracted in the upward direction, whereas
the water flows downwards into the space between cere shroud and
vessel wall. The control rods are inserted into the core from the
bottom.

The reactor core is built up of 444 fuel assemblies in each of
which are located 7 x 7 fuel rods in a square array and encased
by a removable Zircaloy-4 channel. The fuel rods are Zircaloy-2
tubes of 14.3 mm diameter sealed gas-tight, into which the uranium
has been filled in the form of sintered UO- pellets. In all, the
core contains 86.0 tons of uranium of an average enrichment of
2.6 weight per cent of the fissionable isotope U-235.

The containment vessel consists of two steel shells with a leak-
off system and incorporates a pressure suppression system to
condense the vapour released in the event of an accident.

The status of the work on site may be seen from the following
picLure (fig. 5). All civil engineering structures could be
constructed to schedule, so that the erection of the individual
plant components and systems can be performed efficiently. Thus,
there are performed at present above all the pipework erection
in the nuclear area and the erection of the turbine condensers.
Commissioning of the plant will start next year, Handover to the
purchaser after successful trial operation is scheduled for 1972. .

For two other BWR power stations, the order or the letter of intent
respectively has already been issued: namely the order for the
800 MW Brunsbuttelkoog plant in March 1970 and the letter of intent
for the 900 MW Badenwerk plant in February 1970. Handover is
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scheduled for 1974 or 1975, respectively. A special feature of
the£.e plants is that here will be employed for the first time the
internal axial circulating pumps developed by AEG themselves. The
direct installation of these pumps in the reactor pressure vessel
dispenses with the external recirculation loops.

The solution entails substantial advantages:

- Savings in plant costs as a consequence of the elimination
of the costly and space-consuming recirculation loops.

- Increase in net station capacity by 0.8 % due to the lowering
in auxiliary power requirements for recirculation amounting from
approx. 1.3 %"to approximately 0.5 % of a station output.

- Higher availability of the recirculation system as a conse-
quence of rugged pump construction, improved accessibility of
the pumps for maintenance and repairs, as v/ell as above all
very slight impact OP the attainable reactor output in the
event of individual pumps having to be cut out.

- An easing of the safety philosophy due to the elimination of
possibility of a pipe rupture in the recirculation loops.

The pumps are so arranged that the impeller is fitted below the
reactor core in the annular space between the vessel wall and
the core shroud, in the so-called downcomer. The stationary and
moving blades are surrounded by an inlet pipe. These inlet pipes
rest in a horizontal plate fitted in the backflow space. This
forces the water not evaporated in passing through the core to
pass the pump impeller in the backflow space after mixing with
the added feedwater. Then the water is pumped via a diffusor
through holes in the core shroud into the reactor core.

Worthy of note are the rates of load change achievable with a
boiling-'..ater reactor plant. Related to the rated output, these
are

from 10
from 40
from 70
from 40

rated output 10 %/min
rated output upwards more than 0.5 %/sec
rated output upwards 1.0 %/sec
rated output upwards step load changes of 10 %.

Figure 6 shows you a conceptual perspective view of the
Brunsbuttelkoog overall plant. The right-hand part represents
essentially the reactor plant, and the left-hand part the steam
turbo-generator plant.

In parallel with this boiling-water reactor development,
activities at AEG centred on the so-called nuclear superheat
reactor (HDR) which is to permit the transition to higher temper-
atures in order to improve" thereby the thermal efficiency con-
siderably, A prototype of 100 MW thermal output went critical at
Kahl in October, 1969 and will start its experimental operation
in the foreseeable future. Here, the central development problem
resides in the fuel assemblies. The future will show which
success will Le achieved in making this concept economic in the
long term in comparison with the boiling and pressurized water
reactors.
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If we consider now the development of pressurized water reactors
carried on by Siemens, we can discern the following steps:

The first demonstration power station incorporating a Siemens
pressurized water reactor was the 300 MW obrigheim nuclear power
station commissioned in 1968. After a construction period of
Tour years, it could be proved that here the German reactor
industry has been able to construct a nuclear plant to schedule
under its full own responsibility. Meanwhile, this power station
has been operating for more than 12 months, establishing like the
Lingen nuclear power station a record of high availability, as
shown in Fig. 7.

This plant featuring two reactor coolant loops was then followed -
as an analogy to Wiirgassen - also in 1967 by the order for a four-
loop plant: the 66 0 MW Stade nuclear power station.

The stage of construction reached at present may be seen in the
following Fig. 8. The steel liner of the reactor building - a full
sphere of 48 m diameter - has been closed, the pressure and leak
tests have been successfully completed. The concrete internals
in the reactor building are complete, the polar crane for the
erection of the heavy components is erected. The reactor pressure
vessel is ready for site installation. In the annulus between
steel sphere and concrete shield, the erection work on nuclear
auxiliary systems is in full swing. The reactor auxiliary building
has been completed and the erection of systems was already started
in September, 1969. In the switchgear and control room annexes,
the erection of electrical equipment such as switchgear, auxiliary
transformers, cable laying etc., is under way. The circulating-
water intake structure was completed as a caisson type design.
The work has been up to schedule, so that so far nothing is to
prevent the 1972 handover date from being adhered to.

Kraftwerk Union had a lucky start insofar as the company could
be awarded the first European nuclear power station contract in
Holland as early as a few days after its foundation in April,
1969. With its 450 MW capacity this is a further development of
the Obrigheim nuclear power station. This nuclear power station
incorporating two reactor coolant loops is under construction
at Borssele on the Schelde river and will go into operation in
1973.

Of at least equal importance was the decision taken by RWE to
construct a 1200 MW nuclear power station at Biblis on the Rhine.
This is a rating size enabling Kraftwerk Union to prove that it
is capable of building the largest European unit ratings so there
is no more unit rating difference between the US order of Westing-
house and General Electric. Accordingly, this plant represents
a milestone for German reactor development, and will attain high
importance as a reference plant in the seventies.

Taking this plant as an example. Fig. 9 shows the mode of operation
of a PVJR power station. Featured is the closed primary system
arranged in a spherical full-pressure steel containment shell.
The containment structure serves to protect the environment in
the event of a release of coolant and consequently of activity
from the reactor coolant system. The primary plant consists of
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the reactor pressure vessel (1)/ four identical reactor coolant
loops and the pressurizer system (4). Each reactor coolant loop
comprises one reactor coolant pump (2), one steam generator (3)
and the interconnecting piping. On the saturated steam generated
in the steam generators (3) is operated a turbine-generator (5-8).
The entire turbo-generator plant consists in principle of plant
components known from the construction of large conventional
thermal power stations.

The next figure (10) shows the typical structure of the most
essential components of the reactor plant, the reactor pressure
vessel with its internals. The path of the coolant fluid - normal
demineralized water - leads via the inlet nozzles with an inlet
temperature of 285°C and a pressure of 158 atm abs through the
gap between pressure-vessel wall and core barrel, sweeps around
the fuel assemblies from tho bottom upwards, where the fluid is
heated up, and finally leaves the reactor pressure vessel at approx.
316°C through the outlet nozzles. .Above the reactor core is
located the upper core structure with the control-rod guide inserts.
The control or shutdown rods are introduced into the fuel assemblies
from the top. The control rod drive mechanisms are located on the
top closure head of the pressure vessel. In the event of accident
or malfunctions, the control rods drop into the reactor core by
gravity.

As with the preceding plants, canless fuel assemblies of square
cross-section will be used, which contain each 236 fuel rods with
cladding tubes of Zry-4. Of the lattice positions of the fuel
assembly, 20 are occupied instead of UO fuel rods by guide
thimbles serving partly to guide the rod cluster control assemblies,
partly to house the in core instrumentation. The reactor core is
composed of 193 fuel assemblies. The equilibrium enrichment is
3 % of U-235, the weight of the uranium inventory 99.2 ta.

The overall concept of a pressurized-water reactor may be recognized
in the next figure (11) from the example of the Biblis nuclear power
station. With its 1200 MW, Biblis is presently the largest European
nuclear power station. Work on site started in January, 1970. The
plant will go in operation by mid-1974. You see on the picture the
spherical structure at whose centre is located the reactor pressure
vessel. A cylindrical reinforced-concrete shield houses the entire
reactor coolant system. Adjacent to it is located the turbine house
accommodating the 1200 MW tandem-compound turbo-generator unit.
With its 3 double-flow LP cylinders, the unit has an overall length
of approx. 64 m and an overall weight of nearly 5000 te. In the next
figure (12) you see a sectional view of the steam turbine. The last-
stage blade length of the 6 last stages is 1365 mm, at a speed of
1500 r.p.m. The stator as well as the rotor of the 1500 MVA gene-
rator will be water-cooled. For the fabrication of this turbo-
generator unit a new large hall is under construction on our works
premises at Mulheim, which is designed for the weights carried by
the crane of up to 600 te as well as for the unusual dimensions
of turbines of up to 2000 MW. At the same time there will be direct
access to the river port to enable the turbo-generators to be
transported to site by barge.
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A particularly noteworthy feature of these two reactor types of
the Iight-v7ater lines is the enormous increase in plant and rating
sizes within a relatively brief period of time. This was possible
only by technological improvements - partly based on the utilization
of testing and operating experience - and scale-up of the
individual plant components.

In the case of the boiling v/ater reactor, the switchover from
natural circulation at Kehl to forced circulation at Gundremmingen
yielded an increase in core power density from 24 kW/1 to 41 kW/1.
By the utilization of the operating results of the already operating
nuclear power stations, the power density could be increased even
further to 51 kW/1 at Wiirgassen.

With the pressurized-water reactors, too, the results of tests and
operation yielded a better knowledge of the power density distri-
bution pattern and the influence of the control-rod operating
prograriines - By utilizing these results and adapting the control-rod
operating programme, the power density of the Biblis nuclear power
station could be increased to 90 kW/1 as against 65 kW/1 at the
Obrigheira plant. In addition, the operating pressure of 145 atm abs
could be raised to 158 atm abs and with it the level by a more
favourable design of the pressure control system.

The sub-contracting industries, too, adapted themselves to the
rising demands in the course of time, which made itself felt parti-
cularly in an increase in the weights of castings and forgings of
large reactor components.

As an example may be cited the pressure vessels of the Obrigheim
Stade and Biblis power plants:

Obrigheim

Stade

Biblis

Height

9600 mm

10,100 mm

12,950 mm

Wall
thickness

167

199

239

mm

mm

mm

Inner
diameter

3270

4080

5000

mm

mm

mm

Reactor vessel
shipping weight

145 Mp

205 Mp

430 Mp

Another remarkable example is the development of turbo-generator
units for these large plants. Whereas at Obrigheim a 3000 r.p.m.
turbine was still used, the speed was determined to be 1500 r.p.m.
for Wiirgassen, Stade and Biblis. This enabled the number of LP
casings and flows to be reduced to one-half and the length of the
turbo-generator appreciably. Thus, for instance, the length of the
Obrigheim turbine is 29 m, that of the Stade turbine of double
the output only 30 m, and that of the Biblis machine with four
times the output of Obrigheim 42 m.

Simultaneously with the output, the safety of the plants was
increased, too. Examples of such engineering safeguards are:

- redundant design of all systems and plant components vital- for
safety on the mechanical and electrical side, i.e. multi-train
design of the cooling circuits and laying of cables as separate
runs
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- refinement in calculation methods for accidents and malfunctions
in particular the MCA, on the basis of test results

- even more stringent acceptance tests of the plant components
to be used

- even more improved containment integrity against leakage.

In parallel v/ith the light-water reactors, the problem of self-
sufficiency in nuclear fuel supply played an important part in
Europe over the past 10 years. Thus attempts were made to develop
reactor types permitting independence of the enrichment plants
in the USA. Far this purpose, the heavy-water reactor type offered
itself as particularly attractive. Therefore Siemens developed as
a prototype a 50 MW natural-uranium-fuelled heavy-water reactor
that went into operation at Karlsruhe in 1966 as a multi-purpose
research reactor. The characteristic feature of this reactor is
its continuous on-load fuel reshuffling. For this reason, the
fuel needs neither enrichment nor reprocessing. This makes such
a reactor type interesting particularly to those countries where
no nuclear infrastructure exists.

Taking the Argentinian example, I would explain to you some of
the reasons that may lead to a decision between a natural-uranium-
fuelled and a light-water reactor.

There is first the different fuel cycle with natural-uranium and
enriched-uranium-fuelled reactors. You will recognize in the next
picture (Fig. 13), that the fuel cycle of the natural-uranium-
fuelled reactor is substantially simpler. The natural uranium
requires neither enrichment plants nor reprocessing plants. Both
involve very costly processes that are economic only if large
capacities are available. For both types of plants, an extensive
technological infrastructure is furthermore needed. Thus it is
understandable that it is just this fact that constitutes a special
incentive for a country like the Argentine to construct a natural-
uranium-fuelled reactor. If we take a look at the cost structure
on the basis of the different fuel cycles of light and heavy water
reactors, we can see in the next picture (Fig. 14) , that there arise
quite substantial cost differences. First it can be seen by the
yellow column portion that the uranium ore portion for light-water
reactors is somewhat higher than for heavy-water reactors.

In addition, the brown column - conversion and enrichment - is
virtually eliminated with the heavy-water reactors. The fabrication
cost portion, however, is one of the decisive cost variables with
the heavy-water reactors. Only half of the interest and taxes count
with the heavy-water reactors because of the lower capital commitment.

The cost components still building up on this - reprocessing and
shipment or the credits for uranium and piutonium - can be taken to
be zero with the heavy-water reactor in the extreme case. In this
case the core charge would be stored until a sufficient amount has
accumulated to enable own reprocessing plants to be operated
economically.

The result is that the fuel costs of heavy-water reactors are in
the order of 0.5 Pfg/kWh and those of the light-water reactors
in the order of 0.7 Pfg/kWh.

HF/8



nctions

n t s

elf-
in

develop
.nts
ie offered
oped as
ctor
irpose
:or is
the
i such
where

i of
iranium-

un and
:he next
Lum-
lium
, Both
:ge
:ensive
Lt is
i special
latural-
ructure
ry water
lere arise
jy the
it-water

- is
abrication
as with
ixes count
commitment.

ig and
taken to
In this

aunt has
sd

are in
tors

The importance of the cost influence of reprocessing may be seen
from the next figure 15 in particular with due allowance for the
conditions differing between Europe and countries like the Argen-
tine that have not available an analogous nuclear infrastructure.
Here are represented the fuel costs for light and heavy-water
reactors as a function of the reprocessing costs. The reprocessing
costs depend on the one hand on the shipping distance from the~
reactor to the reprocessing plant, and on the other hand on the
capacity of the reprocessing plant concerned. -~

If we assume the extreme case, as it actually exists in the Argen-
tine, that the fuel assemblies for the Atucha nuclear power station
cannot be reprocessed domestically, there results between light
and heavy-water reactors the cost difference shown of 0.2 Pfg/kWh
- that is, of approx. 0.6 Pfg/kWh - for D_0 reactors and for the
light-water reactors the cost limit of 0.8 Pfg/kW.

In between, the influence of the shipping distance has been made
clear once more in the oblique curve by assuming that the fuel
assemblies are reprocessed in Europe or the United States. This
would, for a distance of 10.000 km and with a relatively large
American reprocessing plant, result in costs of approx. 20.- $/kg
of uranium for reprocessing, which would correspond to a cost
differential of approximately 1/10 Pfg/kWh.

If for comparison is assumed a high cost portion for reprocessing -
that is, if relatively small plants could be made available in the
range between 500 and 1000 km - there results yet a cost differential
of 1-2/10 Pfg/kWh.

In other words: With a non-existing infrastructure for the fuel
cycle, the fuel costs assume another weight than e.g. in Europe
or in the United States, where reprocessing plants in economic
unit sizes exist at relatively short distances. For if these
2/10 Pfg/kWh are capitalized over the service life of the Atucha
nuclear power station, that is, an order of magnitude of 30 years,
there results a cost addition of 50 million DM. From this aspect,
it is understandable why the natural-uranium reactor has an impor-
tance in Latin America different from that in Europe.

The view would be incomplete if the possibilities of further
lowering of the fuel costs wi£h natural-uranium-fuelled reactors
would not be considered, too. This fael cost reduction is attainable
by raising the burn-up, and the burn-up in turn by the so-called
minimum enrichment. The term "minimum enrichment" implies3- *,hat. the
natural uranium is enriched up to the order of 1.2 % of U-235 by
inserting the uranium accumulated from light-water reactors after
reprocessing or using available plutonium to increase the degree
of enrichment. From this aspect, the burn-up may be increased from
approx. 7000. MWd/te to 18,000 MWd/te.

This increase in burn-up would reduce the fuel costs further from
approx. 0.5 Pfg/kWh to 0.4 Pfg/kWh. This cost saving of JUi would
in turn amount to 25 million DM over the lifetime of the nuclear
power station.

The conclusion to be drawn is that for the long-term fuel strategy
the natural-uranium^fuelled heavy-water reactor still offers by
the use of minimum-enrichment U-! ̂ 35 or plutoriium a flexibility
making possible a cost saving of 25-50 million DM over the life-.
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time of the nuclear power station.

If a switch is now made from the economic cost calculations to
the. analysis of necessary investments from the aspect of the
national economy and to the resulting foreign-cucrency require-
ments for the various reactor types, this afforas an interesting
insight into . the most important influencing factors. In the next
figure (16) have been plotted the costs and the foreign-currency
requirements for five 600 MW nuclear power stations, that is for
a development programme as it would be provided over a decade
for a country like the Argentine. This has been based on a
domestic production of uranium, heavy water and zirconium.

In the case of the light-water reactors, it would have to bs
expected that this capacity of 3000 MW would require a capital
of approximately 1.6 billion DM over a decade. To this would
still be added 16 % interest and taxes, that is, about 260 mil-
lion DM. For the fuel inventory of enriched uranium, another
approximately 400 million DM would have to be expended, so that
the overall investment cost would be near to 2.3 billion DM.

For a 2 0-year period of operation, another 1.5 billion DM of
costs would have to be expected for refuelling, maintenance
and personnel, so that taken as a whole over a period of 20 years
these five nuclear power stations would cause costs in the order
of 3.8 billion DM in the case of light-water reactors. If these
3.3 billion DM are then broken down into the foreign currency
portions necessary, there result for each plant approximately
900 million DM and for uranium enrichment over the whole period
including conversion at a price of 26.- $/kg another 600 million
DM. The overall requirement in foreign currency would therefore
be approximately 1.5 billion DM with the light-water reactors
or 40 % of the overall cost of these five nuclear power stations.

The analogouefigures in the case of the heavy-water reactor
show that here is added first the heavy-water inventory, on
the assumption that the heavy water is produced domestically at
an average unit cost of 200.- DM/kg. The overall investment
costs lie in the range of 4.2 billion DM, that is, they are
about 350 million DM higher than with the light-water reactors.
The foreign-currency requirement, however, amounts to only
2/3 of that of the light-water reactors or to 25 % of the over-
all cost over a period of 20 years.

The conclusion is that the decision for the natural-uranium-
fuelled reactor enabling a major portion of the processing and
finishing work to be performed domestically becomes understand-
able also from the ^spect of lower foreign-currency requirements.

The soundness of this reasoning became apparent by the first
great export success of the German reactor industry in the
Argentine. In the face of fierce competition from the nuclear
countries, it was achieved for the first time in 1968 to obtain
an order for a German nuclear power station. This is the 340 MW
Atucha nuclear power station based on the natural-uranium-
fuelled heavy-water concept of the multi-purpose research
reactor (MZFR), The plant will go into operation in 1972; the
present situation on site may be seen in Fig. 17. The dominating
feature is construction of the reactor building; as with the

As
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other pressurized-water reactors, this is here, too, a spherical
containment in which all high-pressure-'containing primary loops
are enclosed. The concreting work for the steel liner has been
completed. At present the last plate sections of the steelliner
are being welded, so that the pressure test can be started in
July of this year. Of special interest is the large crane. This
is the largest crane in Latin America enabling unloading of heavy
lifts, such as the 400 te reactor pressure vessel, to be performed
directly from ocean-goingships. The crane has a span of 60 m and
also covers the entire reactor-building erection area.

At this juncture I should mention briefly that above all in
connection with the nuclear power station projects in the Argentine
and in Holland a large number of employees from these countries
are being employed in our various departments. From a number of
other countries, too, employees of private companies and govern-
ment agencies are staying with our company for co-operation or
training purposes.

This fact is of great importance also with a view to enabling the
domestic industries of the country concerned to perform supplies
and services in connection with the construction of a nuclear
power station, since this way ensures best that the required
expertise and special know-how is gained by the domestic industry
concerned. Thus, for instance, we have undertaken to purchase in
the case of Atucha nuclear power station about 30 % of the supplies
in the Argentine, and in the case of the Borssele nuclear power
station, about 70% of the supplies in Holland.

Reverting now to our representation of reactor types in Fig. 2:
It will most strongly depend on the technical development of enrich-
ment processes how far the natural-uranium-fuelled heavy-water
type of reactor will succeed in gaining an important share of the
market particularly in the developing countries. As you will
certainly know, the Federal Republic of Germany together with
Great Britain ar.d Holland is engaged in work on the ultra gas
centrifuge process. If efforts are successful to develop for this
purpose an enrichment technique economically -jompetitive even for
small capacities, the potential market of the natural-uranium-
fuelled heavy-water reactor will be considerably reduced at least
in Europe. However, at present, nobody is able to formulate a
clear answer to this question.

As another heavy-water development must still be mentioned the
DpO moderated, C02-cooled pressure-tube reactor of which a 100 MW

prototype is presently under construction at Niederaichbach. The
considerations leading then to the decision to build this reactor
type started from the facts that high-temperature gas cooling
permits higher efficiencies and that the pressure-tube concept
in comparison with the steel-vessel-enclosed reactor did not
result in a capacity limitation in the range above 600 MW. In the
meantime, however, difficulties have arisen with the beryllium
cladding material necessary for natural-uranium operation, so
that either a switchover must be made to steel canning, which
leads automatically to an enrichment of natural uranium to 1:15%
of U-235, or a .zirconiumcopper alloy must be used. The first core
inventory is steel-clad; in the long term, however, it is envisaged
to employ a zirconiumcopper alloy, which unfortuhately reducesf^the
permissible coolant temperature,; thereby reducing the efficiency
advantage over water reactors. In addition, larger pressure vessels
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can be constructed today. Therefore, it cannot yet be foreseen today j
whether this reactor type will still have a genuine economic advantage j
over the water reactor in the future. i

The picture would not be complete if we disregarded the future develop- j
ment of fast breeders, where development is primarily concentrated on |
the sodium technology. First experience can be gained with the 18 MW !
KNK reactor (Fig. 18), to go into operation in 1970; this is pri-
marily a thermal reactor, but will receive as second core a so-called
fast core, thus permitting first irradiation experience with fast-
breeder type fuel assemblies. The next development step will be the
construction of a 300 MW fast-breeder prototype (SNR) , for which the
decision to build is expected in 1970. In all probability it will be
possible to start constructing a 600 to 1000 MW demonstration plant in
1975. Further development stages are the study of a fuel assembly test
bed and the development of carbide fuel assemblies. A scale model of
the 300 MW prototypeplant is depicted in Fig. 19.

May I summarize my previous statements in saying that after 10 years
of development we can recognize today a multitude of reactor types,
but that only few types have survived this selection process. In this
process, the light-water reactors have taken an outstanding lead in
comparison with all other types. The future of the natural-uranium-
fuelled heavy-water reactors depends most strongly on whether efforts
will be successful to produce enriched material economically even for
small capacities. Accordingly, the heavy-water reactor type will
be an alternative to the light-water reactor primarily in developing
countries.

This leads me to the problem of how the selection process between con-
ventional and nuclear power station will develop in the future. Here,
too, the interrelated lines of development can be foreseen much
more clearly than it was still possible not so many years ago.

It would be an illusion to assume that nuclear power stations would
wholly displace fossil-fired stations in the future. In contrary,
there will evolve compounding concept between fossilfired and nuclear
power stations together with pumped-storage, hydro stations. This
results simply from the differing cost structure of these power
station types. Whereas nuclear power stations have high plant costs,
but low fuel costs, it is exactly the other way around with fossil-
fired power stations, from which fact result differing generating costs
as a function of the mode of operation - that is, of the time of
utilization - for the individual power station types.

Fig. 20 shows that from an utilization of 5000 hours upwards nuclear
energy has virtually the lowest generating costs with unit ratings of
600 MW and above. Below 5000 hours of utilization, howeverrthe use of
natural-gas- or oil-fired power stations is more economical. In this
context, the great importance of hydro power must be taken into con-
sideration, too. It is only in interconnection with the developed
hydro resources and those still worthy of development that nuclear
energy has a chance of being used at . its economic optimum. In this
set-up, the combination with pumped-storage hydro plants particularly well
suited to--peaking plays a special part. Whereas the nuclear power
stations will take over the base load in the future (Fig. 21) , that is,
depending on the unit size, and level of fuel costs, the pumped-storage
plants can be used especially for peaking in cyclic day/night operation.
The. medium-load range will continue to be held by the fossii-fired
or hydro power stations. Of course, the existing hydro resources
cannot be ousted^f-rbm the base load.
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Another interesting application of nuclear energy results with the
chemical industry. The high process steam consumption makes the use
of nuclear power stations particularly ..ttractive, for the low fuel
costs permit a low process-steam price. For process steam gene-
ration (Fig.22) part of the steam generated in the steam generators
of the reactor plant-is expanded in, a, backpressure turbo-generator
unit to the required process steam conditions and passed from there to
the loads in the works area. Another portion of the generated steam
is used for straight power generation in a condensing turbo-generator
unit. This combination of process steam and power generation enables
a cost breakdown to be obtained which is to the benefit of both pro-
ducts. You may recognize this from the cost comparison of Fig. 23,
where power and steam costs for a nuclear or oilfired power station
are depicted as a combined product.
If, for instance, the power generating cost is assumed to be 2 Pfg/kWh,
this results in a steam cost with the nuclear power station of approx.
2.70 DM/te, whereas this cost is approximately 7DM/te in the case of an
oil-fired station.

Today, the large chemical companies have drawn the conclusions from
this finding. As already mentioned, BASF intend to construct a
nuclear power station for power and process steam generation. Similar
plans are in hand for a decision at Farbwerke Hoechst, and at Huls and
Leverkusen, too, the chemical indust-y is studying intensely the
economic advantages of nuclear process steam generation.

Another possibility for the application of nuclear energy lies in
the field of potable water production from sea or brackish water.
However, to obtain the benefit of the cheap nuclear energy, large dual-
purpose plants must be installed in each case, where beside the heat
for potable-water production appreciable amounts of electric power
will be generated. In Fig. 24 are shown schematically the two dis-
tillation processes eligible today for large-scale potable-water
production, by means of low-temperature heat. These are the so-called
multi-stage evaporation (top) or the multi-stage flash distillation
process (bottom). As may be seen in Fig. 22, the mode of operation
of a large dual-purpose plant is in principle the same as above in
the ease of the process steam generation plant. Part of the steam
generated in the reactor is passed into the sea water desalination
plant after having been expanded to the required working pressure in
backpressure steam turbo-generator units; " The other partial flow is
used for power generation in condensing turbo-generator units. By
this combination, interesting costs for both products - potable water
and electric power - may be obtained. In Fig. 25 are represented the
limiting potable water and electric power costs for 3 different nu-
clear power station sizes with a constant size of the potable-water
production plant. If 2 Pfg/kWh is used again as the power 3ost figure,
there will result potable-water costs between 0.50 - 0.75 DM/m .

The use of nuclear energy for ship propulsion purposes, too, has
not yet achieved its breakthrough. It is true that there exist
demonstration ships having proven their ability to function, yet so
far efforts have been unsuccessful to achieve substantial economic
advantages over conventional types of ship propulsion. In the Federal
Republic of Germany, the reactor of the "Otto Hahn" became critical for
the first time in August, 1968. This is an experimental ship of 11,000
SHP, which to date has covered a distance of approx. 50,000 nautical
miles without incidents. _.The reactor shown in Fig. 26, an advanced
pressurized-water reactor (FDR) of Babock/Interatom, has been operating
for an overall period of 70ti0 hours. -
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This leads me to the close of my talk. It was intended to give
you a picture of the variegated nuclear activities of the asso-
ciation of companies working with KWU. It was just during the
past year that in the Federal Republic of Germany nuclear energy
was adopted by a great number of electric utilities. You may re-
cognize from the last slide how the nuclear power stations under
construction or in operation are distributed over the Federal Re-
public of Germany. The plants in operation are coloured red and
those presently under construction green. This shows that there
is no marked preference for certain regions r but the power stations
are distributed over the various energy supply areas from the north
to the south of Germany. The right-hand presentation gives an idea
of the nuclear power stations being planned, which are centred
especially on the Rhine with the power-intensive chemical industry.

Accordingly it may be stated that nuclear energy has reached the
commercial phase in the Federal Republic of Germany, and that con-
struction and operating experience is accumulating on a broad
basis.
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List of Illustration

Co-operation of reactor design groups with Kraftwerk Union

KWU's reactor types

Mode of operation of the Wiirgassen nuclear power station

Nuclear steam supply system with containment structure

670 MW Wiirgassen nuclear power station Stage of construction
in July, 1969.

Conceptual perspective view of the Brunsbuttelkoog plant

Availabilities of the Lingen and Cbrigheim nuclear power stations

Construction site of the Stade nuclear power station

Mode of operation of the Biblis nuclear power station

Siemens pressurized-water reactor for a 660 MW nuclear power

station.

1200 MW Biblis nuclear power station

1200 MW steam turbine for Biblis nuclear power station

Fuel cycle of H-O reactors and DJD reactors

Comparison of fuel replacement, costs of PWR (H_O)

Fuel costs for H_O and D?0 reactors as a function of reprocess-

ing costs and distance from the reproscessing plant

Costs and foreign-currency requirements for 5x600 MW nuclear
power stations with domestic uranium, D-O, and zirconium pro-
duction in million DM

340 MW Atucha nuclear power station

Structure and time schedule of fast breeder development in the
Federal Republic of Germany

300 MW SkA fast breeder, scale model

Average generating costs as a function of load factor (without
reserve, during the seventies)

Permanent weekly load characteristic and load distribution,
in 1989.

Arrangement of a nuclear power station installation for total
enery

Steam and power costs for a nuclear and an oil-fired power station

Processes for scawater desalination using low-grade heat

Power and potable water costs for light-water nuclear power
stations

Advanced pressurized water reactor for nuclear energy research
ship

Nuclear power stations in the Federal Republic of Germany
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KRT Fuel
assemblies

AEG

BWR

Purchaser

KWU

F?st
breeder

NTERATOM
DEMAG
Babcock

SIEMENS

PWR

NUKEM

RBG Fuel
assemblies

Krmttmrk Union

Cooperation of reactor groups
with Kraftwerk Union AG
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Kraftwerk Union

Light water Heavy water

Characteristic
Moderator, coolant fuel

Power stations
in operation
Gross output

Designation

Commissioning year

Power stations
under construction
Gross output
Designation
Commission:^] vear

boiling H2O

2.5/ U235

16 MW

Kahl

1961

250 MW

Gundremmmgen

1966

250 MW.
Lingen

1968

670 MW
Wurgassen

1972

810 MW

Brunsbuttel

1975

900 MW
Eichau

1975

^ ^

r~ —«
H 2 0 steam 1
3 A U235

I
25 MW j
nuclear superheat

[reactor 1969

2x480MW+
2x1000 t/h
BASF
1975

^ \

pressurized H2O
3> U235

300 MW

Obrigheim

1968

660 MW
Stade
1972

450 MW

Borssele

1973

1200 MW
Biblis

1974

Pressurized D2O

Unat

57MW
MZFR
1966

340 MW
Atucha
1972

I D2O/COZ

! 1.15- U235

fiOOMW ~
Niederaichbach

Reactor types offered by Kraftwerk Union
UlS



Kraftwerk Union

2

-HHBI

1 Reactor
2 External recirculation pump
3 High-pressure turbine cylinder
4 Intermediate-pressure turbine cylinder

5 Low-pressure
turbine element

6 Generator
7 Condensers

8 Weser river water
9 Condensate pump
10 Feed-heating plant
11 Feedwater pump

Wiirgassen Nuclear Power Station
Mode of operation
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Conceptual perspectiTe view of the Brunetiittelkoog plant



Kraftwerk Union
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H20 reactor

(enriched
uranium)

D2O reactor

(natural
uranium)

Natural
uranium

Kraftwerk Union
F

Conversion
U3°8

Fuel assembly
Enrichment • • fabrication

UR, UF,
I V

( \ UO,

depleted U Reprocessing 4 - Transport

Plutonium
Isotopes

Waste

x
Reactor

burnt-up
assemblies

natural " 4 fuel fabrication
uranium

reactor

ua

storage in fuel
storage pool waste

Fuel cycles of H20 and D20 reactors
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Kraftwerk Union
F

Rate of interest: 8/o p.a. Operating period: 7000 rva

Dpf/kWh
Q g

Fuel costs

0.7

0.6

320 MW reactor without reprocessing

million DM
r6

-5

5000-10000 500-1000
km distance

short
^ 5 0 0 - 1 0 0 0

short long
US$/kgU20 20 60 WA- costs

low low high
320 MW D2O reactor without

4

-3

-2

Difference in fuel costs.

Time: 25years

(according

to the present

worth method)

reprocessing
0

10 20 50 40 50 60 70 80 90 100 US$/kgU
•Costs of transport and reprocessing

Fuel costs for H2O and D2O reactors as a function of reprocessing costs
and distance from the reprocessing plant (RP)
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Kraftwerk Union
F

Argentina

Plant costs and owner s additional expenditure
interest and taxes during construction (16%)

D2O inventory (0.7 te/MW,200 DM/kg)

Fuel inventory (7 $/lb of U3O8)

Investment costs

Operating costs over 20 years (present worth)

(Fuel,personnel, maintenance, D2O losses etc.)

Overall cost over 20 years

of which foreign currency for: plant,

uranium enrichment incl. conversion (USAEC price 26$/kg)

Total foreign-currency requirements for above items

Proportion of overall costs

H2O-reactor

1.625'
260'

390'

2.275'
1.555'

3.830'

900'
610'

1.510'
40%

D2O- reactor

1850'
295'

460'

110'

2.715'
1.465'

4.180'

1.025'

1.025'
25%

Costs and foreign-currency requirements
for 5x600 MW nuclear power stations
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Kraftwerk Union

Base program

KNK II20 MW

Prototype reactor
300MW

Demonstration plant
600/1000 MW

Fuel assembly
test bed study

Carbide fuel
assemblies

Initial phase
Preliminary investigations

O

Basic
investigations

first core

Advanced

projecting work construction

I-—O

1960

studies

operation

development construction

O

second core

T
operation

F

O

development

O

construction

operation

f
objective

development construction operation

O
development

• O
irradiation

1965 1970 1975 1980

Structural and time schedule of fast-breeder

devefopment in the Federal Republic of Germany
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Kraftwerk Union

Pf/KWh
ao

generating cost 4000 h/a 6500 h/a

domestic bituminous coal
imported bituminous coal
fuel oil
natural gas

nuclear power

2000 4000 6000 8000 h/a
• load factor

Average generating costs as a function of the load factor
(without reservejn the seventies)
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Kraftwerk Union

MW
7000H
6500

• 60001 pumped storage
hydro power station

pumped storage
hydro power station

system load

1. nuclear power station(300MW)

2. nuclear power station (600MW)

3. nuclear power station (600MW)

. nuclear power station (600MW)

5. nuclear power station (1200MW)

12 2*f 36 US 60 72 84 96 108 120 132 144 156 168 h
t -

continuous weekly load characteristic and load distribution in 1989
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Kraftwerk Union
Condensing turbo-generator unit Backpressure turbo-generator unit

Sea-water evaporation plant
(process steam user)

Q

L-fi

Arrangement of a nuclear power station installation
for a total-energy scheme
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Kraftwerk Union

Steam costs
12,00
DM/t

10,00^

\ lo i l power station -

2.00

-nuclear
power station^

i i t i i

0 1 2 3

Costing basis:

8% interest during construction
12.5% annuity
2% repairs and maintenance
1.5% taxes
8DM/Gcal fuel-oil price
6.55 /lbU3O8 price
8000 operating hours p. a.
225kWh/te system steam

4 5 6 Pf/kWh
generating cost

Power and steam costs for a nuclear and

an oil-fired power station ui S
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KranwerK union
Multiple-effect distillation

Sea-water inlet

feed heater

Multi-stage flash evaporation

heat exchanger

evaporator

condenser

1 brine
fresh water

condensers

flash chambers

sea-water inlet

I fresh water

brine

Sea-water desalination process using low-grade heat



Kraftwerk Union
^

DM/m3

1.50

1.00

0.50

•** III
variaiii m

Variai

V vlvariar

\ \

\

It II

It 1

V
920 920

Main data of the variants

Thermal reactor output MWth 1.370 2.000 2.690
Overall steam flow te h 2.610 3.810 5.130
Net overall output MWel 310 510 740
Fresh-water flow m'5 d 250.000 250000 250000
Heating-steam atm abs 3 3 3
pressure
Heating-steam flow te h 920

Costing basis
8 •' p a interest during construction

10.2 ' p a annuity
1.5' p.a. repairs and maintenance

7500 ha fresh-water and backpressure generated
power production

6000h/a condensing turbo-generator
power generation

1.0 2.0 3.0 4.0 5.0 Dpf/KWh

Power and fresh-water costs for light-water nuclear power stations
o
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KraHwerk Union

Under construction or in operation: In the planning stage:

OttoHahn
i l

*

In operatin
Under construction
Planned
Construction orders

Electrical output in MW

Salzgitter
Veltheimftk300 A1300

600*1 M600
arl-Hiils Schmehausen

600^1 Leverkusen
•1300
Weisweiler

•1900
Frankfurt-Hochst

1200A4Ludwigshafen
600*iBruchsal

Alomforum

Nuclear power station in the Federal Republic of Germany CO
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