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Abstract

A small heat and power cogeneration plant with a pebble bed high temperature reactor
(HTR) is discussed. Cogeneration could be a new market for nuclear power and the HTR
could be very suitable. The 40 MWth INCOGEN system is presented. Philosophy, layout,
characteristics and performance are described. The lower power level, advanced
component technologies and inherent safety features are used to obtain a maximally
simplified system. Static and dynamic cycle analyses of the energy conversion system are
discussed, as well as the behaviour of the reactor cavity cooling system. Although the cost
study has not been finished yet, cost reduction trends are indicated.

1. Introduction

In Western Europe and the United States, the traditional market for nuclear power plants,
large scale base load power generation, is stagnating and sometimes even shrinking. A
healthy nuclear power industry has three branches of activities: plant construction,
maintenance and decommissioning. If the size of the first activity is shrinking, other
markets have to be found.

The market for autoproducers is growing fastly. In this branch a lot of power is generated
in combination with heat: cogeneration. This market is fully served with fossil fuels now,
mainly natural gas. It is expected that the natural gas price will not remain as stable and
low as it is now. In principle, there should be a place for nuclear power on this market. In
that case, three requirements should be fulfilled:
1. repair of social support
2. economic performance
3. acceptable prototype investment
The High Temperature Reactor can, if properly designed, serve as the nuclear heat source
for such a cogeneration plant.

From the beginning of 1996, a consortium of five companies and institutions are working
together on a cogeneration system with a pebble bed HTR of the peu-a-peu concept as a
heat source. The name of the system is INCOGEN: Inherently safe Nuclear cogeneration.
Sponsor is the Dutch Ministry of Economic Affairs, both through direct funding of ECN as
their "house institute" and through the Programme to Intensify Nuclear Knowledge (PINK).
The five companies/institutions are listed in Table 1.

For a product like a cogeneration plant, it is necessary to get an idea of the requirements
of potential customers and the possibilities of the component manufacturing industry.
Therefore in July 1996, an introduction day was organised on which the philosophy of the
nuclear cogeneration was presented. The response was quite positive. About ninety people
attended the meeting, and apart from a massive, for a nuclear project relatively positive
press and media coverage, about ten companies were interested to become more involved
in the project. The newsletter INCOGEN Bulletin [1] gives a description of the event and
it's follow-up.
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Table 1. Companies and institutions participating in the INCOGEN project.

company/institution

Netherlands Energy Research Foundation
(ECN), Petten

Stork NUCON, Amsterdam

KEMA, Arnhem

Interfaculty Reactor Institute (IRI), Delft

ROMAWA, Voorschoten

task

project coordination, reactor dynamics,
shielding

plant layout, energy conversion

cycle optimisation, licensing

reactor statics, burnup calculations

market analysis, analysis of Dutch industry
potential

In this paper, philosophy, layout, characteristics and performance of the INCOGEN plant is
described. A description of the reactor physical behaviour van be found in the paper of
J.C. Kuijper [2], and an analysis of the potential markets and the management system in
the paper of G.A.K. Crommelin [3].

2. Philosophy

Unlike for traditional nuclear power systems, the economy-of-scale philosophy cannot be
applied at cogeneration. Heat requirements of the local industry will determine the power
level, which in most cases will be no more than several tens of megawatts. Economic
performance therefore must be obtained by simplicity. Three forms of simplification can be
identified:
1. power level: In comparison with older, larger pebble bed reactor designs, the low power
level only gives opportunities for simplification. An example is the defuelling machinery,
which can be omitted. From a certain power level on, the vessel size could become
unacceptably large. For a cogeneration plant, the peu-a-peu concept can be used instead of
the recirculation (MEDUL) concept of the HTR Module [4].
2. new or advanced technologies: because of advances in fuel development (TRISO coated
particles vs. BISO in THTR), and in gas turbine technology, application of the direct
Brayton cycle comes within the realm of possibility.
3. inherent safety features: C. Goetzmann [5] gives a number of design guidelines for
small reactors, amongst them: Use inherent safety features - that become more prominent
with smaller plant sizes - for lowering capital cost. Major cost drivers are nuclear grade
components, i.e. components with a nuclear safety function, Using inherent safety features,
their number could be minimized. An example is the core behaviour at core heatup
accidents combined with stuck control rods. As is shown in the paper of J.C. Kuijper [2],
the fuel never reaches temperatures where the coated particles are damaged, even not after
reaching recriticality.
These features are used to attain a maximum of transparency. It should be possible to
explain to anybody, laypeople included, why e.g. an emergency core cooling system is not
needed. The core damage grace period is to be infinite, not some days or even a week. To
exclude any discussion about large radioactivity releases, the fission products are contained
at their source by the fuel grain coatings, but also protected against attacks from outside by
a silicon carbide coating around the fuel element.

20



It is expected, that with the use of these simplification opportunities, the disadvantage of
the lack of economy-of-scale can be more than compensated.

3. Layout and characteristics

Although the parameters of the INCOGEN plant are not fixed yet, a first study has been
performed to get an idea of main parameters and costs. By means of a market survey, a
final power level, to be expected between 20 and 200 MWth, will be determined. In the
base study the power level has been set to 40 MWth. Main parameters are listed in Table
2.

Table 2. Main parameters of INCOGEN nuclear cogeneration plant.

Core thermal power (MWth)

Core outlet temperature (°C)

Core inlet temperature (°C)

Helium pressure (bar)

Net electric power generation (MWe)

Net heat cogeneration (MWth)

Net electric generation efficiency (%)

Net heat generation efficiency (%)

Net plant thermal efficiency (%)

40

800

494

23

16.5

18.0

41.2

44.9

86.1

A drawing of the INCOGEN cycle design is shown in Figure 1. The heat source of the
plant is a 40 MWth helium cooled graphite moderated pebble bed HTR, called HR1. The
reactor is directly coupled to a helium turbine. After leaving the turbine the still 522°t hot
helium enters a recuperator and a precooler consecutively. In the precooler a water circuit
for process heat applications is heated. After the precooler the helium enters a compressor
that is mounted on the same shaft as the turbine and the generator. Via the recuperator the
helium enters the reactor core again. The INCOGEN 40 MWth base plant overall
arrangement is shown is Figure 2. Plant building layout is shown in Fig. 3.

The HR1-reactor has some novel safety features compared to other reactor concepts,
mostly due to it's limited size. For example, after a total loss of coolant the fuel remains
fully intact, even if the reactor shutdown system fails and the reactor goes critical again
after a number of hours. More about this is explained in the paper of Kuijper et al. [2].
The reactor is fuelled with the German type spherical fuel elements (pebbles), following
the so-called Peu-a-peu fuelling concept [6]. Through continuously fuelling, the reactor
contains just a small amount of overreactivity. Only once every ten years the reactor is
defuelled completely. In the primary cell, a passive air-cooled afterheat removal system is
located.

21



HTR
reactor
40 MWth

axial-
flow
turbine

-+, 800 "C
2.32MPa centr i fugal
25.0 kg/s

compressor

recuperator

generator
16.5 MWe

heat
exchanger

closed water
circulating loop

heat generation
circuit
18.2 MWth

cooling water
circulation

Fig.l INCOGEN 40 MWth cycle design.
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Fig. 2. INCOGEN 40 MWth base plant overall arrangement.

4. Performance

The performance of three (groups of) components is researched in detail. The behaviour of
the reactor is being analysed by ECN with the code PANTHER-THERMIX [2]. The
energy conversion system performance is modelled by KEMA for cycle optimisation with
their code SPENCE [7]. The reactor cavity cooling system is researched by ECN with the
code FLOW3D [8].
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Fig. 4. Efficiency at part load.

For the energy conversion system, both static and dynamic analyses have been performed.
For example, the net efficiency appears to be fairly insensitive to the gas compressor inlet
temperature. For part load operation, three methods of control have been analysed: 1. full
sliding pressure control, 2. reactor bypass control and 3. compressor inlet guide vane
control (IGV control). Fig. 4. shows the efficiency for part load operation for the three
modes of control. The most favourable type of operation is the full sliding pressure
control. The net efficiency increases slightly and the thermal transients are moderate at part
load. A good alternative is the option Inlet Guide Vane control, allowing fixed operational
pressure at the compressor suction side. However, the life time of the cycle will be
decreased due to the high thermal transients at part load. Therefore it is necessary to level
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off the primary inlet temperature of the recuperator. Very dramatic is the loss in net
efficiency of die bypass control mode at part load. Although the buffering of helium is
very low at part load, the influence on the reactor is enormous.

Dynamic plant performance has been analysed as well. The effects of varying the heat
cogeneration and the load following behaviour will be treated here. Fig. 5 shows the heat
cogeneration response by decreasing the inlet temperature of the compressor. It can be seen
that the heat cogeneration decreases when the inlet temperature of the compressor
decreases. The response of the reactor is very smooth. The load following behaviour is
presented in Fig. 6. Again it can be seen that the response of the reactor is very smooth.
The load demand ramps are from 100-45-100% in five minutes.

The performance of a first design of reactor cavity cooling system (RCCS) has been
analysed. For this, the RCCS of the American modular high temperature reactor design, the
MHTGR [9], has been transferred and adapted to the INCOGEN system.
Cold air from the environment flows through two cold ducts to the downcomer, which is
situated against the cavity wall. At the bottom of the cavity, the air is distributed among
rectangular tubes. The air in the tubes is heated mainly by radiation from the vessel and
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Fig. 5. Heat cogeneration response by decreasing the inlet temperature of the compressor.
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Table 3. Sensitivity analyses on the reactor cavity cooling system.

• Influence of the properties of the inlet/outlet structure.

situation

chimney 30 m high
(reference calculation)

inlet duct temperature -
350 K

without chimney

no friction losses in ducts
(K - 0) :

blockage of one inlet duct
and one outlet duct \

reactor

min —

6 2 3 -

6 5 1 -

6 4 6 -

621 -

6 2 8 -

wall

max

634

657

653

631

637

temperature (K)

cavity

1 m - 11 m

376-

439-

421-

373-

387-

-419

-473

-465

-414

-428

outlet duct

375

437

428

370

387

i total fnag*r

[flow through
ducts (kg/s)

13.3

11.3

7.8

14.2

11.5 |

heat

; convection
!(kW) (%)

208

151

158

213

196

20.8

15.1

15.8

21.3

19.6

transfer

• radiation

(kW) (%)

792

849

842

787

804

79.2

84.9

84.2

78.7

80.4

Influence of the amount of heat release from the reactor vessel wall.

heat release

0.5 MW

1 MW (ref. calc.)

2 M W

reactor

min —

5 1 9 -

6 2 3 -

7 5 6 -

wall

max

531

634

763

temperature (K)

cavity

1 m - l l m

346 - 374

376 - 419

434 _ 487

outlet duct

345

375

427

total mass
flow through
ducts (kg/s)

11.0

13.3

15.7

heat transfer

convection

(kW) (%)

147

208

251

29.4

20.8

12.6

radiation

(kW) (%)

353

792

1749

70.6

79.2

87.4

flows through these tubes and afterwards through two hot ducts back to the environment.
First a reference calculation has been performed. The reactor vessel temperatures range
from 350 to 361 °C; the cavity wall temperature from 103 to 146 °C, and the gas
temperature in the outlet duct is heat to 102 °C. A number of sensitivity analyses have
been performed to compare different circumstances with the reference case:
- elevated inlet duct gas temperature (by 50K),
- absence of a chimney,
- no friction losses in the ducts,
- blockage of one inlet and one outlet duct,
- change of the amount of heat release from the reactor vessel.
Table 3 gives the results for these cases.

5. Costs

The results of the life cycle cost analysis are not available yet. Therefore here only a small
chapter where the trend of cost reduction is indicated, if certain measures are applied. If
the INCOGEN installation is treated like a normal electricity generating nuclear plant
according to the US Cost Estimate Guidelines for Advanced Nuclear Power Technologies,
the investment costs would amount to 7600 $/kWe ('92). Of course this is far too high.
With cogeneration some improvement can be obtained. But most is to be expected of the
Goetzmann-suggestion [5], to use inherent safety features to reduce capital cost A first
attempt, conventional classification of some components, gave a cost reduction of 800
$/kWe. A higher reduction, including that due to automatisation, is expected to be possible.
Table 4 gives some cost figures for the INCOGEN installation.
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Table 4. Investment costs of a 40 MWth INCOGEN plant.

Electricity only, prototype

Cogeneration, prototype

Cogeneration with some com-
ponents conventionally classi-
fied, prototype

Cogeneration with some com-
ponents conventionally classi-
fied, small series production

absolute invest-
ment costs

125

125

110

80

investment costs
per kWe ('92 US$)

7600

6000

5200

3700

6. Conclusion

A heat and power cogeneration system with an HTR as a heat source would be very
suitable for the cogeneration market. The for this market required power level gives the
opportunity to use inherent safety features to reduce cost, to outweigh the economy-of-
scale disadvantage. Advantages and disadvantages of different control methods are
indicated. Reactor response with load following appears to be very smooth. Costs are still
too high but there is still room for further reduction.
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