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ABSTRACT

The preliminary concept of the carbon dioxide cooled fast reactor EGCR has been studied as a Generation IV
system. EGCR with MOX fuel has a very good core performance, a breeding ratio over 1.2, a long operating
cycle of 24 months, and a high burnup of 150GWd/t. The plant system is based on the successful AGR
experience but provides 3600 MWth. Enhanced passive safety features are provided and a debris tray included.
Preliminary costing studies show that EGCR can be competitive to LWRs and can be constructed on a similar
schedule. This EGCR concept also shows development potential.

1. INTRODUCTION

Gas cooled fast reactors (GCFRs) have a number of advantages compared to liquid metal cooled fast reactors
(LMFRs): (1) a harder neutron spectrum giving increased flexibility with regard to breeding and minor actinide
transmutation; (2) absence of a coolant phase change, giving more flexibility in core geometrical design; (3) no
coolant chemical reactivity with air or water; (4) a transparent, non-activated coolant providing considerable
advantages for in-service inspection and repair of the plant; (5) significant potential for further innovation such
as higher operating temperatures, higher pressure, advanced fuels, direct cycle power generation.

The Enhanced Gas Cooled Reactor (EGCR)[1'2) uses the developed technologies of the LMFR and the UK's
Advanced Gas Cooled Reactor (AGR)[3'41 to provide a single reactor with a thermal power of about 3600MW
with all the primary circuit components contained within a single pre-stressed concrete reactor vessel (PCRV).
The fuel subassembly consists of a cluster of metal clad fuel pins that are supported by grid spacers within a
wrapper tube. Eight gas circulators, installed in the PCRV, circulate the primary coolant, CO2. 12 boilers, which
are placed around the core, remove the power. Such a concept has the potential to be commercially competitive
while meeting Generation IV goals. The schematic view for a twin reactor station is shown in Figure 1. This
paper discusses initial conceptual design studies which demonstrate the potential for EGCR.

2. CORE PERFORMANCE

Targets for core performance for the "Feasibility Study for FBR and Related Fuel Cycle", with MOX fuel, were
set to be: a mean core fuel discharge irradiation of 150GWd/t, a cycle length of 24 months and a breeding ratio
of at least 1.2. High burn-up, high damage dose Nimonic PE16, developed in the UK for LMFR's, has been
adopted as the reference cladding material. For this material the maximum allowable temperature in normal
operation, the hot-spot temperature, was settled at 730°C. A parametric survey was initially performed to
optimise the core design for these targets. More detailed analysis was then performed on the optimised core.

(1) Parametric core survey calculations

As a consequence of the reduced heat transfer for gas coolant (compared with sodium coolant) clad temperature
is closely coupled to fuel linear rating, pin diameter and pin pitch. Additionally, all of these parameters affect the
overall core physics performance. It is therefore necessary to survey in detail a range of fuel element designs
and the impact that they have on overall core design and core performance. Following existing AGR technology,
the clad surface is roughened to enhance heat transfer from the clad into the coolant. A thermal-hydraulics
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survey to assess the effects of fuel pin design and linear rating on clad temperature has been performed using the
GATHER code.

GATHER, together with 2-D nuclear calculations, was used to optimise the overall fuel and core design. Pin
diameter and pin pitch were optimised to satisfy temperature constraints. The results are shown in Figure 2. Pin
pitch and pin diameter were conservatively settled at 10.36mm and 7.29mm respectively. A core height of 1.2m
was selected.

Figure 1 Schematic view ofEGCR
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Figure 2 The dependence of peak clad temperature, "C,
on P/D and mean linear rating

(2) Detailed nuclear calculations

The major parameters of the optimised core are shown in Table 1. The fuel subassembly and core layout are
shown in Figure 3. The core height is 1.2m and the diameter is 6m. To achieve a high breeding ratio upper and
lower axial blankets are provided together with 2 rows of radial blanket subassemblies.

3-D calculations were performed to determine the core power profile and the major safety parameters.
Calculations for the basic model were performed with 33 neutron energy groups with resonance self-shielded
microscopic cross-sections derived from a pin-cell model. Flux calculations were carried out using finite
difference diffusion theory for a 3-D 120° sector TRI-Z model in which the 5-batch fuel management scheme
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Figure 3 Fuel subassembly and core layout of EGCR

was represented. The absorber rods were modelled with a reduced 10B content to allow for heterogeneity effects,
transport and mesh corrections.

2-D nuclear calculations were also performed to estimate the effects of changing blanket dimensions on breeding
ratio and doubling time. The results of these calculations are listed in Table 2.

Table 1 Core specifications

Items Units
Basic items

Equivalent core diameter
Core height
Thermal Power
Coolant
Coolant Pressure
Core inlet temp.
Core outlet temp.

m
m

MW

bar
°C
°C

Number of SAs
Inner core
Outer core
CSD (Control and Shut Down)
DSD (Diverse Shut Down)
Radial breeder

Value

6
1.2

3600
CO2

42
266
530

388
228
24
9

198

Vibro-compacted fuel with a low smear density of 82% TD has been used in these studies. Nevertheless, EGCR
has a high breeding performance with a long operational cycle length. The core achieves a burn-up of
150GWd/t, a cycle length of 24 months, and a high breeding ratio of 1.2 with mixed oxide (MOX) fuel. The
reactivity loss with burn-up over a cycle is 2.7%Ak/k, which can be accommodated easily by the control rods. If
flexibility in breeding performance is required the breeding ratio can be reduced to 1.03 by eliminating the radial
blankets. The good breeding characteristics ensure that the total average burnup including core and blanket
regions is very large-for example lOOMWd/t for the low breeding core with a breeding ratio of 1.03. This means
that EGCR has the potential to reduce fuel cycle costs because the quantity of recycled fuel per unit power
generation is small. The long operational cycle of 24 months can provide a high load factor of over 90% and
reduce operational costs.
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Table 2 Core breeding characteristics and kinetic data

Core configurations

Plutonium enrichment (wt%) IC/OC
Burnup reactivity (%Ak/k)
Breeding ratio
Reactor doubling time (year)
Burnup (GWd/t) Core only

Core and Breeder
Doppler coefficient (TAk/At)
Coolant void reactivity (%Ak/k)
Effective delayed neutron fraction (%)
Prompt neutron life time (s)

Oxide fuel
Reference core

19.8/28.0
2.7
1.20
51
155
66

5.0xl0"3

0.42
0.355

5.08x10-7

Core without
radial breeder

19.9/29.3
3.0
1.03

-
160
102
-
-
-
-

Nitride fuel
Same as oxide
reference core

13.3/21.0
0.7
1.38
24
159
69
-
-
-
-

Potentially nitride fuel is suitable for EGCR. When nitride fuel is used in EGCR, by simply replacing MOX fuel
by nitride fuel, the breeding characteristics are enhanced and the quantity of recycled material is further reduced.
The calculation results for the nitride fuel core are also shown in Table 2. Separate optimisation of the core for
nitride fuel was not necessary for these initial studies.

3. PLANT SYSTEM

The primary cooling system of EGCR has eight gas circulators and 12 boilers which are of the same type as on
the AGR but have a larger capacity to provide the larger power output. All primary circuit components are
installed inside the PCRV. The boilers are located in the annular space between the PCRV and the cylindrical
gas flow baffle around the core. Each gas circulator and associated motor drive (including a dedicated water
cooling circuit for the motor) is a totally enclosed unit located in a doubly sealed vessel penetration. Steam from
the boilers is supplied directly to the turbine. Figure 4 shows the cooling system of EGCR which is based on the
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Figure 4 System diagram of EGCR
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AGRf4J concept.

With regard to decay heat removal (DHR), in order to maintain and enhance the high level of reliability achieved
on the AGR, two independent and diverse types of decay heat removal system are proposed. The first system for
decay heat removal uses dedicated decay heat boilers and forced circulation with a limited number of gas
circulators operating at low speed. These decay heat boilers are fed by an independent feed system-the decay
heat boiler feed system (DHBFS). The DHBFS is automatically started following a reactor trip signal. The
steam/water from the decay heat boilers is passed to the dump condenser, which is initially vented to
atmosphere. Longer term the system is fully recirculatory. The heat from the dump condenser is then
transferred to atmosphere by forced draught cooling towers. The DHBFS system provides DHR long-term
without external power. The second system is put into operation if either depressurisation of the reactors occurs
or if the DHBFS fails. This system utilises the main boilers fed by the emergency boiler feed system (EBFS).
With this system natural circulation through the core is effective when the reactor is pressurised.

Design basis faults are not expected to lead to significant numbers of cladding failures and hypothetical core
disruptive accidents can be managed without PCRV failure (see Section 4 below). Nevertheless a containment
vessel outside the PCRV is provided. A steel-concrete containment vessel (SCCV) is proposed for cost
effectiveness. SCCV is consists of steel plates and concrete between the plates, and can provides a small size
containment vessel and a short construction period. Also there are confinement areas around the SCCV where
an emergency gas treatment system is provided. All the components and structures are readily inspectable and
easily maintained as has been demonstrated on the AGR.

4. ANALYSIS OF FAULTS

EGCR is provided with two highly reliable diverse and independent shutdown systems based on the AGR
concept. Two diverse and independent trip parameters are provided for each fault. In addition passive shutdown
systems are provided for each type of fault in order to provide enhanced safety. Hence failure to shutdown has a
very low frequency.

The performance of the EGCR primary circuit under fault conditions has been investigated by studying three
representative transients using the GASBET code, including a depressurisation transient reported here.

(1) Depressurisation accident

The entire primary cooling system of EGCR is installed inside the PCRV. The PCRV is constructed with
multiply redundant, replaceable, pre-stressed tendons. Hence an 'incredibility of failure' argument can be made
for the PCRV. The number of penetrations in the PCRV is limited, each penetration is doubly contained, and
each penetration has a mechanical support system which limits the potential breach area to a small size. Also the
CO2 coolant properties assures a slow depressurisation in the event of a breach. Hence EGCR does not have a
rapid depressurisation event. Trip parameters are provided to trip the reactor in the case of a loss of pressure,
and a back up coolant supply system is automatically activated to supply the PCRV. A passive device also
automatically shuts down the reactor in the case of loss of pressure.
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Figure 5 Maximum clad temperature in a depressurisation transient.



For the design basis studies an analysis of a representative depressurisation event, without pressure make up, was
performed and the result is shown in Figure 5. The breach occurs at 100s following which the temperature rises.
The reactor is scrammed by the temperature trip parameter before the clad temperature reaches the limiting
criterion. Subsequently the clad temperature decreases, rises, then decreases again long term even although the
reactor is fully depressurised at about 1100s. The fuel and clad temperatures are within their limiting criteria
when limited forced circulation in the primary cooling circuit is retained (using the AGR operational sequence as
a basis).

(2) Debris tray for hypothetical core disruptive accident

Unlike LMFBR, EGCR does not have a potentially rapid, energetic, coolant phase-change driven, reactivity
fault. Hence any potential core disruptive accident in EGCR has a very low probability. Nevertheless, for
hypothetical core disruptive accidents, a debris tray is installed below the core inside the PCRV. The debris tray
(Figure 6) consists of a ceramic crucible, a heavy metal layer, a sacrificial material layer, and an associated
external cooling system on the surface of the PCRV liner. This cooling system is very similar in structure to the
PCRV liner cooler. The debris tray is sized and arranged to manage the whole core at maximum decay power.
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Figure 6 Debris tray for EGCR

In a postulated severe accident, if the fuel melted, the molten fuel would relocate easily to the debris tray because
of the wide gaps between the fuel pins and the elimination of the lower axial breeder from the centre region of
each subassembly. First, the molten fuel is cooled to below its melting temperature by melting and vaporising
the sacrificial material. After fuel solidification, cooling water in the dedicated cooling system, passively cools
the fuel long-term. The heavy metal seals the gaps in the ceramic crucible and the absorber rod sleeves.
Although the geometry of the debris tray is 'safe by shape' absorber material in the debris tray mixes with the
molten fuel to assure no re-criticality. The PCRV integrity is maintained. Preliminary analysis confirms that the
total core inventory of molten fuel on the debris tray can be adequately cooled both short and long-term.

5. COST REDUCTION STUDY

Several cost reduction items have been studied but particular attention has been given to a reduction in the size
of the PCRV (the external dimensions of the PCRV for the AGR are 46m height and 32m diameter). The decay
heat boilers in EGCR have been moved to the ceiling of the PCRV in order to reduce the vessel height, and the
upper structures of the PCRV have been simplified. The boiler size and arrangement have also been optimised.
The diameter of the core and the radial shield have been evaluated and the preliminary internal diameter of the
PCRV settled at 17m. Consequently the outer diameter of the PCRV has been reduced to 25m. The reactor
building size has also reduced. Since EGCR has about twice the power output of the AGR within a much smaller
PCRV the construction cost is much less.

Following a preliminarily study of the construction schedule for AGR and EGCR the construction period of
EGCR was established as about 50 months. EGCR can have a significantly shorter construction period than
AGR because it has much simpler internal structures.

These studies confirm that EGCR has the potential to achieve a cost similar to LWRs.



6. FLEXIBILITY AND DEVELOPMENT POTENTIAL

The core of EGCR can accommodate a wide range of fuel compositions, including minor actinides[5], without an
adverse effect on core performance and safety parameters. The core can therefore be readily matched to the
requirements of the fuel cycle. Nitride fuel can be adopted to give a higher breeding ratio.

The reactor pressure and core outlet temperature initially adopted for EGCR are based on the experienced
conditions in AGR and LMFR. However there is the prospect of using a higher temperature and pressure in the
future to enhance the power output and reduce the PCRV size. Direct cycle can also be considered.

7. CONCLUSION

The preliminary studies presented here confirm that EGCR can achieve a level of safety, performance, and cost
appropriate to Generation IV nuclear power systems. The operational cycle of 24 months, the high breeding
ratio of 1.2, and the high burnup of 150GWd/t can be achieved with MOX fuel. The long operational cycle and
high breeding performance reduce both operational and fuel cycle costs. Safe behaviour in depressurisation
faults is confirmed. For hypothetical core disruptive accidents the debris tray installed inside the PCRV provides
effective cooling for a long period and assures the avoidance of re-criticality. The size of the PCRV can be
reduced compared with the AGR, and the EGCR construction cost is competitive with LWRs. The EGCR
concept offers considerable flexibility with regard to fuel composition, core configuration, and development
potential.

The activities in this study have been performed as a part of the joint research and development projects
"Feasibility Study for FBR and Related Fuel Cycle" under sponsorship of the nine Japanese electric power
companies, Electric Power Development Co., Ltd. and the Japan Atomic Power Company.
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