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Abstract

The development progress of the IRIS (International Reactor Innovative and Secure)
nuclear power system is presented. IRIS is currently being developed by an
international consortium of industry, laboratory, university and utility establishments, led
by Westinghouse. It is aimed at achieving the four major objectives of the Generation
IV nuclear systems, i.e., proliferation resistance, enhanced safety, economic
competiviness and reduced waste. The project first year activities, which are
summarized here, were focused on core neutronics, in-vessel configuration, steam
generator and containment design, safety approach and economic performance.
Details of these studies are provided in parallel papers in these proceedings.

Introduction

IRIS started from the US DOE Nuclear Energy Research Initiative program which in late
1999 selected a proposal by Westinghouse, University of California at Berkeley (UCB),
Masachussets Institute of Technology (MIT) and Polytechnic of Milan (POLIMI) to
develop a low power, proliferation resistant Generation IV reactor (Carelli et al. 2000),
and eventually has grown into a full-fledged international effort. The IRIS concept was
soon shown to have a number of unique features, which made it potentially attractive for
commercial power generation around the world both in developed and developing
markets. This led to the creation of the IRIS consortium, which currently includes
universities (Polytechnic of Milan and the Univ. of Pisa from Italy, UCB, MIT from USA,
Tokyo Inst. of Technology from Japan); commercial companies (Westinghouse and
Bechtel from US, BNFL from UK, MHI from Japan); and utility (JAPC from Japan). CEA
from France interrupted their participation to the IRIS program in October 2000 as the
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country nuclear policy and priorities are being assessed. Ansaldo from Italy joined IRIS
in December 2000 and strong interest has been expressed by Skoda, Czech Republic
and by various organizations in Latin America.

The objective of the IRIS project is to realize a nuclear system, deployable worldwide,
and to spearhead the forthcoming nuclear energy revival. This can be achieved only by
simultaneously satisfying requirements imposed by the major nuclear power
stakeholders including public (waste and safety), regulators (safety), governments
(proliferation resistance) and utility customers (economics). Table I correlates these
top-le\«l requirements with the major IRIS system design features.

Table I. IRIS design features are responsive to key requirements

Design feature

Modular design
Long core life (up to 8 years, single
bum, no shuffling)
Extended fuel burnup
Integral primary circuit
High degree of natural circulation
High pressure containment with
inside-the-vessel heat removal
Optimized maintenance

Req
Proliferation
resistance

3

3

3

Enhanced
Safety

3
3
3

uirement
Economic

competitiveness
3
3

3

3

3

Reduced
waste

3

3
3

IRIS is a modular design with power ranging from 100 to 300 MWe without requiring
major design changes. Overall plant size thus can range from hundreds to thousands
of MWe depending on market requirements. The design shown in this paper
corresponds to a 300 MWt module.

IRIS is a light-water cooled reactor and thus relies on the proven and accepted LWR
technology. At the same time IRIS is a highly innovative design to address a new set of
requirements. Thus, IRIS is a new generation reactor which requires engineering
development but not technology development and can therefore be deployed within the
decade, with a strong and concerted effort.

In this first year, effort was consequently focused in addressing those design features
which deviate most from current LWR designs, i.e.,

- long life, single burn, no shuffling core,
- integral primary circuit and in-vessel layout,
- safety-by-design approach,
- high pressure containment design,
- optimized maintenance, and
- competitive economics.
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Parallel papers in this conference address in detail the work performed in the various
areas. A panoramic overview is offered here.

Core Neutronics*

A long life, straight burn core is selected in the IRIS design as the principal mean to
satisfy the US DOE requirement of high proliferation resistance. It is envisioned that
infrequent (current target is every 8 years) core refueling and minimum amount of spent
fuel (a single load) at the plant site will reduce the chance of nuclear material diversion
by the host country. Since the fuel itself must not pose higher proliferation risk than
state-of-the-art technology, the fuel form choice is limited to low-enriched uranium with
less than 20% of I?35, or very-high burnup reactor Pu with 40-60% of Pu239, which are
classified as representing, respectively, very high and high isotopic barriers to
proliferation resistance ^JERAC 2000). Neutronic design of a nuclear core satisfying
the above requirements without the associated significant decrease in the volumetric
power density, which would have a detrimental economic impact, represents a
significant challenge.

In principle, as shown in Figure 1a, for MOX fuel the required long life/high burnup could
be attained either with a hard spectrum, tight lattice, (pitch-to-diameter ratio of 1.1 or
lower) or with a moderated, open lattice arrangement (pitch-to-diameter ratio of 1.8 or
higher), whereas for UQ2 an open lattice is preferable (Figure 1b). A moderated lattice
is the chosen configuration because it yields negative reactivity coefficients (especially
void) throughout life and requires less fissile content. Preliminary calculations indicate
that either UO2 or MOX fuel with ~ 10% fissile content can be used in IRIS at p/d values
of around 1.8 for MOX fuel and 1.6 for UO2 fuel. IRIS is designed such that both UQ2
and MOX cores can be used interchangeably. While UQ2 remains the reference for
proliferation resistance consideration, use of MOX can be favored by the IRIS
international partners. To promote proliferation resistance for the MOX fuel alternative,
use of reactor-grade Pu from highly burnt PWR fuel (> 45,000 MWd/tU) is envisioned.
A significant advantage of the well thermalized spectrum, from the waste management
viewpoint, is that a large fraction (up to 60%) of the initial Pu load is consumed and the
IRIS discharged fuel will have significantly smaller fissile residual than the fuel
discharged from current LWRs.

The second most important issue related to IRIS neutronics is reactivity control. For the
sake of operation and maintenance (O&M), and capital costs reduction, it is desirable to
eliminate or at least substantially reduce soluble boron systems. In that case, the
lifetime reactivity control is managed primarily through integral fuel burnable absorbers
(IFBA) consisting of a thin coating of ZrB2 on the pellet or erbium dispersed in the pellet.
Preliminary calculations indicate that for MOX fuel the reactivity swing can be reduced
from 25% to a manageable 7%. For UO2 fuel, the initial excess reactivity is larger
(-50%), and Erbium may be employed to reduce it to 14%.

* See also the paper "Neutronic Evaluation of Different IRIS Core Configurations" by B. Petrovic et al. in
this conference
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Figure 1. Very tight or very open lattices yield higher discharge burnup (discharge
burnup based on end-of-life K f̂ = 1.075): a - MDX fuel, b - UQ2 fuel

System Configuration and Performance*

An integral vessel is the most logical configuration to satisfy the requirements of
enhanced safety, capital cost reduction and proliferation resistance. It houses reactor
core and support structures, core barrel, upper internals, control rod guides and
drivelines, steam generators, pressurizer, heaters, internal spray located in upper head,
and canned motor reactor coolant pumps (see Figure 2). Such an arrangement
eliminates separate steam generators and pressurizer, connecting pipes, and supports.
The vessel size (-18 m height and 4.4 mm outside diameter) is well within the state-of-
the-art fabrication capabilities.

The reactor core is housed in Ihe lower portion of the vessel, with the lower vessel head
weld located below the core inlet. For the 300 MWt reactor investigated in this first
feasibility study there are 21 fuel assemblies inside a 2.6 m core barrel. Each assembly
has 21 x 21 pins in a square lattice and is only ~25% heavier than the standard 17x17
Westinghouse PWR fuel assembly, thus remaining within the limits of existing
manufacturing facilities. The active core height is 3m with a 0.46 m fission gas plenum.
It was found that the benefits of higher safety and longer core life outweigh the vessel
and other structures cost penalties associated with a reduced core power density.
Thus, the average linear power is 120 w/cm, corresponding to the target burnup of
70,000 MWd/tU. This linear power is about 2/3 of a conventional PWR. Fuel pellet and
cladding diameters are 8.2 mm and 9.5 mm, respectively. Zirlo-type cladding is
envisioned. To accommodate UQ2 and MOX fuel in a common core arrangement, a
variable pitch to diameter ratio of 1.58 and 1.75, respectively, will be used. Every
assembly will be designed to have 32 to 48 control rods and a single instrumentation
tube.

See also (he paper "Thermal Hydraulic Tradeoffs in the Design of IRIS Primary Circuif' by L. Oriani et al. in this
conference
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Figure 2. IRIS vessel layout

Currently, conventional out-of-vessel Control Rod Drive Mechanisms (CRDMs) are
considered as shown in Figure 2. However, internal CRDMs are envisioned for
reducing the number of vessel penetrations and eliminating control rod ejection
accidents.
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Hot coolant rising from the reactor core to the top of the vessel is being pumped into the
steam generator annulus by six canned motor pumps. Location of the coolant pumps in
the upper portion of the vessel results from the trade-off between the deteriorated pump
performance at high coolant temperature, and the desire to eliminate vessel
penetrations near the top of the core. Because an open lattice, low-pressure drop core
and an integral vessel are employed, the required pump head is relatively low and
would allow to deploy low head pumps. Additionally, elevated pumps would provide for
a teller guard vessel and ease of maintenance and replacement. Currently, four steam
generator concepts are being investigated: "C-type" where steam and feedwater
headers, and vessel penetrations are located at the top and bottom of the steam
generator (this is the type shown in Figure 2), "C-type" where vessel penetrations are
located at the top (similar to the SIR design {Hayns and Sheperd 1991)), U-tube and
bayonet type (Stepanov et al. 1998). For the three former options, tube P/D ratios in the
range 1.4 to 1.51, tube external diameters in the range from 8 to 12 mm and vessel
annulus fill factors from 45% to 80% are considered. Reference tube material is Inconel
TT690. The total number of steam generator modules is 6 to 9.

For the "C-type" steam generator design, the secondary side parameters are as follows:
pressure 7 MPa, mass flow rate 161 kg/sec, feedwater temperature 236°C,
superheating 25°C. System efficiency is estimated at 34.6% at the condensation
temperature of 32.6°C. An efficiency up to 36% appears possible for higher secondary
side pressure and improved balance of plant. These options will be pursued in the
preliminary design.

Elimination of Loss of Flow Accidents (LOFAs) or at lest attenuation of their
consequences is one of the major objectives of IRIS. The most serious LOFAs
accidents result from postulated Locked Rotor or Shaft Seizure (LRSS) events, which
lead to an almost instantaneous failure of one coolant pump and the resulting sudden
reduction in core flow rate. There are two complementary venues to address this issue:
deploy a multitude of low head pumps so that loss of one will have minimal effect on
system flow rate, and design for a high degree of natural circulation. Currently, six
pumps are envisioned for the 300 MWt reactor. The degree of natural circulation (up to
full natural circulation) can be increased by one or more of the following means: taller
vessel and large difference between core and steam generator thermal centers; higher
core temperature difference (achieved for a fixed core outlet temperature, by reducing
the core inlet temperature); lower core power density; lower core pressure and steam
generator pressure drops (primarily through the use of open lattices); and, in-core
boiling.

In order to address these alternatives, thermal-hydraulic analyses to date have been
focused on selection of the most appropriate coolant circulation means, coolant
temperatures and core linear power. Single-phase Full Natural Circulation (FNC) was
found to be highly impractical. In fact, it would be possible only for both high p/d ratio
and very low linear power (-50 W/cm) to satisfy vessel size and efficiency constraints.
For tight cores, even higher primary pressures and linear powers below 5 kW/m do not
yield an acceptable design. In-core boiling to achieve FNC was considered, but
eventually discarded as it results in no economic or safety advantage over a single-
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phase, Aided Natural Circulation (ANC) option for both tight and loose core lattices.
Specifically, a high steam quality needed for FNC is hardly achievable due to Miminum
Departure from Nucleate Boiling Ratio (MDNBR) constraints. Furthermore, LOFAs
resulting from dynamical instabilities in two-phase flow will have to be coped with.
Thus, the single-phase ANC option was selected. It combines the high performance of
the forced coolant circulation option with the safety advantages of a high level of natural
circulation. In fact, IRIS design will be such that the consequences of any LOFA will be
within the transient design limits.

The efficiency penalty associated with reduction of the core inlet temperature for the
sake of achieving FNC and balance of plant simplification due to operation at lower
pressure and temperature was found economically unacceptable. The core inlet
temperature was determined based on the trade-off between the level of natural
circulation required to address class IV LOFAs, secondary side pressure and efficiency,
and cost of a taller vessel. In order to maximize efficiency for a given system pressure,
it is desirable to maintain the average core outlet quality as close to zero as possible.
Thus, reference average core inlet and outlet temperatures are 292°C and 330°C,
respectively.

Safety Approach and Containment*

The safety approach of Generation II (e.g., current LWRs) reactors is to cope with
accidents consequences by active means, while the approach of Generation III (e.g.,
AP-600) is to cope by passive means. Generation IV reactor designers are finding that
the current safety approach can be further improved by "safety by design", where the
reactor design is such that postulated accidents cannot occur or at least their
consequences are acceptable. In the IRIS case, the design was focused on taking
maximum advantages of the IRIS characteristics to enhance safety. Table 2
summarizes the results of this effort. As it is well known, large LOCAs are not possible
in an integral vessel configuration because there is no external loop piping since the
steam generators and pressurizer are inside the vessel. The high degree of natural
circulation inherent in the integral vessel configuration either completely eliminates
LOFAs (in the case of full natural circulation) or make them acceptable. As previously
mentioned, IRIS is designed such that the consequences of the worst postulated LOFA
remain within the transient design limits. Refueling accidents probability is significantly
reduced thanks to the long core life and infrequent refuelings. The most innovative
feature in terms of enhanced safety of the IRIS design is in the handling of small-to-
medium LOCAs, which are historically the accidents yielding, for one reason or another,
the worst consequences. The IRIS approach is to reduce the pressure differential
between vessel and containment, thus reducing the driving force across the rupture and
ultimately the coolant loss. This is accomplished through 1) a high pressure
containment which increases the break backpressure and 2) an efficient heat removal
inside the vessel which reduces the break aforepressure. The IRIS high pressure
containment, because of the compact nature of the integral reactor, has a diameter

See also the paper "Simplified Safety Containment Systems for the IRIS Reactor" by L. E. Conway et al. in this
conference
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Table 2. IRIS Safety by Design

Design Characteristic

Integral configuration

Tall vessel with
elevated steam
generators

Long life core

Large water inventory
inside vessel

Reduced size, higher
pressure containment

Inside the vessel heat
removal

Safety Implication

No external loop
piping

High degree of
natural circulation

Can accommodate
internal control rod
drives

No partial refueling

Slows transient
evolution

Helps to keep core
covered

Reduced driving
force through
primary opening

Related Accident

Large LOCAs

LOFAs

(e.g., pump
seizure)

Reactivity insertion
due to control rod
ejection

Refueling accidents

Small-medium
LOCAs

Disposition

Eliminated

Either eliminated (full
natural circulation) or
made acceptable
(partial natural
circulation)

Eliminated

Reduced probability

Core remains covered
with no safety injection

about half of that needed by a comparable loop reactor. At the same thin shell stress,
the spherical IRIS containment can take a pressure four times higher than a loop
reactor cylindrical containment. The inside the vessel heat removal is provided by the
multiple steam generators. Finally, the large water inventory inside the vessel acts as
an accumulator. The ultimate result is that for the worst (in terms of size and location)
hypothetical LOCA the core remains safely under water without any core water makeup
or safety injection. Preliminary analyses indicate that the top of the core is still under 2
m of water 2.5 days after the accident. Detailed results will be reported in a future
paper (Carelli et al., 2001).

Work is currently underway to address other major accidents such as station blackout,
Anticipated Transients Without Scram (ATWS) and steam line breaks.

Optimized Maintainance

The IRIS maintenance strategy has a goal of achieving no less than 95% availability
factor: this has a positive impact both on economic performance and proliferation
resistance. Avoidance of prolonged shutdowns and especially those involving the
reactor pressure vessel head removal is a critical success factor. Thus, an essential
component of the IRIS maintenance is to eliminate current outage-based inspections
and monitoring by replacing them with a single maintenance outage every 4 years. This
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is the current target, with the ultimate objective of stretching it to 8 years and thus
matching the refueling interval.

Inspection and maintenance can be approached in several ways: on-line; on-line at
reduced power; off-line in shutdown mode; and off-line with the unit disassembled
(vessel head removed). Only a limited number of systems can benefit from on-line
monitoring at reduced power, since the operating environment seen by monitoring and
inspection sensors and manipulators is not radically different from the full power case.
Performing inspection in the off-line, shutdown regime permits much of the technology
employed on current commercial water reactors to be utilized. Extension of current
technologies will be needed to minimize outage duration.

Preliminary investigations have identified the following critical issues related to periodic
inspection: integrity of reactor coolant pressure boundary, fuel cladding integrity,
reliability of major safety related equipment, reliability of eactor shutdown system and
condition of the overall plant. For each of the critical issues, maintenance scenarios
have been hypothesized to stimulate consideration of realistic maintenance design
goals and guide the IRIS design to make them achievable.

As far as technologies are concerned, a three-pronged approach is envisioned. First,
incorporate current technology insofar as applicable. Considerable controls, monitoring,
and robotic manipulator technology can be used to automate inspection off line to
minimize outage duration. Second, extend current technology by technology
development requiring 3 to 4 years, for example, vessel crack monitoring. Finally, large
payoff areas will benefit from developing new approaches, requiring up to 10 years to
reach fruition. Examples include in situ wireless control and monitoring and miniature
autonomous steam generator probes.

Depending on specific market and proliferation resistance requirements, available
technologies and development risk, maintenance as well as refueling intervals might be
adjusted on case-by-case basis. It is intended to engineer such flexibility into the IRIS
design.

Economic Performance

At first sight, a small to medium power reactor (100 MWe - 300 MWe) has no chance of
being economically competitive with large (>1000 MWe) sized plants. However, the IRIS
concept possesses a number of unique features that are expected to result in cost of
electricity at least equal to that of large plants. This would make IRIS much more
attractive to utility customers because of reduced financing requirements, lower impact
on utility risk profile, and compatibility with existing power distribution infrastructure of
developing countries. These features include:

- Integral primary circuit which eliminates loop piping, steam generator shells and
stand-alone pressurizer. Compact placement of the primary circuit components in a
single vessel results in compact and less expensive containment and containment
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building. Generally, use of the integral primary circuit allows switching to a different
and significantly lower capital cost scaling curve as compared to large-size, loop-
type PWRs. Obviously, scaling laws are still applicable, and the 300 MWe size is
sought to be the optimum when the manufacturing limitations on vessel size are
taken into account.

- Higher level safety achieved due to implementation of the described earlier safety-
by-design concept comes simultaneously with the elimination of not only active, but
also some passive safety systems, and dual use of some components (such as, for
example, steam generators for operation and safety functions). This simplification
has a very positive impact on capital costs.

- Lower unit power would allow to employ mini-mass production approach to
manufacturing of certain components such as, for example, pumps and steam
generator modules. While this might again be viewed as being against conventional
wisdom, such an approach might prove beneficial when capital expenditures
required to establish and maintain manufacturing facilities for large units, and
resulting cyclical product demand and specialized expertise required during
fabrication are taken into account.

- Construction in series and standardization is expected to offer large savings in the
range from 15% to 40% (depending on the number in series) (OECD 2000). This
becomes an inherent advantage of low to medium power reactors, which would
require such a construction approach to reach the capacity of a conventional plant.
Further savings are expected from modularized construction, which is more easily
achievable in smaller plants.

- Reduced waste resulting from higher fuel burnup and lower vessel and other
components activation will contribute to lower cost of the overall fuel cycle.

- Higher capacity factor resulting from long life core and optimized maintenance
(including on-line maintenance) is an example where proliferation resistance
requirements go hand in hand and actually contribute to the economic
competitiveness.

- Reduced construction time will reduce utility interest expenses and project risk.
Furthermore, deploying a number of low to medium power plants over a period of
time rather than a 1000 MWe-class unit, will not have an adverse impact on
electricity market prices and will allow utility customers to gradually adjust to market
conditions.

- Reduced O&M costs and personal requirements due to the drastically reduced
outages frequency.

- Fuel cycle cost will be reduced due to higher average burnup made possible by the
lower average linear power

Top level economic assessments performed to date indicate that 150 MWe and 300
MWe IRIS reactors will be able to generate attractive economic returns even for the
current market clearing price of 3.5-4 cents/kWhr. A new nuclear build would become
even more attaractire considering surging natural gas prices (natural gas prices have
more than tripled in 2000).
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Development Schedule

Since IRIS relies on proven technology and requires only engineering development, it is
believed that with a strong effort it can be deployed within the decade. Key milestones
are completion of a preliminary design and cost evaluation by end of 2002, completion
of SAR by 2005 and design certification by 2007.

Conclusions

IRIS is a solid design concept which addresses the US DOE Generation IV
requirements and offers substantial safety and operational advantages. A most unique
feature of IRIS is its international structure where design, fabrication, deployment and
operation are shared by a large international consortium. This allows the eventual
penetration of IRIS in the various world markets; an indication of the fundamental
attractiveness of IRIS is the growing number of organizations joining the project.
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