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CONTROL ROOM FOR NUCLEAR POWER PLANT

[0001] This application claims the benefit of U.S. Provisional Application No.
61/625,457, filed April 17, 2012, titled “INSTRUMENTATION AND CONTROL (1&C)
ARCHITECTURE AND MAIN CONTROL ROOM FOR CONTROLLING A NUCLEAR
REACTOR FACILITY”. This application claims the benefit of U.S. Provisional
Application No. 61/625,895, filed April 18, 2012, titled “MAIN CONTROL ROOM FOR
A NUCLEAR POWER PLANT WITH TWO REACTOR UNITS".

[0002] U.S. Provisional Application No. 61/625,457, filed April 17, 2012, is
hereby incorporated by reference in its entirety into the specification of this
application. U.S. Provisional Application No. 61/625,895, filed April 18, 2012, is

hereby incorporated by reference in its entirety into the specification of this

application.
BACKGROUND
[0003] The following relates to the nuclear reactor arts, nuclear power

generation arts, nuclear reactor control arts, nuclear reactor human-machine
interface (HMI) arts, nuclear reactor control arts, and related arts.

[0004] The human-machine interface (HMI) and control systems of a nuclear
power plant should be ergonomic to reduce likelihood of human operator error.
These systems should also be designed to minimize likelihood of mechanical or
electronic failure, and to be defensible against physical assault. While computer-
based control systems have advantages, the use of computer systems is balanced
against disadvantages including intangibility and the potential for malicious cyber-
assault.

[0005] In existing nuclear power plants, these design constraints are
accommodated by providing a control room for the nuclear power plant. An operator
at the controls (OATC) deployed in the central control room is responsible for all
aspects of operation of the nuclear island, which houses the nuclear reactor unit
which includes the pressure vessel containing the nuclear reactor core comprising
fissile material (e.g. ?°°U) immersed in primary coolant water and ancillary
components such as a pressurizer, reactor coolant pumps (RCPs), and a control rod
drive system including control rods operated by control rod drive mechanisms
(CRDMS). In the case of a boiling water reactor (BWR), primary coolant is directly
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boiled to generate steam for operating the plant turbine. In a pressurized water
reactor (PWR), primary coolant in liquid form flows through a steam generator to boil
secondary coolant so as to generate the operating steam. The steam generator may
be located external to the reactor unit, or inside the pressure vessel of the reactor
unit (called an “integral PWR”). The nuclear reactor unit and external steam
generator (if present) are housed in a radiological containment structure, usually
made of steel or steel-reinforced concrete, and a reactor service building houses
both the containment structure and the control room. Alternatively, the control room
may be in a separate building located close to (e.g. adjacent) the reactor service
building.

[0006] From the control room, the OATC has operational control of all safety
and non-safety systems related to operating the nuclear reactor unit. These include
(by way of illustrative example): reactor pressure and temperature control systems
(e.g., CRDMs, pressurizer, et cetera); the emergency core cooling system; various
water systems (e.g. component cooling water servicing pumps and other water-
cooled components, circulating water servicing a condenser downstream of the
turbine, a reactor coolant inventory/purification system); the steam turbine control
system, the electrical generator control system, and electrical power distribution
systems. Some of these components, such as the electrical generator, are not
actually part of the nuclear island, but their operation is critical to safe operation of
the nuclear island and hence are under control of the OATC.

[0007] Until recently, analog reactor control systems were predominantly
used. Analog systems advantageously provide hard-wired connections and tangible
switches, buttons, dials, annunciator lights, and other tangible user interface
elements, and are impervious to cyber attack. The tangible nature of the analog
control components facilitates diagnosis of any control system failure. The threat of
malicious physical tampering is mitigated by locating the control room in the reactor
service building with the nuclear reactor unit, which reduces cable run lengths.
Digital, i.e. computer-based control systems are increasingly being used. In such
cases, the digital communication systems are generally on an isolated digital data
network (e.g., not connected with the Internet or to any local area network employed
for general plant business operations, so as to mitigate the threat of cyber attack).
The digital data network is typically a hard-wired network so as to enhance
tangibility, although the use of wireless communication is contemplated. Some
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regulatory jurisdictions require an analog system backing up any digital control
systems.

[0008] The nuclear power plant includes numerous other control systems that
are unrelated to, or tangentially related to, safe operation of the nuclear island.
These include, by way of illustrative example: electrical switchyard interfacing with
the external power grid; utility system such as demineralized water (DW); water
makeup systems; environmental monitoring; fire detection systems; and so forth.
The impact of these systems on safe operation of the nuclear island is delayed or
nonexistent. Some of these non-safety systems may be under control of the OATC
inside the control room, while others may be under control of other plant personnel
located elsewhere.

[0009] Overall coordination of plant operations is generally under the control
of a Senior (or Supervisory) Reactor Operator (SRO), who provides on-site
interfacing between the OATC, other plant operators, and entities outside the nuclear
power plant (e.g., external electrical, water, and other utilities, the general public, and
so forth). In this supervisory role, the SRO is typically located in a business-style
office, and communicates with the OATC and other plant operators via telephone,
although the SRO may be mobile and, for example, go to the control room when
appropriate.

[0010] In the United States and most other jurisdictions, plant control is
regulated, e.g. by the Nuclear Regulatory Commission (NRC) in the United States. In
the NRC regulatory framework, the OATC and the SRO must be licensed by the
NRC to operate the specific nuclear power plant at which they are employed. In
practice, several OATCs, as well as the SRO, are required to be on-site at all times,
and all licensed operators are required to partake in ongoing training including
simulation time. The nuclear power plant must therefore employ several dozen
OATCs in order to have sufficient capacity for full-time 24-hour operation.

[0011] Some nuclear power plants include two or more nuclear reactor units.
In such cases, each nuclear power plant has its own control room with cabling
between the control room and the controlled nuclear reactor unit, and each reactor
unit is serviced by its own ancillary water, electrical, and other utility systems. Each
reactor unit has its own SRO, and there may be a managing SRO overseeing all

nuclear reactor units of the power plant.
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[0012] Disclosed herein are improvements that provide various benefits that
will become apparent to the skilled artisan upon reading the following.

BRIEF SUMMARY

[0013] In accordance with one aspect, a control room is disclosed for
monitoring and controlling a nuclear power plant including a first nuclear reactor unit
and a second nuclear reactor unit. The control room comprises: a central workstation
providing monitoring capability for both the first nuclear reactor unit and the second
nuclear reactor unit; a first operator at the controls (OATC) workstation in front of and
to one side of the central workstation providing monitoring and control capabilities for
the first nuclear reactor unit but not for the second nuclear reactor unit; and a second
OATC workstation in front of and to the other side of the central workstation
providing monitoring and control capabilities for the second nuclear reactor unit but
not for the first nuclear reactor unit. The central workstation, the first OATC
workstation, and the second OATC workstation are disposed in the control room. In
some embodiments the central workstation does not provide control capabilities for
the first nuclear reactor unit and does not provide control capabilities for the second
nuclear reactor unit.

[0014] In accordance with another aspect, a nuclear power plant includes a
first nuclear reactor unit including a nuclear reactor core comprising fissile material
disposed in a pressure vessel, a second nuclear reactor unit including a nuclear
reactor core comprising fissile material disposed in a pressure vessel; and a control
room as set forth in the immediately preceding paragraph.

[0015] In accordance with another aspect, a control room is disclosed for
monitoring and controlling a nuclear power plant including a first nuclear reactor unit
and a second nuclear reactor unit. The control room comprises: a central workstation
providing monitoring capability for both the first nuclear reactor unit and the second
nuclear reactor unit; a first operator at the controls (OATC) workstation providing
monitoring and control capabilities for the first nuclear reactor unit but not for the
second nuclear reactor unit; a second OATC workstation providing monitoring and
control capabilities for the second nuclear reactor unit but not for the first nuclear
reactor unit; and a common control workstation providing monitoring and control
capabilities for systems serving both the first nuclear reactor unit and the second

nuclear reactor unit. The central workstation, the first OATC workstation, the second
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OATC workstation, and the common control workstation are disposed in the control
room.

[0016] In accordance with another aspect, a control room is disclosed for
monitoring and controlling a nuclear power plant including one or more nuclear
reactor units. The control room comprises: a central workstation providing
monitoring capability for the one or more nuclear reactor units; one or more operator
at the controls (OATC) workstations, each OATC workstation providing monitoring
and control capabilities for a corresponding one of the one or more nuclear reactor
units; and a non-safety control workstation providing monitoring and control
capabilities for non-safety systems servicing the one or more nuclear reactor units
wherein a failure of any non-safety system controlled by the non-safety control
workstation does not require intervention of an OATC for at least a minimum time
interval Tcec. The central workstation, the one or more OATC workstations, and the
non-safety control workstation are disposed in the control room. In some
embodiments T¢c has a value greater than or equal to one hour.

[0017] In accordance with another aspect, a control room as set forth in either
one of the two immediately preceding paragraphs further includes a data network
providing: one-way communication from each OATC workstation to the common or
non-safety control workstation; one-way communication from each OATC
workstation to the central workstation; bidirectional communication between each
OATC workstation and its corresponding nuclear reactor unit; and no communication
between the common or non-safety control workstation and any of the one or more
nuclear reactor units. In some embodiments the data network provides no
communication between the central workstation and any of the one or more nuclear
reactor units. In some embodiments the control room further includes: one or more
manual safety panels (MSPs) corresponding to the one or more nuclear reactor
units, each MSP being in bidirectional analog communication with its corresponding
nuclear reactor unit; wherein the MSPs are disposed with the central workstation, the
one or more OATC workstations, and the common or non-safety control workstation

in the control room.

BRIEF DESCRIPTION OF THE DRAWINGS
[0022] The invention may take form in various components and arrangements

of components, and in various process operations and arrangements of process
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operations. The drawings are only for purposes of illustrating preferred embodiments
and are not to be construed as limiting the invention.

[0023] FIGURE 1 diagrammatically shows a nuclear power plant including two
nuclear reactor units and a control room providing monitoring and control for both
nuclear reactor units.

[0024] FIGURE 2 shows a table categorizing principal systems of the nuclear
power plant of FIGURE 1 into categories including: “Plant Protection” systems, “Plant
Control” systems, “Common Control” systems, and “Plant Management” systems.
[0025] FIGURE 3 shows an enlarged perspective view of the control room of
the nuclear power plant of FIGURE 1.

[0026] FIGURE 4 shows the enlarged perspective view of the control room of
FIGURE 3 with various components associated with various system categories set
forth in FIGURE 2.

[0027] FIGURE 5 diagrammatically shows the data network of the control
room of FIGURES 1, 3, and 4 including data network communication with the first
and second nuclear reactor units shown in FIGURE 1.

[0028] FIGURES 6 and 7 diagrammatically show extension of the “two-pack”
nuclear power plant of FIGURE 1 to a “four-pack” nuclear power plant including four

nuclear reactor units.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0029] Disclosed herein are improved control room embodiments that are
designed to be operated by a reduced number of licensed operators (as few as three
licensed operators for a nuclear reactor unit, in some embodiments). The disclosed
control room embodiments also enhance communication between licensed operators
at the controls (OATCs), the Supervisory (or Senior) Reactor Operator (SRO), and
other plant operators. As used herein, the OATC is a licensed operator that is
licensed by the NRC (or the governing nuclear regulatory agency of the applicable
jurisdiction) to operate the nuclear reactor unit under control of the OATC. The SRO
is also a licensed operator, and also meets any other regulatory requirements for
serving as a Supervisory (or Senior) Reactor Operator. All other plant operators may
be licensed or unlicensed. An unlicensed plant operators is sometimes referred to
herein as a “Non-licensed Reactor Operator” (NRO). It is to be understood that these

operators may have various titles in various jurisdictions and/or at various nuclear
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power plants. The disclosed control room embodiments are scalable to nuclear
power plants with one, two, or more nuclear reactor units.

[0030] With reference to FIGURE 1, a nuclear power plant with two nuclear
reactor units 1 is shown, which in the illustrative embodiment are small modular
reactor (SMR) units. An SMR is typically considered to be a nuclear reactor unit
having an electrical power output of 300-500 MWe or lower. The illustrative
configuration with two reactor units 1 is sometimes referred to a as a “twin-pack”.
Where it is useful to distinguish between the two reactor control units 1, they are
referred to herein as “SMR #1” (the left-hand unit 1 shown in FIGURE 1) and
“‘SMR #2” (the right-hand unit 1 shown in FIGURE 1). Each of the illustrative reactor
units 1 (shown in perspective view in partial section) is SMR of the pressurized water
reactor (PWR) type, and includes a pressure vessel 2 comprising an upper vessel
and a lower vessel joined by a mid-flange. The pressure vessel 2 houses a nuclear
reactor core 4 comprising fissile material, e.g. ***U immersed in primary coolant
water. Reactivity control is provided by a control rods system that includes control
rod drive mechanisms (CRDMs) 6 and control rod guide frame supports 8. The
ilustrative CRDMs 6 are internal CRDMs disposed inside the pressure vessel and
including CRDM motors 6m disposed inside the pressure vessel; however, external
CRDMs with motors mounted above the pressure vessel and connected via tubular
pressure boundary extensions are also contemplated. The pressure vessel 2 of the
operating PWR contains circulating primary coolant water that flows upward through
the nuclear reactor core 4 and through a cylindrical central riser 10, discharges at the
top of the central riser 10 and flows back downward through a downcomer annulus
12 defined between the pressure vessel and the central riser to complete the primary
coolant circuit. In the illustrative PWR, primary coolant circulation is driven by reactor
coolant pumps (RCPs) 14 which may be located where illustrated in FIGURE 1 or
elsewhere (including a contemplated variant employing internal RCPs located inside
the pressure vessel); moreover, natural circulation or the use of internal RCPs
disposed inside the pressure vessel is also contemplated. Pressure inside the
pressure vessel of the illustrative PWR is maintained by heating or cooling a steam
bubble disposed in an integral pressurizer volume 16 of an integral pressurizer 17,
alternatively, an external pressurizer can be connected with the pressure vessel by
piping. Each illustrative PWR 1 is an integral PWR in which a steam generator (or
plurality of steam generators) 18 is disposed inside the pressure vessel 2, and
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specifically in the downcomer annulus 12 in the illustrative PWR; alternatively, an
external steam generator can be employed. In the illustrative integral PWR,
secondary coolant in the form of feedwater is input to the steam generator 18 via a
feedwater inlet 20, and secondary coolant in the form of generated steam exits via a
steam outlet 21. In the alternative case of an external steam generator, the ports 20,
21 would be replaced by primary coolant inlet and outlet ports feeding the external
steam generator. Each PWR 1 is disposed inside its own primary containment 22,
which is suitably a steel structure, steel-reinforced concrete structure, or the like.
(Thus, there are two separate primary containment structures 22 in the illustrative
two-pack nuclear power plant).

[0031] It is to be understood that the illustrative nuclear power plant of
FIGURE 1 is an illustrative example. The disclosed nuclear power plant control room
designs are suitably employed in conjunction with various nuclear reactor units, such
as an integral PWR (as illustrated), or with a PWR employing an external generator
(typically housed inside the main containment), or with a boiling water reactor (BWR)
that does not include a steam generator. Although the illustrative plant of FIGURE 1
is a two-pack, illustrative four-pack embodiments are also described herein, and it is
to be understood that the disclosed control room embodiments are suitably used in
conjunction with a nuclear power plant having one nuclear reactor unit, two nuclear
reactor units, three nuclear reactor units, four nuclear reactor units (also illustrated),
five nuclear reactor units, six nuclear reactor units, or so forth.

[0032] The remainder of the nuclear power plant is not illustrated in FIGURE
1. In a typical configuration, the steam output by the steam generator 18 of each
PWR 1 (or output by a BWR directly) drives a steam turbine that in turn drives an
electric generator that feeds an external electrical power grid through various
electrical power lines, transformers, or so forth. The nuclear power plant also
includes auxiliary systems such as an emergency core cooling (ECC) system, a
reactor coolant system (RCS, including the primary coolant inside the pressure
vessel 2 along with the pressurizer 16, 17 and other ancillary components), a reactor
coolant inventory/purification system (RCIPS), various house electrical systems,
backup electrical power (e.g. diesel generators and/or batteries), various
cooling/chilled water systems, makeup water supplies, and so forth. Again, these
components are not shown in FIGURE 1. Some of these systems are dedicated to a
single reactor unit 1 — for example, there is a separate turbine/generator system for
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each reactor unit 1. On the other hand, some of these systems are shared in
common by both SMR #1 and SMR #2.

[0033] With reference to FIGURE 2, some principal systems of the nuclear
power plant of FIGURE 1 are listed. In FIGURE 2, these systems are categorized as:
“‘Plant Protection” systems, “Plant Control” systems, “Common Control” systems, or
“Plant Management” systems. The “Plant Protection” and “Plant Control” systems
are dedicated to a single reactor unit — in other words, for the illustrative two-pack
plant there are two instances of each of these systems, one servicing SMR #1 and
the other servicing SMR #2. (By extension, in a four-pack plant there would be four
instances of such systems, and so forth). The “Common control” and “Plant
management” systems are typically (although not necessarily) shared between
SMR #1 and SMR #2 — in other words, there typically is a single instance of each of
these systems, which services both reactor units SMR #1 and SMR #2. As will be
discussed, however, the “Common control” systems can be defined on a basis of a
minimum time interval before the OATC must address a failure in a system of the
“Common control” category.

[0034] It will be noticed that there is some overlap between the “Plant
Protection” and “Plant Control” systems — for example, the Reactor Coolant System
(RCS) is listed under both “Plant Protection” and “Plant Control”. These dual-listed
systems provide both plant control and plant protection functions. The RCS, for
example, performs a plant control function in that control of primary coolant pressure
and temperature is used to adjust the thermal power generated by the reactor unit
during normal operation; additionally, however, the RCS serves a plant protection
function in that it absorbs heat from the nuclear reactor core and transfers it to the
steam generator (in the illustrative case of a PWR; alternatively, in a BWR the
primary coolant directly boils and conducts heat away as primary coolant steam).
[0035] Most systems listed in FIGURE 2 are well known systems that are
commonly present in existing nuclear power plants. The listed auxiliary condenser
(CNX), however, is a non-standard component contemplated for inclusion in the
B&W mPower™ small modular reactor design. This auxiliary condenser is located
outside containment (e.g., a roof-mounted condenser) and is air-cooled by battery-
operated fans. The auxiliary condenser is connected with the steam generator 18,
which is internal to the pressure vessel in the mPower" design (i.e., an integral

PWR), so that it provides passive cooling using secondary coolant trapped in the
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steam generator when main feedwater and steam line valves are shut. The CNX is
usable in a protective role, for example coming on-line to dissipate heat if the RCS
temperature exceeds a safety threshold. The CNX is also usable in a plant control
role, for example providing more rapid cool down during reactor shutdown for
refueling. Accordingly, the CNX is listed under both “Plant Protection” and “Plant
Control” categories.

[0036] The categorization of systems shown in FIGURE 2 is not merely
pedagogic — rather, these system categories are used in the design of the disclosed
control room embodiments. It is recognized herein that those systems that are
shared between SMR #1 and SMR #2 (or more generally, that are shared between
two or more nuclear reactor units) are not of a safety-critical nature. For example, the
regulatory framework of the NRC requires that safety-critical systems not be shared
amongst nuclear reactor units unless it can be shown that the sharing does not
significantly impair their ability to perform their safety functions including, in the event
of an accident in one unit, shutdown and cool down of the remaining units. Thus, any
system that is shared between SMR #1 and SMR #2 (or, more generally, that is
shared between two or more reactor units) is suitably categorized as a “Common
Control” or “Plant Management” system. The “Common Control” and “Plant
Management” systems do not need to be under the control of the OATC, and the
“Plant Management” systems are generally monitoring-only systems (without control
capability).

[0037] The “Common control” category can be expanded to encompass some
systems that are reactor unit specific. For example, consider the plant water
make-up (PWM) system, which is listed in the “Common Control” category. Loss of
this system does not pose an immediate safety concern requiring action by the
OATC of either SMR #1 or SMR #2, because the reactor coolant inventor (RCI)
contains sufficient purified water for maintaining the primary coolant level in the
reactor vessel 2 for some minimum time interval. (Appropriately, the RCI is listed
under the “Plant Control” category and is supervised by the OATC.) However, if the
plant make-up water system remains unavailable for an extended period of time,
then eventually both SMR #1 and SMR #2 will need to be shut down. In view of this,
nuclear regulations generally allow the PWM system to be shared amongst two (and

possibly more) reactor units.
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[0038] But, these observations remain true even if the PWM system is
segregated into separate PWM systems for SMR #1 and SMR #2. The principled
rationale for placing the PWM system under the “Common control” category is not
that it is shared between SMR #1 and SMR #2 — rather, the principled rationale for
this categorization is that any failure of the PWM system does not need to be
addressed by the OATC for some minimum time interval.

[0039] Accordingly, in some embodiments the basis for categorizing a system
in the “Common control” category is as follows: Any failure of the system does not
require attention of the OATC for at least a minimum time interval Tcc. It will be
readily recognized that decreasing Tcc allows more systems to be classified in the
“‘Common control” category. However, decreasing Tcc also means that a failure of a
‘Common control” system may require OATC intervention more quickly. In some
embodiments, a time interval of one hour is used (i.e. Tcc=1 hour), and this criterion
was used in generating the categorization shown in FIGURE 2. By setting the
minimum time interval Tcc to a value greater than or equal to one hour, it is generally
assured that the OATC will not need to intervene in typical events which can be
handled by the NLO. In view of the foregoing, the “Common Control” category is
sometimes referred to herein as the “Non-safety Control” category.

[0040] In view of the foregoing, the disclosed control room embodiments
assign the systems in the “Plant Protection” and “Plant Control” categories to the
OATC, while systems in the “Common Control” category are assigned to a different
plant operator. Conditional upon approval by the governing nuclear regulatory
agency, the plant operator in charge of the “Common Control” systems can be a
non-licensed operator (NLO), although it is contemplated to employ a licensed
operator for these tasks (e.g., to conform with regulations, if applicable, and/or to
provide an additional licensed operator on-site for redundancy purposes). Systems
under the “Plant Management” category are plant supervisory monitoring tasks that
fall under control of the SRO.

[0041] The disclosed control room embodiments are also designed to
enhance communications between operators. It is useful for the OATC of the
(illustrative) two SMR units, the SRO, and the other plant operators to be in efficient
communication with one another. In existing nuclear power plants, such
communication is adversely impacted by physical separation of the plant operators.
The OATC is necessarily stationed in the control room. However, conventionally the
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SRO is stationed elsewhere, for example in a plant supervisor’s office. The various
other plant operators are distributed through the plant, performing various functions.
Communication via telephone is helpful, but telephonic communication limits the
ability of the SRO to oversee safety-critical functions performed by the OATC. The
SRO can travel to the control room to personally oversee operations when
appropriate, but this requires travel time, and does not address the possibility that
the OATC may fail to recognize a problem that the SRO might have recognized if
present. Similarly, telephonic communication of the SRO and/or OATC with other
plant operators is less than ideal.

[0042] With continuing reference to FIGURES 1 and 2 and with further
reference to FIGURE 3, the OATC for both SMR #1 and SMR #2, as well as the
SRO and a senior non-licensed operator (NLO), are all stationed in a control room
30. For illustrative purposes, the walls and ceiling of the control room 30, as well as
the containing building, are omitted to reveal the operator stations and principle
human-machine interface (HMI) components. It is to be understood that the control
room 30 may be housed in the same reactor service building that houses the reactor
units 1, or may be housed in a nearby (e.g. adjacent) building.

[0043] The control room 30 includes a centrally located SRO station 32 (i.e. a
central workstation 32) where the SRO is stationed. The SRO station 32 provides
monitoring capability for both SMR #1 and SMR #2, and additionally provides
monitoring capability for the supervisory monitoring tasks that fall under the “Plant
management” category. In some embodiments the SRO station 32 does not provide
any control capability for either SMR #1 or SMR #2. In front and to one side (left, in
the illustrative example) of the SRO station 32 is a first OATC station 34 where the
OATC in charge of SMR #1 is stationed. In front and to the other side (right, in the
illustrative example) of the SRO station 32 is a second OATC station 36 where the
OATC in charge of SMR #2 is stationed. The OATC stations 34, 36 provide both
monitoring and control functions for their respective SMR units. Advantageously, the
SRO is stationed in the same control room 30 as the OATCs, and so the SRO and
the OATCs can communicate directly, and not via telephone or other intervening
hardware. Placement of the OATC stations 34, 36 in front of and to either side of the
SRO station 32 facilitates the SRO in supervising the OATCs. The SRO station 32
includes a first one or more video display units (VDUs) 44 on the left side of the
station that display monitoring data for SMR #1 also viewed by the OATC at the first
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OATC station 34. Similarly, the SRO station 32 includes a second one or more VDUs
46 on the right side of the station that display monitoring data for SMR #2 also
viewed by the OATC at the second OATC station 36. This corresponding spatial
arrangement (i.e., both the OATC station 34 and the monitoring VDUs 44 for SMR
#1 on the left; and both the OATC station 36 and the monitoring VDUs 46 for SMR
#2 on the right) immediately informs the SRO as to which SMR unit is being
observed. Again, the VDUs 44, 46 in some embodiments provide only monitoring
capabilities, but not control. On the other hand, the VDUs of the first OATC station
34 provide both monitoring and control capabilities for SMR #1, and similarly the
VDUs of the second OATC station 36 provide both monitoring and control
capabilities for SMR #2. In some embodiments, the VDUs 44, 46 at the SRO station
32 mirror one or more of the VDUs of the corresponding OATC station 34, 36, and
optionally the SRO can select by suitable graphical user interface (GUI) input
operations which VDU displays are mirrored.

[0044] In the illustrative embodiment, monitoring and control employs a digital
interface with the VDUs providing the human-machine interface (HMI) for monitoring
and (in the case of OATC stations 34, 36) control functionality. For example, the
monitoring and control may implemented as a central computer (not shown)
accessed via the VDUs. Alternatively, each VDU (or some VDUs) can be
implemented as desktop computers interconnected by a digital data network. From a
safety standpoint, this can be problematic since digital controls are intangible — they
do not include tangible switches, buttons, dials, and so forth having dedicated
functions. Instead, a VDU displays what it is programmed to display, and provides
input controls (e.g., GUI controls) in accord with the digital programming. If there is a
failure in such a control system, it can be difficult to diagnose and remediate.
Accordingly, the control room 30 includes a manual safety panel (MSP) 54 for SMR
#1 off to the one side (e.g. left) of the SRO station 32, and similarly includes an MSP
56 for SMR #2 off to the other side (e.g. right) of the SRO station 32. The MSPs 54,
56 provide manual controls (e.g., dedicated analog buttons, switches, readout dials,
annunciator lights, and so forth) for operating those systems in the “Plant Protection”
category for the respective SMR unit. In some embodiments, the MSPs 54, 56 do not
provide manual controls for operating those systems that are (only) in the “Plant
Control” category, although it is contemplated to provide manual control for some
such “Plant Control” only systems via the MSPs. Again, placement of the MSPs 54,
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56 at either side of the SRO station 32 provides a natural mnemonic link to the
appropriate SMR unit, and also places the MSPs 54, 56 in locations that are readily
accessed by either the SRO (who is a licensed plant operator) or the OATC for that
SMR unit.

[0045] The systems in the “Common control” category can be performed by a
non-licensed operator (NLO), conditional on authorization by the NRC or other
governing nuclear regulatory agency) or by a licensed operator. In the following a
NLO is assumed to be in charge of the systems of the “Common control” category. In
the control room 30, this NLO is stationed at a NLO station 60 (also referred to
herein as a common control station 60 or “Non-safety Control” station 60) located
between the OATC stations 34, 36. This placement provides a mnemonic reminder
that the functions performed at the NLO station 60 (at least generally) apply to both
SMR #1 and SMR #2 (although as noted previously, in some embodiments some
systems of the “common control” category may be specific to individual SMR units).
One or more additional VDUs 62 at the SRO station 32 may enable the SRO to
monitor activities at the NLO station 60. (In some embodiments, these VDUs 62 may
be switchable to provide additional VDUs for monitoring activities at one or both
OATC stations 34, 36). The NLO station 60 provides both monitoring and control
capabilities, but only for the systems of the “Common control” category.

[0046] The illustrative control room 30 further optionally includes vertical
panels 64 that may include various monitoring devices, e.g. VDUs, analog dials,
annunciators, or so forth. The vertical panels 64 provide a larger area that may, for
example, be used to display a more detailed system mimic than can be shown on
the smaller VDUs of the various stations 32, 34, 36, 60. The vertical panels 64 are
arranged in an arc that is viewable (at least in part) from any of the various stations
32, 34, 36, 60. Preferably, the vertical panels 64 provide monitoring displays, but not
control inputs. However, it is contemplated to include some controls (preferably
redundant) on the vertical panels 64. As another variant, it is contemplated to
integrate the MSPs 54, 56 as part of the vertical panels 64, e.g. at the left and right
sides to maintain the mnemonic arrangement.

[0047] With brief reference to FIGURE 4, allocation of control functions
amongst the stations 32, 34, 36, 60 and the MSPs 54, 56 are diagrammatically
shown. In FIGURE 4 the acronyms are as follows: PPL=Plant Protection Layer (i.e.,
systems of the “Plant Protection” category); PCL=Plant Control Layer (i.e., systems
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of the “Plant Control” category); CCL=Common Control Layer (i.e., systems of the
“Common Control” category); and PML=Plant Management Layer (i.e., supervisory
systems of the “Plant Management” category). Although the OATC stations 34, 36
are indicated in FIGURE 4 as performing functions of the “Plant Control” category,
the OATC stations 34, 36 are also capable of performing functions of the “Plant
Protection” category. On the other hand, the MSPs 54, 56 are principally intended to
perform functions of the “Plant Protection” category, and only incidentially may also
be designed to provide some plant control functionality. The SRO station 32 is
indicated as providing HMI for the systems of the “Plant management” category;
however, it is to be understood that (1) the “Plant management” category typically
includes only monitoring (not control) functions, and (2) the SRO station 32 also can
also monitor (but not control) systems under the “Plant protection”, “Plant control”,
and “Common control” categories.

[0048] With reference back to FIGURE 3, placing the SRO station 32 inside
the control room 30 advantageously enhances the ability of the SRO to monitor and
communicate with the OATCs and with the NLO in charge of the systems of the
‘Common control” category. However, the SRO also has other duties, including
management of all aspects of the nuclear power plant, including business aspects
unrelated to the technical matters of daily operation of SMR #1 and SMR #2. To
accommodate the SRO in performing these tasks, the control room 30 optionally
also includes an enclosed office 70 for use by the SRO. The office 70 can be a
completely walled office, or can be a cubicle with walls that do not extend to the
ceiling (not shown) of the control room 30. The walls of the office 70 are preferably
transparent (e.g., glass, plexiglass, et cetera) at least for those walls facing the
operator stations 32, 34, 36, 60, so that the SRO can continue to monitor plant
operators while performing office tasks. Optionally, the control room 30 further
includes a meeting room 72, which can be used by the SRO or others to conduct
business meetings. The optional meeting room 72 and/or office 70 also provides a
convenient “observation deck” from which visitors to the nuclear power plant can
view operation of the control room 30 without impeding the OATCs and NLO in the
performance of their duties.

[0049] With brief reference back to FIGURE 1, in illustrating the layout of the
control room 30, for convenience SMR #1 is shown on the left of the SRO station 32
and SMR #2 is shown on the right of the SRO station 32. However, the mnemonic
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reference value of this physical placement of the SMR units is generally not useful
since the control room 30 typically does not include windows through which plant
operators in the control room 30 can see the physical SMR units. Accordingly, the
placement of SMR #1 and SMR #2 as shown in FIGURE 1 is not of especial value.
Nonetheless, in some embodiments the illustrated placement of SMR #1 and SMR
#2 may be followed in the physical plant layout, which may be useful since the plant
operators are expected to have the physical layout of the nuclear power plant
memorized.

[0050] With reference to FIGURE 5, the data network of the control room 30 is
diagrammatically shown, including arrows indicating data flow. In FIGURE 5,
double-headed arrows indicate unidirectional data flow (i.e. data flow in one direction
only). In the illustrative data network of FIGURE 5, the Plant Management Layer
(corresponding to the SRO station 32 and the supervisory systems of the “Plant
Management” category) is monitoring-only, as indicated in FIGURE 5 by
double-headed arrows feeding into (but not out of) the Plant Management Layer. The
Common Control Layer corresponding to the NLO station 60 may be able to monitor
activities of the systems of the Plant Control Layer and Plant Protection Layer, but
cannot control those systems. The Common Control Layer does have both
monitoring and control capability with respect to the plant common systems of the
Common Control category.

[0051] As further seen in FIGURE 5, both the Plant Protection Layer #1 and
the Plant Control Layer #1 have both monitoring and control capability respective to
SMR #1, and similarly both the Plant Protection Layer #2 and the Plant Control Layer
#2 have both monitoring and control capability respective to SMR #2. The Plant
Control Layer of each SMR unit can monitor the Plant Protection Layer of that SMR
unit; however, the converse is not true, i.e. the Plant Protection Layer cannot monitor
the Plant Control Layer. This is because the Plant Protection Layer operates in a
response mode — i.e., when a particular safety alarm is tripped, the Plant Protection
Layer responds by performing a designated safety response. In this operation, the
Plant Protection Layer does not need to know the current state of the plant control
operation. It will be further noted in FIGURE 5 that the OATC station 34 provides a
HMI for both Plant Protection Layer #1 and Plant Control Layer #1, whereas the
MSP 54 provides HMI only for the Plant Protection Layer #1 (although it is
contemplated to provide some Plant Control Layer HMI capability at the HMI). In the
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same way, the OATC station 36 provides a HMI for both Plant Protection Layer #2
and Plant Control Layer #2, whereas the MSP 56 provides HMI only for the Plant
Protection Layer #2.

[0052] In the illustrative embodiment, the OATC workstations 34, 36 are
located in front of and to the side of the Central SRO workstation 32 at a sufficient
angle “to the side” to allow the SRO to directly observe the OATCs at the OATC
stations 34, 36. In some embodiments the control room 30 is arranged with bilateral
symmetry about a vertical symmetry plane passing through both the SRO station 32
and the NLO station 60, with the OATC workstation 34 and MSP 54 for SMR #1 on
one side of the symmetry plane (i.e., the left side in the illustrative embodiment), and
the OATC workstation 36 and MSP 56 for SMR #2 on the other side of the symmetry
plane (i.e., the right side in the illustrative embodiment). This provides a physical
delineation of operations between the two SMR units while centrally placing the SRO
and NLO so as to be able to monitor and react to events occurring in either or both
SMR units. As described, a bilaterally symmetric configuration for the control room
30 is advantageous. However, some asymmetry is contemplated, for example if
SMR #1 and SMR #2 are not identical such that there are some differences between
the OATC workstations 34, 36 and/or between the MSP's 54, 56.

[0053] The minimum number of operators for the control room 30 is four — one
SRO, two OATCs, and one NLO. Of these, three operators (the SLO and the two
OATCs) are licensed, while the NLO can be an unlicensed operator. All of these
operators are stationed in the same control room 30 and can therefore communicate
face-to-face with each other. Optionally, there may be additional operators, either
inside or outside of the control room 30. For example, one or more mobile operators,
who typically may be unlicensed operators, may be available to perform mobile tasks
such as tagging system components in or out, directly visually confirming status of
various components, and so forth.

[0054] With reference to FIGURES 6 and 7, the disclosed control room
embodiments are readily expanded to additional reactor units. In FIGURE 6, one
approach for expanding the twin-pack configuration of FIGURES 1-5 to a four-pack
is illustrated. This approach simply duplicates all systems, so that there are now two
control rooms 30, each controlling two SMR units 1. In this case the number of
operators requires is doubled — two SROs (one for each control room 30), four
OATCs (two in each control room 30), and two NLOs (one for each control room 30).
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In practice, an additional SRO-level operator may be needed to oversee the two
control rooms 30, so that the number of operators is nine (three SROs, four OATCs,
and two NLOs) of which seven operators must be licensed operators.

[0055] FIGURE 7 shows an alternative control room 30’ that expands the
arrangement of the control room 30 to enable control of all four SMRs 1 from the
single control room 30. The expansion includes adding two additional OATC stations
and two additional MSPs. However, the control room 30’ is still staffed by only one
SRO and only one NLO, so that the total number of operators is six (one SRO, four
OATCs, and one NLO). Such expansion is contemplated to be further extended in
analogous fashion to five or six reactor units; however, as more reactor units are
added the supervisory burden on the SRO increases, so that it is expected that no
more than six reactor units can be supervised by a single SRO even using the
disclosed control room.

[0056] The preferred embodiments have been illustrated and described.
Obviously, modifications and alterations will occur to others upon reading and
understanding the preceding detailed description. It is intended that the invention be
construed as including all such modifications and alterations insofar as they come
within the scope of the appended claims or the equivalents thereof.
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CLAIMS
We claim:

1. A control room for monitoring and controlling a nuclear power plant
including a first nuclear reactor unit and a second nuclear reactor unit, the control
room comprising:

a central workstation providing monitoring capability for both the first nuclear
reactor unit and the second nuclear reactor unit;

a first operator at the controls (OATC) workstation in front of and to one side
of the central workstation providing monitoring and control capabilities for the first
nuclear reactor unit but not for the second nuclear reactor unit; and

a second OATC workstation in front of and to the other side of the central
workstation providing monitoring and control capabilities for the second nuclear
reactor unit but not for the first nuclear reactor unit;

wherein the central workstation, the first OATC workstation, and the second
OATC workstation are disposed in the control room.

2. The Main Control Room of claim 1 wherein the central workstation
does not provide control capabilities for the first nuclear reactor unit and does not
provide control capabilities for the second nuclear reactor unit.

3. The Main Control Room of claim 1 further comprising:

a first manual safety panel (MSP) located to the one side of the central
workstation providing safety-related monitoring information for the first nuclear
reactor unit; and

a second MSP located to the other side of the central workstation providing
safety-related monitoring information for the second nuclear reactor unit;

wherein the first MSP and the second MSP are both disposed in the control
room with the central workstation, the first OATC workstation, and the second OATC

workstation.
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4. The control room of claim 1 further comprising:

a common control workstation directly in front of the central workstation
providing monitoring and control capabilities for systems serving both the first
nuclear reactor unit and the second nuclear reactor unit;

wherein the common control workstation is disposed in the control room with
the central workstation, the first OATC workstation, and the second OATC

workstation.

5. The control room of claim 4 wherein the common control workstation
does not include any control capabilities that must be performed by a licensed
operator.

6. The control room of claim 1 further comprising:

a common control workstation directly in front of the central workstation
providing monitoring and control capabilities for common control systems defined as
systems a failure of which does not require intervention of an OATC for at least a
minimum time interval T¢c;

wherein the common control workstation is disposed in the control room with
the central workstation, the first OATC workstation, and the second OATC

workstation.

7. The control room of claim 6 wherein Tcc has a value greater than or
equal to one hour.

8. The control room of claim 1 further comprising an office associated with
the central workstation, the office being disposed in the control room with the central
workstation, the first OATC workstation, and the second OATC workstation.

9. The control room of claim 8 further comprising a conference room, the
conference room being disposed in the control room with the office, the central
workstation, the first OATC workstation, and the second OATC workstation.

10.  The control room of claim 1 further comprising vertical panels including
monitoring displays but not control inputs, the vertical panels being disposed in the
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control room with the central workstation, the first OATC workstation, and the second
OATC workstation.

11. A nuclear power plant comprising:

a first nuclear reactor unit including a nuclear reactor core comprising fissile
material disposed in a pressure vessel,

a second nuclear reactor unit including a nuclear reactor core comprising
fissile material disposed in a pressure vessel; and

a control room as set forth in claim 1.

12.  The nuclear power plant as set forth in claim 11, wherein there is a

single control room and a single central workstation disposed in the control room.

13. A nuclear power plant comprising:

a first nuclear reactor unit including a nuclear reactor core comprising fissile
material disposed in a pressure vessel,

a second nuclear reactor unit including a nuclear reactor core comprising
fissile material disposed in a pressure vessel;

a third nuclear reactor unit including a nuclear reactor core comprising fissile
material disposed in a pressure vessel,

a fourth nuclear reactor unit including a nuclear reactor core comprising fissile
material disposed in a pressure vessel; and

a control room as set forth in claim 1, wherein the control room further
includes:

a third OATC workstation in front of and to the one side of the central
workstation providing monitoring and control capabilities for the third nuclear reactor
unit but not for the first, second, or fourth nuclear reactor units; and

a fourth OATC workstation in front of and to the other side of the central
workstation providing monitoring and control capabilities for the fourth nuclear
reactor unit but not for the first, second, or third nuclear reactor units;

wherein the central workstation, the first OATC workstation, the second OATC
workstation, the third OATC workstation, and the fourth OATC workstation are

disposed in a control room.
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14. A control room for monitoring and controlling a nuclear power plant
including a first nuclear reactor unit and a second nuclear reactor unit, the control
room comprising:

a central workstation providing monitoring capability for both the first nuclear
reactor unit and the second nuclear reactor unit;

a first operator at the controls (OATC) workstation providing monitoring and
control capabilities for the first nuclear reactor unit but not for the second nuclear
reactor unit;

a second OATC workstation providing monitoring and control capabilities for
the second nuclear reactor unit but not for the first nuclear reactor unit; and

a common control workstation providing monitoring and control capabilities for
systems serving both the first nuclear reactor unit and the second nuclear reactor
unit;

wherein the central workstation, the first OATC workstation, the second OATC

workstation, and the common control workstation are disposed in the control room.

15.  The control room as set forth in claim 14, further comprising a data
network providing:

one-way communication from the first OATC workstation to the common
control workstation;

one-way communication from the second OATC workstation to the common
control workstation;

one-way communication from the first OATC workstation to the central
workstation;

one-way communication from the second OATC workstation to the central
workstation;

bidirectional communication between the first OATC workstation and the first
nuclear reactor unit;

bidirectional communication between the second OATC workstation and the
first nuclear reactor unit;

no communication between the common control workstation and the first
nuclear reactor unit; and

no communication between the common control workstation and the second

nuclear reactor unit.
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16. The control room as set forth in claim 15, wherein the data network
provides no communication between the central workstation and the first nuclear
reactor unit and no communication between the central workstation and the second

nuclear reactor unit.

17.  The control room as set forth in claim 15, further comprising:

a first manual safety panel (MSP) in bidirectional communication with the first
nuclear reactor unit; and

a second MSP in bidirectional communication with the second nuclear reactor
unit;

wherein the first MSP and the second MSP are disposed with the central
workstation, the first OATC workstation, the second OATC workstation, and the

common control workstation in the control room.

18.  The control room of claim 14 wherein the common control workstation
does not include any control capabilities that must be performed by a licensed

operator.

19. A control room for monitoring and controlling a nuclear power plant
including one or more nuclear reactor units, the control room comprising:

a central workstation providing monitoring capability for the one or more
nuclear reactor units;

one or more operator at the controls (OATC) workstations, each OATC
workstation providing monitoring and control capabilities for a corresponding one of
the one or more nuclear reactor units; and

a non-safety control workstation providing monitoring and control capabilities
for non-safety systems servicing the one or more nuclear reactor units wherein a
failure of any non-safety system controlled by the non-safety control workstation
does not require intervention of an OATC for at least a minimum time interval Tcc;

wherein the central workstation, the one or more OATC workstations, and the
non-safety control workstation are disposed in the control room.
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20. The control room as set forth in claim 19, further comprising a data
network providing:

one-way communication from each OATC workstation to the
non-safety control workstation;

one-way communication from each OATC workstation to the
central workstation;

bidirectional communication between each OATC workstation
and its corresponding nuclear reactor unit; and

no communication between the non-safety control workstation

and any of the one or more nuclear reactor units.

21.  The control room as set forth in claim 20, wherein the data network
provides no communication between the central workstation and any of the one or

more nuclear reactor units.

22.  The control room as set forth in claim 20, further comprising:

one or more manual safety panels (MSPs) corresponding to the one or more
nuclear reactor units, each MSP being in bidirectional analog communication with its
corresponding nuclear reactor unit;

wherein the one or more MSPs are disposed with the central workstation, the
one or more OATC workstations, and the common or non-safety control workstation

in the control room

22.  The control room of claim 19 wherein T¢c has a value greater than or

equal to one hour.

23. The control room of clam 19 wherein the non-safety control
workstation does not include any control capabilities that must be performed by a

licensed operator.

24.  The control room of claim 19 wherein the one or more nuclear reactor
units comprise two or more nuclear reactor units and the one or more OATC
workstations include two or more OATC workstations corresponding to the two or

more nuclear reactor units.
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25.  The control room of claim 19 wherein the one or more nuclear reactor
units comprise four or more nuclear reactor units and the one or more OATC
workstations include four or more OATC workstations corresponding to the four or

more nuclear reactor units.
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