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Contents of Lecture

❖ Contents of lecture

⚫ Chapter 1 Principal Characteristics of Power Reactors

▪ Will be replaced by the lecture note

▪ Introduction to Nuclear Systems 

▪ PWR (OPR1000 and APR1400)

▪ CANDU

▪ BWR and Fukushima accident

⚫ Chapter 4 Transport Equations for Single-Phase Flow (up to energy equation)

⚫ Chapter 6 Thermodynamics of Nuclear Energy Conversion Systems:

Nonflow and Steady Flow : First- and Second-Law Applications

⚫ Chapter 7 Thermodynamics of Nuclear Energy Conversion Systems : 

Nonsteady Flow First Law Analysis

⚫ Chapter 3 Reactor Energy Distribution

⚫ Chapter 8 Thermal Analysis of Fuel Elements

Thermodynamics

Heat transport
Conduction 

heat transfer

Nuclear system
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History of PWR

❖ 1939: Nuclear fission was discovered.

❖ 1942: The world’s first chain reaction

⚫ Achieved by the Manhattan Project (1942.12.02)

❖ 1951: Electricity was first generated from nuclear power

⚫ EBR (Experimental Breeder Reactor-1), Idaho, USA
⚫ Power: 1.2 MWt, 200 kWe



History of PWR

❖ Nuclear  Energy (sculpture)

⚫ The location commemorates the exact location where the Manhattan Project team devised 
the first nuclear reactor to produce the first self-sustaining controlled nuclear reaction under 
the now demolished west stands of the old Stagg Field.

https://en.wikipedia.org/wiki/Manhattan_Project
https://en.wikipedia.org/wiki/Nuclear_reaction
https://en.wikipedia.org/wiki/Stagg_Field


History of PWR

❖ 1950s: R&D

⚫ USA: light water reactor

▪ PWR: Westinghouse

▪ BWR: General Electric (GE)

⚫ USSR: graphite moderated light water reactor 

and WWER (similar to PWRs)

⚫ UK and France: natural uranium fueled, 

graphite moderated, gas cooled reactor

⚫ Canada: natural uranium fueled, heavy water reactor.

❖ 1954: initial success

⚫ USSR: 5 MWe graphite moderated, 

light water cooled reactor was connected to grid.

⚫ USA: the first nuclear submarine, the Nautilus (PWR)



History of PWR

❖ 1956~1959

⚫ UK: Calder Hall-1, 50 MWe GCR (1956)

⚫ USA: Shippingport, 60 MWe PWR (1957)

⚫ France: G-2, 38 MWe GCR (1959)

⚫ USSR: the ice breaker Lenin (1959)

▪ The world’s first non-military nuclear powered ship



History of PWR

❖ 1960s~1970s: golden age

⚫ Westinghouse: 48 operational reactors, 9 shut down reactors

⚫ B&W (Babcock & Wilcox)

▪ 1961~: 7 operational reactors, 4 shut down reactors including TMI-2

⚫ CE (Combustion Engineering)

▪ 1972~:  14 operational reactors, 3 shut down reactors

⚫ Framatome (France)

▪ Technology from Westinghouse,  1978~

NA

WE
FSU/EE

Jap/ROK
Developing 
countries

Capacity under 
construction

The US Atomic Energy Commission foresaw 1000 
nuclear plants on line in the USA by the year 2000. 



History of PWR

❖ 1979~1990s

⚫ 1979: TMI-2 (B&W PWR)

⚫ 1986: Chernobyl (RBMK-1000)

⚫ Technology transfer

▪ Framatome from Westinghouse (1981) 

▪ KEPCO from CE (1987)



History of PWR

❖ 2000s~2011: Nuclear Renaissance

⚫ Climate change, fossil fuel price

⚫ US: No new reactor after TMI-2 accident, approval for new reactor construction

▪ Northeast blackout in 2003

⚫ Toshiba (2007) Westinghouse  (2000) CE 

⚫ AREVA: Framatome SIEMENS (2001)

⚫ Consortium: AREVA-MHI, WEC-TOSHIBA, GE-Hitachi (BWR)

⚫ KEPCO consortium: won the UAE bid (2009)

▪ KHNP, KEPCO E&C (KOPEC), KEPCO NF (KNF), KEPCO KPS (KPS) etc.  



History of PWR

❖ 2011.3~

⚫ Fukushima Daiichi accident

⚫ Domestic issues

▪ Coverup of the serious incident: Station blackout 

for 12 minutes during regular inspections

▪ License renewal: Wolsong Unit 1 (approved), Kori Unit 1 (2018)

▪ Documentation scandal, corruption scandal, nuclear mafia

▪ Lawsuit regarding thyroid cancer

⚫ Opportunities

▪ Finland, Saudi Arabia (SMART), Vietnam etc.

▪ APR+, IPOWER , SMR etc.
Passive Auxiliary Feedwater System Passive Containment Cooling System



History of PWR

❖ 2017~

연합뉴스, 2017.04.25

조선일보, 2017.02.07

조선비즈, 2016.09.14 비즈니스포스트, 2017.04.11

판도라, 2016



History of PWR

❖ 2017~
“우리원전기술의우수
성과대한민국의역량을
직접눈으로보니자랑
스럽다.”



History of PWR

❖ 2017~



PWRs in Korea

https://www.world-
nuclear.org/information-library/country-
profiles/countries-o-s/south-korea.aspx

https://www.world-nuclear.org/information-library/country-profiles/countries-o-s/south-korea.aspx


PWRs in Korea

https://www.world-
nuclear.org/information-library/country-
profiles/countries-o-s/south-korea.aspx

https://www.world-nuclear.org/information-library/country-profiles/countries-o-s/south-korea.aspx


Plant Overall

❖ Operating principles, construction, installation



Plant Overall

❖ Operating principles, construction, installation

Reactor Coolant System 

Auxiliary System Radioactive Waste Management

Steam and Power 
Conversion System

Control and Protection System
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Reactor Coolant System 

❖ RCS (Reactor Coolant System)

⚫ Primary system

⚫ Reactor pressure vessel (RPV)

⚫ Steam generator (SG)

⚫ Reactor coolant pump (RCP)

⚫ Pressurizer (PRZ)

⚫ Piping 

▪ Hot legs, cold legs, intermediate legs, surge line

⚫ Functions

▪ Transfer the heat from the fuel to SG

▪ Contain any fission products that escape the fuel 



Reactor Coolant System 

❖ RCS (Reactor Coolant System)



Reactor Coolant System 

❖ Reactor Vessel

Flow Path Should be less than 3%



Reactor Coolant System 

❖ Reactor Vessel



Reactor Coolant System 

❖ Layout

⚫ System80, OPR1000, APR1400: 2 loop PWR

▪ System80: Hanbit (YGN) Unit 3,4

▪ OPR1000: Hanbit (YGN) Unit 5,6

Hanul (Ulchin) Unit 3-6

Shin Kori Unit 1,2

Shin Wolsong Unit 1,2

▪ APR1400: Shin Kori Unit 3-7

Shin Hanul Unit 1-4 

▪ 2 SG, 2 hot legs

▪ 4 RCP, 4 cold legs



Reactor Coolant System 

❖ Layout

⚫ WH-2 and WH-3

▪ 2 loop:Kori Unit 1,2 

▪ 3 loop: Kori Unit 3,4, Hanbit (YGN) Unit 1,2

⚫ Framatome

▪ 3 loop: Hanul (Ulchin) Unit 1,2



❖ Loop configuration

In general, Westinghouse plants have either two, 
three or four steam generators depending on 
how powerful the plant is. Each steam generator 
has its own specific hot leg, cold leg and reactor 
coolant pump.

CE plants always have two steam generators, 
no matter how powerful the plant is.

Systme80: Hanbit (3,4)

OPR1000 & APR1400: Hanbit (5,6)  Hanul (3-6)

Shin Kori (1,2,3)  Shin Wolsong (1,2)

Kori Unit 1,2 Hanul (1,2), Kori (3,4),  Hanbit (1,2)

Reactor Coolant System 



Reactor Coolant System 

❖ Discussion topic

⚫ 2x4 loop vs. 4x4 loop

▪ Reactor vessel

– The less nozzles on the RV, the better for its integrity

– Not replaceable  conservative in changing the design  easier to change the capacity of SG

▪ Steam generator

– Westinghouse: 250~350 Mwe

– CE/OPR1000/APR1400: 500~700 MWe

– Larger capacity of the SG   larger feedwater flow rate more FIV issues (flow induced vibration)

 fretting-wear problem

– Response under accident conditions ?

➢ Loss of coolant accident

➢ Main steam line break



Reactor Coolant System 

❖ Discussion topic

⚫ 2x4 loop vs. 4x4 loop

I.C. Chu, KAERI/AR-663/2003
“Early fretting wear of U-tubes has been observed in the U-bend 
region above the central cavity in KSNP steam generator, and the main 
cause of the wear is expected to be FIV(Flow Induced Vibration). More 
specifically, Fluid Elastic Instability is the most probable mechanism 
considering that the progress of the wear is very rapid.”



Reactor Pressure Vessel

❖ Reactor Vessel

⚫ Inner diameter: ~4.6 m, thickness: ~ 25 cm

⚫ Height: ~14.8 m

⚫ Material: manganese molybdenum steel

▪ Surfaces that come into contact with reactor coolant

are clad with stainless steel to increase corrosion 

resistance.

Din=0.762 m

Dout=1.067 m



Reactor Pressure Vessel

❖ Reactor Vessel

6-3/4” stud-bolt

Flow skirt: 유량분배환, 유량분배균일화

Closure head assembly
• 108 nozzles for CEDMs
• 54 studs and 2 O-rings



Reactor Pressure Vessel

❖ Reactor Vessel Doosan heavy industry

Ring Forging

Cladding



Reactor Pressure Vessel
Core Support Barrel contains and supports the fuel 
assembly, core shroud and lower support structure, and 
shields from radioactivity along with coolant. Linked with 
reactor vessel's exit nozzle, the nozzle attached to the 
cylinder minimizes the coolant leakage. 



Reactor Pressure Vessel
Core Shroud shelters the reactor fuel 
and stabilizes the flow of coolant.



Reactor Pressure Vessel

가열접점열전대
(Heated Junction Thermocouple System)

Upper Guide Structure
Assembly

Lower support 
Structure



Reactor Pressure Vessel



Reactor Pressure Vessel

❖ Reactor core

⚫ At the nuclear power plant, the fuel assemblies are inserted vertically into the reactor 
vessel (a large steel tank filled with water with a removable top). 

⚫ The fuel is placed in a precise grid pattern known as the “reactor core.”

⚫ 241 assemblies in APR1400 (3983 MWt), 177 in OPR1000 (2815 MWt)

▪ 15.9~16.5 MWt/assembly

*) 원자로노심

APR1400 Reactor Core



Reactor Pressure Vessel



❖ Reactor Core: Thermal and Hydraulic Parameters

Reactor Pressure Vessel

APR1400: 109.7m 461.3㎥/min

OPR1000: 102.7m, 323.3㎥/min



❖ Reactor Core

⚫ Equivalent diameter: ~3.647 m, active core height: 3.81 m 

⚫ APR1400: 241 Fuel assemblies (1616)

⚫ Coolant temperature: Inlet (~291C), outlet: (~324 C)

⚫ Flow rate: 1,639,000 lpm  27.3 m3/s   4.94 m/s

⚫ Linear power density of each rod: 17~18 kW/m

Reactor Pressure Vessel

15 % 이용률 (3.5 시간)



Reactor Pressure Vessel

❖ Reactor fuel assemblies

⚫ Major components

▪ Fuel rods

▪ Spacer grids

▪ Upper and lower end fittings

⚫ Fuel rods

▪ Ceramic fuel pellets

▪ Length: 3.81 m (APR1400)

▪ Contain a space at the top for the collection of 
any gases produced by the fission process

– For example, xenon and krypton

▪ Arranged in a square matrix

– 1616 or 1717 for PWRs

➢ 236 in APR1400, why not 256?

– 88  for BWRs

▪ APR1400: 241 Fuel assemblies (1616)

56876 fuel rods

*) 지지격자



Reactor Pressure Vessel

❖ Reactor fuel assemblies

⚫ Spacer grids*)

▪ Separate the individual rods with pieces of sprung metal.

▪ Provide the rigidity of the assemblies.

▪ Allow the coolant to flow freely up through the assemblies and around the fuel rods.

▪ Some spacer grids may have flow mixing vanes (or swirl vane) that are used to promote mixing of 
the coolant as it flows around and through the fuel assembly.



Reactor Pressure Vessel



Reactor Pressure Vessel



Reactor Coolant System 

❖ Nuclear fuel 

⚫ Ceramic pellets

⚫ The pellets are stacked into 12-foot long, 

slender metal tubes, generally made of 

a zirconium alloy.

⚫ The tube is called the “fuel cladding.”

⚫ When a tube is filled with the uranium pellets, 

it is pressurized with helium gas, and 

plugs are installed and welded to seal the tube.

▪ ~400 psig  27 bar (why?) 

⚫ The filled rod is called a “fuel rod.” 

⚫ The fuel rods are bundled together into 

“fuel assemblies” or “fuel elements.” 

⚫ The completed assemblies are now ready to 

be shipped to the plant for installation 

into the reactor vessel.

*) 핵연료피복재, 핵연료봉, 핵연료집합체



❖ Guide Tube

⚫ Design parameters

▪ Control rod drop velocity

▪ Bypass minimum

▪ Bypass maximum

Reactor Coolant System 

Upper end fitting

Lower end fitting

Precipitation !

Dashpot
a damper which resists 
motion via viscous friction
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❖ Pressurizer

⚫ Provides a means of controlling the system pressure

⚫ Pressure is controlled by 

▪ Electrical heaters

▪ Pressurizer spray

▪ Power operated relief valves/ safety valves.

⚫ Operation

▪ High pressure: spray (l=588.5, g=105.2)  PORV  safety valves

▪ Low pressure: heaters  trip

⚫ Dimensions

▪ Height: ~ 13 m

▪ Inner diameter: ~ 2.4 m

▪ Outer diameter: ~ 2.7 m

▪ Surge nozzle: ~ 0.3 m

⚫ Installed heater

▪ Total 1800 kW (50 kW  36 ea)

Reactor Coolant System 



❖ Pressurizer

Reactor Coolant System 

From RCP 
discharge lines

Reactor Drain Tank

From a hot leg



❖ RCP (Reactor Coolant Pump)

⚫ Provide forced primary coolant flow to remove the heat generated by the fission process

▪ Natural circulation: sufficient for heat removal when the plant is shutdown

⚫ Increase pressure: 90 psi  6.2 bar

⚫ Components

▪ Motor, hydraulic section, seal package

▪ Motor

– Air cooled, 1190 RPM, 4.5~6 MW (10~20 MWt)

– Flywheel for coastdown

▪ Hydraulic section

– Impeller, shaft, suction and discharge nozzles etc.

⚫ Height: ~ 11 m, ~$ 20~30 M

Reactor Coolant System 

Suction? 
or Discharge?



❖ RCP (Reactor Coolant Pump)

Reactor Coolant System 



❖ Steam Generator

⚫ Primary side (tube)

▪ U-tubes: 19.05 mm I.D., 1.07 mm thickness

▪ Length: ~ 19.4 m

▪ OPR1000: ~ 8,214 tubes/SG

▪ APR1400: ~ 13,102 tubes/SG

▪ 1 Inlet: 323 C, 2 outlets: 290 C

▪ Inconel-600

⚫ Secondary side (shell)

▪ Height: 20~23 m, diameter: 4.5~6 m

▪ Pressure: 70~75 Bars

▪ 3 Inlets: ~232 C, 2 outlets: ~285 C

⚫ Operation

▪ Steam-water mixture  separator drier

▪ Separator: mixture spin (exit water < 2 %)

– Centrifugal separator

▪ Drier: rapid direction change

▪ Exit water content < 0.25 wt %

– To prevent damage to the turbine blading

Reactor Coolant System 

Primary head



❖ Steam Generator

Reactor Coolant System 

350 mm



❖ Steam Generator

Reactor Coolant System 

Recirculation ratio : 3.9
(100 (Steam) + 290 (Saturated water)) / 100 (Feedwater)



❖ Steam Generator

Reactor Coolant System 

❖ Inverted J-Nozzle

⚫ To prevent condensation-induced water hammer



❖ Steam Generator

Reactor Coolant System 



❖ Steam Generator

Reactor Coolant System 
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Steam and Power Conversion System



Steam and Power Conversion System



Steam and Power Conversion System



Steam and Power Conversion System



❖ Condensate / main feedwater system (복수및주급수계통)

Steam and Power Conversion System
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❖ Condensate / main feedwater system (복수및주급수계통)

Steam and Power Conversion System

- HP Turbine

- MSR 2nd stage reheater

- Turbine bypass

- Turbine of the main feedwater pump

- Turbine of the aux. feedwater pump

- Turbine steam seal system

- Aux. steam system

- Sampling line

6



❖ Main steam system

⚫ Main steam line  High pressure turbine   Moisture separator/reheater

 low pressure turbines (3)  main condenser (operated at a vacuum)

Steam and Power Conversion System



Steam and Power Conversion System



❖ Main steam system

⚫ Moisture separator/reheater

Steam and Power Conversion System



❖ Main steam system

⚫ High pressure turbine

Steam and Power Conversion System



❖ Counter-current heat exchanger

⚫ Why is it better ? (explain using LMTD)

⚫ Check the following heat exchangers’ 

flow directions

▪ Steam generator

▪ Moisture separator reheater

▪ Feedwater heater

▪ Deaerator

Steam and Power Conversion System



❖ Turbine

Steam and Power Conversion System

Moving blade

Stationary blade

Stage

HP Turbine: 7 stages (OPR1000)
• 3rd or 10th stage: steam extraction for MSR /

high pressure feedwater heater #7
• 5th or 12th stage:  high pressure feedwater heater #6
• 7th or 14th stage:  high pressure feedwater heater #5

LP Turbine: 7 stages (OPR1000)
• 2nd or 9th stage: for deaerator
• 3rd or 10th stage: for low pressure feedwater heater #3
• 4th or 11th stage: for low pressure feedwater heater #2
• 6th or 13th stage: for low pressure feedwater heater #1



❖ Condensate system

⚫ Main condenser/ Condenser vacuum system/ Condensate pump

⚫ Condensate polishing system (복수탈염계통)

⚫ Low pressure feed water heater

⚫ Deaerator (탈기기)

Steam and Power Conversion System



Steam and Power Conversion System

❖ Condenser

⚫ To condense the exhaust steam from the turbine and recover the high-quality feedwater for 

reuse in the cycle

⚫ To create a low back pressure (vacuum, 5 kPa, 33 C)

▪ The enthalpy drop, and hence, 

turbine work, per unit pressure drop

– At low pressure  >>  at high pressure

▪ Increased plant efficiency

▪ Important to use cooling-water temperature 

that are the lowest available

⚫ Heat sink: sea water, circulating water system

❖ Type of condenser

⚫ Direct-contact condenser

⚫ Surface condenser



Steam and Power Conversion System

❖ Surface condenser

⚫ Most common type used in powerplants

▪ Shell-and-tube heat exchangers

▪ Condensing of saturated steam on the outside of the tubes

▪ Forced-convection heating of the circulating water inside the tube

⚫ Schematic of a surface condenser

▪ Steel shell with water boxes

▪ Tube sheets and support plates to prevent tube vibration

⚫ OPR1000 main condenser

▪ 3 shells

▪ Single-pressure, single pass, 

surface condenser

▪ Located below the low pressure 

turbines

▪ Tubes are arranged perpendicular 

to the turbine shaft



Steam and Power Conversion System

❖ Deaeration in condenser

⚫ Deaeration (탈기)

⚫ Removal of air molecules (usually meaning oxygen) from another gas or liquid

▪ Deaerator (탈기기)

▪ To remove the non-condensable gases

– Otherwise, it can accumulate in the system.

⚫ Non-condensable gases

▪ Leak from atmosphere into the cycle

– Condenser: operates below atmospheric pressure

– Decomposition of water into oxygen and hydrogen by thermal or influence of nuclear radiation

– Chemical reactions between water and materials

⚫ Effect of non-condensable gases

▪ Raise the total pressure of the system  lower plant efficiency

▪ Blanket the heat transfer surfaces (condenser outside surface)  decrease condensing HTC

▪ Cause various chemical activities  corrosion (most severely in SG), hydriding by hydrogen, 
combustible



Steam and Power Conversion System

❖ Deaeration in condenser

⚫ Condenser

▪ It is essential that the condenser itself be the place of good deaeration.

⚫ Procedure

▪ The cold condensate falling from the lower tubes with sufficient falling height and scrubbing steam

▪ The scrubbing steam reheats the condensate.

– Non-condensables are more easily released from a hotter than a colder liquid.

▪ The released non-condensables are cooled to reduce their volume before being pumped out

– 6~8 % of tubes are set aside

– Air cooler section, baffled to separate the NCs from the main steam flow.

– NCs flow toward the cold end of the condenser.

– Connected to a vent duct

▪ Venting equipment

– Jet pump

– Universal acceptance because of simplicity and lack of moving parts

– Low maintenance and good reliability



Steam and Power Conversion System

❖ Deaeration

⚫ Jet pump used on condensers: Steam-Jet Air Ejector (SJAE)

▪ The condensed steam: returned to a low-pressure part of the cycle.

▪ Second stage ejector

– Compressed further and passed to an after condenser

▪ Third stage ejector

– May or may not necessary

– To bring the system to the off-gas system in nuclear power plants



Steam and Power Conversion System

❖ Deaeration

⚫ Jet pump used on condensers: Steam-Jet Air Ejector (SJAE)

▪ Uses steam as their motive or driving flow

▪ Usually two or three stages

⚫ Principle

▪ Steam enters a driving-flow nozzle in the first-stage ejector.

– Exits with high velocity and momentum and reduced pressure.

▪ Reduced pressure draws in the NCs from the condenser.

– By a process of momentum exchange,  

the gases are entrained by steam jet

▪ The combined flow of steam and NCs 

is compressed in the diffuser.

▪ Discharged into a small intercondenser

– Steam is condensed by passing across

cooling pipes.

– Cooling is accomplished by 

the main condenser condensate.

– Part of the feedwater heating system

– Improvement in efficiency



❖ Condensate system

⚫ Main condenser/ Condenser vacuum system/ Condensate pump

⚫ Condensate polishing system (복수탈염계통)

⚫ Low pressure feed water heater

⚫ Deaerator (탈기기)

Steam and Power Conversion System



❖ Main feedwater system

⚫ Feedwater booster pump (급수승압펌프)

⚫ Main feedwater pump (주급수펌프)

▪ 2 Turbine driven pumps, 1 motor driven pump

▪ Steam: from main steam line (power<40% ),  from MSR (otherwise)

⚫ Startup feedwater pump (기동용급수펌프)

⚫ High pressure feedwater heater

⚫ Steam generator feedwater line

▪ Downcomer feedwater

▪ Economizer feedwater

Steam and Power Conversion System



❖ Condensate / main feedwater system (복수및주급수계통)

Steam and Power Conversion System
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❖ Circulating water system

⚫ To condense the steam and transfer that heat to the environment

⚫ Main condenser

▪ Steam condensation on thousands of condenser tubes

▪ No physical contact between steam and the environment

▪ In vacuum: any tube leakage will produce an inflow of water into condenser

Circulating water system



❖ Circulating water system

⚫ Takes water from the ocean/lake and discharges back into it

▪ Expected temperature increase: 5~10C (for 1000 MW)

▪ Flow rate: ~ 50 ton/sec.

⚫ Cooling tower

▪ Forced draft cooling tower

▪ Natural convection cooling tower

Circulating water system



❖ CVCS (Chemical and Volume Control System)

⚫ Major support system for RCS

▪ Purify RCS using filters and demineralizers, minimize the amount of radioactive material in coolant

▪ Add/remove boron

▪ Maintain the level of PRZ

⚫ Volume control tank

⚫ Letdown line

⚫ Charging line

Auxiliary System



❖ CCWS (Component Cooling Water System)

⚫ Closed loop, two independent trains

⚫ Provide coolant to components

⚫ Cooled by ESWS (Essential Service Water System)

⚫ CCW pumps

⚫ CCW heat exchanger

▪ Tube: ESWS 

▪ Shell: CCW

⚫ Surge tank (완충탱크)

Auxiliary System



❖ CCWS (Component Cooling Water System)

Auxiliary System



❖ ESWS (Essential Service Water System)

⚫ Open loop, two independent trains

⚫ Provide cooling water

▪ CCWS HX, emergency diesel generator HXs, ESW pump room coolers

⚫ Since the water is frequently drawn from an adjacent river, the sea, or other large body of 
water, the system can be endangered by large volumes of seaweed, marine organisms, oil 
pollution, ice and debris. 

⚫ In locations without a large body of water in which to dissipate the heat, water is 
recirculated via a cooling tower.

Auxiliary System



❖ ESWS (Essential Service Water System)

Auxiliary System



❖ ESWS (Essential Service Water System)

⚫ 운전경험

▪ 해수취수구이물질, 가시고기, 해파리, 새우떼유입에의한발전정지및원자로정지

▪ 1988 고리4호기

– 가시고기떼유입으로순환수계통압력상승  원자로수동정지

▪ 1991 고리4호기

– 태풍글래디스의영향으로취수구에다량의오물이유입

– 2차기기냉각해수유량상실 2차측기기온도증가 /복수기진공저하  터빈및원자로정지

▪ 2001 울진1,2호기, 2006 울진1,2호기

– 새우떼취수구유입 순환수펌프정지 복수기진공저하  주급수펌프정지 원자로정지

▪ 2014 월성 3호기

– 월성3호기계획예방정비중취수구잠수작업자인명사고발생

Auxiliary System



❖ Fuel Storage and Handling System 

⚫ Nuclear fuel 

▪ Contains fissile material and, after irradiation, highly radioactive fission and activation products. 

⚫ The most significant design features

▪ Provide the necessary assurances that the fuel and core components can be received, handled, 
stored and retrieved without undue risk to health, safety or the environment. 

▪ Maintaining subcriticality of the fuel

▪ Ensuring the integrity of the fuel

▪ Cooling irradiated fuel

▪ Ensuring radiation protection and safety 

in accordance with the Basic Safety Standards

▪ Preventing unacceptable releases of 

radioactive material to the environment.

Auxiliary System



❖ Fuel Storage and Handling System 

Auxiliary System



❖ Fuel Storage and Handling System 

⚫ Layout

Auxiliary System



❖ Fuel Storage and Handling System 

Auxiliary System



❖ Fuel Storage and Handling System 

Auxiliary System



❖ Fuel Storage and Handling System 

⚫ Fresh fuel (new fuel)

▪ Fuel storage racks/ New fuel elevator

▪ Dry storage

Auxiliary System



❖ Fuel Storage and Handling System 

⚫ Spent fuel pools

▪ Located inside the plant’s protected area.

▪ Contain an enormous quantity of water, which acts to cool the fuel and provide radiation shielding.

▪ Have no drains that would allow the water to drain out. Can be filled using a variety of water 
sources, if needed.

▪ Have large safety margins, including about 20 feet of water above the top of the fuel

▪ Are robust, with very thick, steel-reinforced concrete walls and stainless-steel liners.

▪ May be located below ground level, shielded by other structures, or surrounded by walls that would 
protect the pool from a plane crash or other impact.

Auxiliary System



❖ Spent Fuel Pool Cooling and Clean up System (SFPCCS)

⚫ Spent fuel pool cooling

▪ To remove decay heat from the spent fuel

▪ To maintain the water pool temperature, Tbulk<60C

Auxiliary System
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❖ ESF (Engineered Safety Features) 

⚫ Functions

▪ To localize, control, mitigate and terminate accidents

▪ To hold exposure levels below the limits

⚫ Containment system

▪ The containment structure which forms a virtually leak tight barrier to the escape of fission product

⚫ Containment spray system

▪ To reduce containment pressure and remove iodine from the containment atmosphere after a 
primary or secondary pipe break inside containment.

⚫ Safety injection system

▪ To provide borated water to cool the reactor core in the event of an accidental depressurization 

▪ The combination of control rods and the boron in the injection water provides the necessary
negative reactivity to maintain the reactor shutdown.

⚫ Shutdown cooling system

▪ To maintain the RCS at refueling temperature for extended period.

⚫ Auxiliary feedwater system

▪ To provide emergence heat removal capability upon loss of normal feedwater.

⚫ Safety depressurization system

▪ To provide a manual means of rapidly depressurizing the RCS

Engineered Safety Features

• Reactor shut down
• Remove decay heat
• Minimize the radioactivity release



❖ ESF (Engineered Safety Features) 

⚫ Containment system

▪ Design pressure: ~ 4 bar

▪ Internal diameter: ~ 44 m, thickness: ~ 1.2 m

▪ Dome radius: ~ 21.9 m

▪ Height: ~ 66 m

Engineered Safety Features



❖ ESF (Engineered Safety Features) 

⚫ Containment spray system

Engineered Safety Features

4 bar



❖ ESF (Engineered Safety Features) 

⚫ SIS (Safety Injection System)/ ECCS (Emergency Core Cooling System)

Engineered Safety Features

Safety Injection Systems



❖ ESF (Engineered Safety Features) 

⚫ SIS (Safety Injection System)/ ECCS (Emergency Core Cooling System)

Engineered Safety Features



❖ ESF (Engineered Safety Features) 

⚫ SIS (Safety Injection System)

▪ OPR1000: HPSI, SIT, LPSI

▪ APR1400: HPSI, SIT

⚫ High pressure safety injection pump

▪ 1 pump: connected to 4 cold legs & 1 hot leg

⚫ Safety injection tank

▪ 1 tank: connect to 1 cold leg

▪ D=2.74 m

▪ H=13.6 m

⚫ Low pressure safety injection pump

▪ 1 pump: connected to 2 cold legs

Engineered Safety Features



❖ ESF (Engineered Safety Features) 

⚫ SIS (Safety Injection System)/ ECCS (Emergency Core Cooling System)

▪ Injection mode

Engineered Safety Features
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❖ ESF (Engineered Safety Features) 

⚫ SIS (Safety Injection System)/ ECCS (Emergency Core Cooling System)

▪ Injection mode/ SIT exhausted

Engineered Safety Features
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❖ ESF (Engineered Safety Features) 

⚫ SIS (Safety Injection System)/ ECCS (Emergency Core Cooling System)

▪ Recirculation mode

Engineered Safety Features
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❖ ESF (Engineered Safety Features) 

⚫ SIS (Safety Injection System)/ ECCS (Emergency Core Cooling System)

▪ Simultaneous injection

Engineered Safety Features

 

V614

Safety 

Injection 

Tank 

TK01A

V215

V217V540

14

1410
V114

V113

3

10

FE311

42

OR25BV616

OR24B

V617

V615

2

2

10
RCS

Loop 

2A

V624

V225

V227V541

14

1410
V124

V123

3

10

FE321

42

OR25DV626

OR24D

V627

V625

2

2

10
RCS

Loop 

2B

V331 3 FE390 V533 V532

3 3

RCS

Loop 2

Hot 

Leg

16

V644V245

V247V543

14

1410

V144

V143

3

10

FE341

4

2

OR25C

V646

OR24CV647

V645

2

2

10

RCS

Loop 

1A

V237V542

1410
V134

V133

3

10

FE331

42

OR25A

V636

OR24AV637

V635

2

2

10

RCS

Loop 

1B

V321

3

FE391 V523 V522

3

3
RCS

Loop 1

Hot 

Leg 16

V634V235

14

OR12B

OR06B

FT306

1020

OR04BV306

OR10A

OR10B

OR09A

OR09B

OR08B

OR08A

OR07B

OR07A

 

HPSI 

Pump 2

PP02B

V405 V478 V698

V604

4

4

3

OR06A

 

HPSI 

Pump 1

PP02B

V404 V476 V699

V603

4 4

3

2

2

2

2

2

2

2

2

4

 

LPSI 

Pump 2

PP01B

8

V445

10

V447

2010

OR11B

10

V
6

9
6

 

HE01B

V
6

9
4

10

16

10

V
6

5
8

FT307

20

OR04AV307

10

 

LPSI 

Pump 1

PP01A

8

V43410 V435

2010

10

V
6

9
5

 

HE01A

V
6

9
3

10

16

V
6

5
7

OR12A

10

OR11B

OR22B

OR02B

V
4

4
8

V
6

6
8

OR23B

OR03B

V
4

2
6

V
6

6
6

4

6

2

V659

2

OR22A

OR02A

V
4

5
1

V
6

6
9

OR23A

OR03A

V
4

2
4

V
6

6
7

6

V660

2

2

4

 

V530 V305

20

Refueling

Water 

Tank 

TK02

V676 V206

24

14

10

Containment

Recirculation 

Sump B

V675 V205

24
14

8

V531 V306

20

Containment

Recirculation 

Sump A

10

V
2

0
0

V
6

9
2

20

14

V
2

0
1

V
6

9
1

20

14

V652V654V656

V651V653V655

16 16 16

16

16

1616

16

V957

V950

 

Safety 

Injection 

Tank 

TK01B

 

Safety 

Injection 

Tank 

TK01C

 

Safety 

Injection 

Tank 

TK01D

d:\ltc\etc\sipid.vsd

Boron 
Precipitation!



Engineered Safety Features

❖ Safety injection mode
⚫ Injection mode

▪ HPSI : 안전주입신호로기동, 124 bars
▪ SIT: 42~44 bars
▪ LPSI: 안전주입신호로기동, 14 bars

⚫ Short-term recirculation mode 
▪ RWT 저수위 (7.6 %)
▪ HPSI: cold leg injection 
▪ LPSI 정지

⚫ Long-term recirculation mode 
▪ 안전주입발생후 4시간이내에정지냉각불만족시
▪ HPSI: simultaneous injection



❖ ESF (Engineered Safety Features) 

⚫ SIS (Safety Injection System)/ ECCS (Emergency Core Cooling System)

▪ OPR1000: HPSI, SIT, LPSI

▪ APR1400: HPSI, SIT

Engineered Safety Features

Steam

Generator Steam

Generator

Control Rod
Driving Mechanism

Reactor Vessell

Lower Plenum

Downcomer

Reactor Coolant 
Pump

Cold Leg (*4)

Hot Leg (*2)

Reactor
Core

Safety Injection Nozzles (*4)
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❖ ESF (Engineered Safety Features) 

⚫ SIS (Safety Injection System)/ ECCS (Emergency Core Cooling System)

▪ OPR1000: HPSI, SIT, LPSI

▪ APR1400: HPSI, SIT

▪ Simplified SIS

▪ 4 mechanical trains with 2 electrical trains

Engineered Safety Features



❖ ESF (Engineered Safety Features) 

⚫ OPR1000 vs. APR1400

Engineered Safety Features



❖ ESF (Engineered Safety Features) 

⚫ SCS (Shutdown Cooling System)/ RHRS (Residual Heat Removal System)

Engineered Safety Features



❖ ESF (Engineered Safety Features) 

⚫ SCS (Shutdown Cooling System)/ RHRS (Residual Heat Removal System)

▪ To continue the cooldown by removing heat from the core and transferring it to the environment.

Engineered Safety Features



❖ ESF (Engineered Safety Features) 

⚫ SCS (Shutdown Cooling System)/ RHRS (Residual Heat Removal System)

Engineered Safety Features



❖ ESF (Engineered Safety Features) 

⚫ Auxiliary feedwater system

▪ To provide emergence heat removal capability upon loss of normal feedwater.

Engineered Safety Features



❖ ESF (Engineered Safety Features) 

⚫ Auxiliary feedwater system

▪ To provide emergence heat removal capability upon loss of normal feedwater.

▪ Replaced by PAFS in APR+

Engineered Safety Features



❖ PPS (Plant Protection System) 

⚫ RPS(Reactor Protection System)

▪ To provide an emergency shutdown of the reactor to protect the core and the reactor coolant 
system pressure boundary

⚫ ESFAS(Engineered Safety Features Actuation System)

▪ To provide those functions required to prevent the release of significant amounts of radioactive 
material to the environment in the event of pressure boundary rupture.

⚫ The PPS continuously monitors selected safety-related parameters 

▪ Such as neutron flux, pressurizer pressure, steam generator pressure and level

⚫ The PPS automatically initiates plant protective action in the form of initiation of the 
appropriate function whenever a monitored plant parameter reaches a predetermined 
level. 

▪ RPS trip and/or ESF actuation

Plant Protection System



❖ PPS (Plant Protection System) 

⚫ Monitored parameters

▪ Core power (neutron flux and core inlet/outlet temperatures)

▪ Reactor coolant system pressure

▪ Departure from nucleate boiling ratio (DNBR) in the limiting coolant channel of the core

▪ Peak local power density in the limiting fuel pin of the core

▪ Steam generator water level

▪ Steam generator pressure

▪ Containment pressure

▪ Refueling water tank water level

▪ Reactor coolant system flow 

– Reactor coolant pump speed and steam generator primary differential pressure

Plant Protection System



❖ PPS (Plant Protection System) 

⚫ Trip functions

▪ Variable Overpower

– To limit the plant's maximum steady state power level, in conjunction with the DNBR/LPD trips.

▪ High Logarithmic Power Level

– To ensure the integrity of the fuel cladding and coolant system boundary in the event of unplanned 
criticality from a shutdown condition, resulting from either dilution of soluble boron or withdrawal of CEAs.

▪ High Local Power Density

– To prevent the linear heat rate (㎾/ft or w/㎝) in the limiting fuel pin in the core from exceeding the fuel 
design limit in the event of defined anticipated operational occurrences.

▪ Low Departure From Nucleate Boiling Ratio (DNBR)

– To prevent the DNBR in the limiting coolant channel in the core from exceeding the fuel design limit in the 
event of defined Anticipated Operational Occurrences.

▪ High Pressurizer Pressure

– To help assure the integrity of the Reactor Coolant Pressure Boundary for design basis events

▪ Low Pressurizer Pressure

– To assist the Engineered Safety Features System in the event of a coolant accident and to provide a reactor 
trip in the event of reduction in pressurizer pressure.

▪ Low Steam Generator Water Level

– To assist the Engineered Safety Features System by assuring that there is sufficient time for actuating the 
auxiliary feedwater pumps to remove decay heat from the reactor in the event of a reduction of steam 
generator water inventory.

Plant Protection System



❖ PPS (Plant Protection System) 

⚫ Trip functions

▪ High Steam Generator Water level

– To provide protection in conjunction with the MSIS to protect Main Steam System components from being 
damaged by excessive moisture carryover from the steam generators.

▪ Low Steam Generator Pressure

– To provide protection against excess secondary heat removal events

▪ High Containment Pressure

– To assist the Engineered Safety Features System by tripping the reactor coincident with an event which 
results in significant mass and energy releases into the containment.

▪ Low Reactor Coolant Flow

– To limit the consequences of a sheared reactor coolant pump shaft and steam line break.

▪ Manual Trip

Plant Protection System



❖ PPS (Plant Protection System) 

⚫ ESFAS Functions

▪ Safety Injection Actuation Signal (SIAS)

▪ Containment Isolation Actuation Signal (CIAS)

▪ Containment Spray Actuation Signal (CSAS)

▪ Recirculation Actuation Signal (RAS)

▪ Main Steam Isolation Signal (MSIS)

▪ Auxiliary Feedwater Actuation Signal (AFAS)

Plant Protection System



❖ Plant Monitoring System

⚫ Core operating Limit Supervisory System

⚫ In-core Instrumentation System

⚫ Ex-core Neutron Flux Monitoring System

⚫ Inadequate Core Cooling Monitoring

⚫ NSSS Integrity Monitoring System

⚫ Radiation Monitoring System

⚫ Containment Vessel Monitoring System

⚫ Post Accident Monitoring System

⚫ Bypass and Inoperable Status Indications

Other Systems



❖ Plant Control System

⚫ Reactor Regulating System

⚫ Control Element Drive Mechanism Control System

⚫ Main Feedwater Contorl System

⚫ Steam Bypass Control System

⚫ Reactor Power Cutback System

⚫ Pressurizer Pressure Control System

⚫ Pressurizer Level Control System

Other Systems



❖ Radioactive Waste Management System 

⚫ Gaseous Radioactive Waste System

⚫ Liquid Radioactive Waste  System

⚫ Solid Radioactive Waste  System

❖ Compressed Air System

❖ Chilled Water System

Other Systems
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APR+ Safety Features

❖ APR+ Overall Specification (project name)

⚫ Developer: KHNP

⚫ Thermal power: 4290 MWth

⚫ Electrical power: 1505 Mwe

⚫ Design life: 60 years

⚫ Construction period: 36 months

⚫ Core damage frequency: 
▪ <1.0 10-6/year

⚫ Construction plan
▪ Shin Kori 7
▪ 2022/2023 ?



APR+ Safety Features

❖ New Safety Features
⚫ DVI+

▪ Prevention of ECC bypass (ECBD, Emergency Core Barrel Duct)

⚫ 4 electrical trains of safety injection system
▪ 3 safety systems are available with the single failure assumption
▪ N+2

⚫ FD+
▪ Fluid Device: passively control the safety injection flow rate
▪ Advanced SIT



APR+ Safety Features

❖ New Safety Features
⚫ Fluidic device Vortex 

Chamber



APR+ Safety Features

❖ New Safety Features
⚫ Fluidic device



APR+ Safety Features

❖ New Safety Features
⚫ Passive Auxiliary Feedwater System (PAFS)

▪ Replacement of previous active auxiliary feedwater system
▪ Reduced core damage frequency
▪ Independent two-trains for two steam generators

▪ Driving force: gravity, free convection, condensation
▪ Over 8 hours operation capability during SBO
▪ 100% volume heat exchanger per SG
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APR+ Safety Features

❖ New Safety Features
⚫ PAFS during SBO



APR+ Safety Features

❖ New Safety Features
⚫ During SBO

Decay heat

U-tube

Natural circulation

Evaporation

Secondary side

Heat exchanger
tube

Natural circulation

Water pool

Condensation/boiling



APR+ Safety Features

❖ New Safety Features
⚫ Safety issues

▪ Condensation/boiling heat transfer rate
▪ Water hammer  differential shock

• Velocity of Steam is 10-100 times greater 
than the velocity of liquid

• Steam moving over the condensate will 
start manufacturing waves

• Waves will grow until they block the pipe 
completely forming a “Slug”

• Stopping only when suddenly impacted by 
equipment, tee, elbow, valve, or any bend 
in the piping 

Water Hammer (differential shock)

water hammer-1.wmv


APR+ Safety Features

❖ New Safety Features

⚫ ECBD, Emergency Core Barrel Duct 

⚫ Electrical 4 trains of safety injection system

⚫ FD+

⚫ PAFS



AP1000 Safety Features

❖ AP1000 Overall Specification
⚫ Developer: Westinghouse, USA

⚫ Thermal power: 3415 MWth

⚫ Electrical power: 1117 MWe

⚫ Design life: 60 years

⚫ Construction period: 36 months

⚫ Core damage frequency: 
▪ <5 10-7/year

⚫ Under construction
▪ In China: 4 units
▪ In US: 4 units 



AP1000 Safety Features

❖ New safety features
⚫ PCC: Passive containment cooling

▪ Steel containment 
▪ Concrete shield
▪ Safety concern?

⚫ CMT: Core make-up tank

⚫ PRHR: Passive residual 
heat removal system

⚫ ADS: Automatic 
depressurization system

⚫ Accumulator tanks

⚫ IRWST:  In-containment
Refueling Water 
Storage Tank



AP1000 Safety Features

❖ New safety features
⚫ CMT: Core make-up tank

▪ Full pressure
▪ Injection by natural circulation
▪ Replace HPSI pumps

⚫ PRHR: Passive residual 
heat removal system

⚫ ADS: Automatic 
depressurization system

⚫ IRWST:  In-containment
Refueling Water 
Storage Tank



AP1000 Safety Features

❖ New safety features
⚫ CMT: Core make-up tank

▪ Full pressure
▪ Injection by natural circulation
▪ Replace HPSI pumps

▪ Filled with cold borated water 

▪ Connected at the top

and bottom by balance lines.

▪ Always at primary pressure

▪ Natural circulation is established when

valves are open

▪ Cold borated water enters reactor 

▪ Hot primary water flows to CMT head.

High pressure safety injection by natural circulation



AP1000 Safety Features

❖ New safety features
⚫ SBO: Station Black-Out

▪ Passive core cooling
▪ Passive containment cooling

⚫ LOCA
▪ Passive core cooling

Passive core cooling.wmv
Passive containment cooling.wmv
LOCA.wmv


iPOWER

❖ iPOWER (Innovative Passive Optimized Worldwide Economical Reactor)
⚫ Background

▪ To secure the competitiveness of Korean NPP in 2020’s

Category Development Strategy

Design life Longer than 80 years

Power output 1200~1500MWe (1250MWe)

CDF < 1 X 10-7 /RY (5 X 10-8 /RY)

Containment Failure 
Frequency

~ 0 (<1 X 10-9 /RY 이하)

Operator’s grace time > 72 hours (1 week)

Safety System Fully passive



iPOWER

❖ iPOWER (Innovative Passive Optimized Worldwide Economical Reactor)
⚫ RCS and General arrangement

▪ 2-loop PWR with pre-stressed concrete containment

▪ Top-mounted ICI

▪ Elevated IRWST for gravity feed



iPOWER

❖ iPOWER (Innovative Passive Optimized Worldwide Economical Reactor)

⚫ Top-mounted ICI

Top Mounted ICI 
(AP1000, EPR, APWR)                     

Bottom Mounted ICI 
(APR1400, APR+)                     



iPOWER

❖ iPOWER (Innovative Passive Optimized Worldwide Economical Reactor)

⚫ Passive safety features

▪ Passive containment cooling

▪ Passive safety injection system

▪ Passive residual heat removal system

▪ Passive filtered ventilation system

▪ Passive spent fuel pool cooling

No Pump

No Electricity

No Operator Action

No Failure



iPOWER

❖ iPOWER (Innovative Passive Optimized Worldwide Economical Reactor)

⚫ Passive safety features

▪ Passive containment cooling

▪ Mission time: > 72 hours (up to 1 week)

▪ 4 independent trains (33%  4)



iPOWER

❖ iPOWER (Innovative Passive Optimized Worldwide Economical Reactor)

⚫ Passive safety features

▪ Passive safety injection system (PECCS: Passive Emergency core cooling system)

– Hybrid SIT

➢ Depressurization event (LOCA): conventional SIT

➢ High pressure event (SBO): pressure equalization between RCS and SIT

• Gravity feed of safety injection water

– Elevated IRWST

➢ Gravity driven low pressure safety injection



iPOWER

❖ iPOWER (Innovative Passive Optimized Worldwide Economical Reactor)

⚫ Passive safety features

▪ Passive safety injection system (PECCS: Passive Emergency core cooling system)

– Hybrid SIT



iPOWER

❖ iPOWER (Innovative Passive Optimized Worldwide Economical Reactor)

⚫ Passive safety features

▪ Passive residual heat removal system

– PAFS + auxiliary feedwater pump (for backup)

– Shutdown Cooling System



iPOWER

❖ iPOWER (Innovative Passive Optimized Worldwide Economical Reactor)

⚫ Passive safety features

▪ Passive filtered ventilation system

– Containment filtered ventilation system

– Water valve: zero failure probability

▪ Passive spent fuel pool cooling

– Water supply using PAFS water tank



iPOWER

❖ iPOWER (Innovative Passive Optimized Worldwide Economical Reactor)

⚫ Passive safety features

▪ Passive IVR/ERVC



iPOWER

❖ iPOWER (Innovative Passive Optimized Worldwide Economical Reactor)

⚫ Passive safety features

▪ Core catcher

– A core catcher is a device provided to catch the molten core material (Corium) of a nuclear reactor in case 

of a nuclear meltdown and prevent it from escaping the containment building.

– Passive water supply using IRWST
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x
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passive 
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iPOWER

❖ iPOWER (Innovative Passive Optimized Worldwide Economical Reactor)

⚫ PSA

▪ CDF < 1 X 10-7 /RY 

▪ LRF < 1 X 10-8 /RY 

⚫ Plan

▪ Conceptual design: 2014~

▪ Basic design: ~ 2022 1.E-08

1.E-07

1.E-06

1.E-05

APR+ Active+
PAFS

iPOWER

CDF

From KHNP presentation material




