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11  IInnttrroodduuccttiioonn  

Nuclear power generated by light water reactors accounts for approximately 1/3 of 
Japan’s electric power supply. Also, it is expected to play an important role in providing 
energy security and preservation of the global environment in the future.  

The development of the Advanced PWR (APWR) was started in the 1980s. The 
APWR was a summarization of PWR technologies in the 1980s. The APWR had been 
developed, as a nuclear power plant for future use in Japan, as a joint cooperative 
development project by five Japanese PWR utilities (Hokkaido Electric Power 
Company, Kansai EPC, Shikoku EPC, Kyushu EPC, and Japan Atomic Power 
Company) and Mitsubishi Heavy Industries (MHI). Its development was financially 
supported by the Ministry of International Trade and Industry (Currently the Ministry of 
Economy, Trade, and Industry) as a part of Phase III of the Improvement and 
Standardization Program. 

The design of the APWR was based on MHI’s conventional 4-loop plant technologies, 
with which MHI has accumulated significant operating experience in Japan, scaled up 
to achieve higher electric outputs. In addition to adopting those proven technologies, 
further modifications were also made on the first-step APWR design to improve 
economy, safety, reliability, operability, and maintainability incorporating advanced 
technologies gained so far, and the construction cost had been further reduced due to 
the benefit of economy of scale resulting from the increase in capacity. The first APWR 
(Japanese APWR) plant have been planned for Tsuruga-3 producing 1,538 MWe 
operated by the Japan Atomic Power Company. The Tsuruga-3 is now under safety 
review for construction permission, which got suspended in reality due to the 
Fukushima Daiichi accident. 

On the other hand, MHI started to design the US-APWR as the second APWR which 
meets regulatory requirements in United States of America as well as Utilities 
Requirements Document (URD). Steam turbine generator system and all of electric 
equipment of the US-APWR are designed for 60 Hz electric grid. 

Basic design concepts of the US-APWR are similar to those of the Japanese APWR 
whose design has completed. Namely, the US-APWR has been developed as a 
larger-scale version for the Advanced PWR, aiming at higher electrical outputs and 
improved economics. 

EU-APWR is a sister plant of the US-APWR and is aiming to satisfy European Utilities 
Requirements (EUR). Nevertheless steam turbine generator system and all of electric 
equipment are designed as 50 Hz, core design and main equipment on the reactor 
coolant system are same as those of US-APWR except the reactor coolant pumps. 

Information and designs of the US/EU-APWR are described hereinafter in the 
document for embarking countries according to the purpose of INPRO Dialogue 
Forum. Please take “US-APWR” for also standing for EU-APWR in the document as 
well, if not specifically mentioned. 
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22  DDeessccrriippttiioonn  oonn  nnuucclleeaarr  ssyysstteemmss  

2.1 Main characteristics of the primary circuit 

The US-APWR has been designed fundamentally based on the established Japanese 
PWR plants with its latest technologies to improve plant efficiency, such as the 
employment of large steam generators and turbines, and with other minor 
modifications to meet the URD. Electricity production cost is reduced due to the benefit 
of economical scale effect resulting from the increase in capacity together with 
improved plant safety, reliability and performance. The Japanese APWR’ output of 
1538 MWe was achieved from larger capacities of the reactor core and other major 
components such as the steam generator, reactor coolant pump and turbines than 
those of the conventional PWR. Even the reactor powers are same, the US-APWR 
plant performance exceeds that of the Japanese APWR plant due to much higher 
efficiency and larger capacity of steam generator and much higher efficiency of turbine 
system with the low pressure turbines having 74-inch last stage blades.  

The US-APWR is a four-loop pressurized water reactor with 4,451 megawatt (MWt) of 
rated core thermal output and around 1,700 megawatt (MWe) of gross electric output.  
The reactor core of the US-APWR has 257 fuel assemblies with the active fuel length 
of 4.2 meters. Former plates and barrel-baffle area with reactor coolant surrounding 
the fuel assemblies in the conventional PWR are modified to stainless steel neutron 
reflectors surrounding the fuel assemblies in the APWR to improve the neutron 
utilization efficiency, which leads to the reduction of fuel cycle cost and reduction of 
fast neutron irradiation to the reactor vessel wall. 
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Table 1 shows major differences in specifications between the conventional four-loop 
PWR (1180 MWe) plant, the Japanese APWR (1538 MWe) plant and US-APWR 
(1700 MWe class) plant. There are remarkable differences between the conventional 
PWR and Japanese APWR. They are the number of fuel assemblies in the core to 
come up with the core thermal outputs, the number of sub-systems in safety systems 
and the digitalization of protection system in the instrumentation and control (I & C) 
system. Remarkable differences between the Japanese APWR and US-APWR are the 
active core heights to enable power change flexible, and the number of sub-system 
trains in the safety systems. The employment of four-train sub-system in the safety 
systems aims to implement preventive maintenance works during on-power operation 
on the condition applying the single failure criteria in another sub-systems. 

 

Fig. 2 shows a comparison of the reactor vessels for conventional 4-loop PWR and 
US-APWR. The Japanese APWR and US-APWR have same reactor output and same 
reactor vessel size. Namely, the employment of 14-foot fuel to the US-APWR is 
achieved without changing the reactor vessel size of the Japanese APWR. The 
resulting low linear power density, 4.6 kW/ft, allows 24-month operation with 2-batch 
fuel management as an equilibrium cycle under constraints of 5wt% U-235 enrichment 
at the maximum and also at the well- proven maximum fuel rod burnup of 62GWd/t. 

Table 1  US-APWR feature comparison with the Japanese APWR and conventional
4-Loop PWR  
 

Design Parameter
Conventional 4-loop

PWR 
Japanese APWR US & EU-APWR 

Electric Output 1,180 MWe class 1,538 MWe 1,700 MWe class 
Core Thermal 

Output 
3,411 MWt 4,451 MWt 4,451 MWt 

Reactor Thermal 
Output 

3,423 MWt 4,466 MWt 4,466 MWt 

Core 3.66 m active height
193 Assemblies 

3.66 m active height
257 Assemblies 

4.2 m active height 
257 Assemblies 

SG Heat 
Transfer Area 

4,900 m2/SG 6,500 m2/SG 8,500 m2/SG 

Thermal Design 
Flow rate per loop

20,100 m3/h 25,800 m3/h 25,400 m3/h 

Length of Turbine 
Last Stage Blades

44 inches 54 inches 74 inches 

Containment Vessel PCCV PCCV PCCV 
 
 

Safety Systems 

Electrical : 2 trains 
Mechanical : 2 trains

Electrical : 2 trains 
Mechanical : 4 trains

Electrical : 4 trains 
Mechanical : 4 trains

HHSI × 2 
Accumulator × 4 

 
LHSI×2 

HHSI × 4 
Advanced 
Accumulator × 4 
(No LHSI) 

HHSI × 4 
Advanced 
Accumulator × 4 
(No LHSI) 

 
I & C System 

Safety System : 
Analog Solid State

Control System : 
Digital 

Full Digital Full Digital 
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Fig. 2 Reactor vessel design 
 
The US-APWR employs the top mounted in-core instrumentation system instead of 
the bottom mounted in-core instrumentation system used in the conventional PWR 
plants so as to eliminate nozzles attached on the reactor vessel bottom. Neutron 
detectors are inserted using peripheral nozzles attached on the reactor vessel closure 
head by thimble guide assemblies. The illustration of top mounted in-core 
instrumentation is depicted in Fig.2 

The basic configuration of reactor coolant 
system, described in Fig.3, is the same as a 
currently operating 4-loop plant that has been 
proven through long term operating experience 
and enhanced reliability. The main components 
of the reactor coolant system are enlarged in 
size corresponding to the large thermal output 
and improved plant efficiency. The pressurizer 
volume is increased with a larger margin to 
achieve a more efficient transient response. 

 

Fig. 3 US-APWR Reactor coolant systems 
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The steam generator design is also improved, thus realizing high efficiency and 
reliability. The tubes are 3/4-inch in diameter, smaller than the 7/8-inch tubes used in 
the existing PWR plants. This results in a more compact steam generator with 
resistance to earthquakes, etc. The steam generator tubes are made of thermally 
treated alloy 690. The design of the anti-vibration bars in the U-bend area has also 
been improved to reduce the flow induced vibration risk of the tubes. Water and steam 
separation efficiency with the high-performance moisture separators is less than 
0.1% .  

2.2 Reactor core and fuel design 

The reactor core, consisting of 257 mechanically identical 17 × 17 array fuel 
assemblies, has a core thermal output of 4,451 MWt. To reduce fuel cycle costs, the 
fuel assemblies have zircaloy grids with low neutron absorption and the core is 
surrounded with a reflector to reduce neutron leakage, thus increasing neutron 
efficiency. Also the core is flexible enough to use fuel with a burn-up of long operating 
cycles. The assembly-wise burn-up is 55 GWd/t (maximum limit) for the US-APWR, 
which has sufficient operational experiences in Japan. 

1) Fuel design 

The fuel assembly design for the US-APWR is based on the Mitsubishi 17x17 fuel 
assembly that has demonstrated high reliability through significant irradiation 
experience in Japan. The major design modifications of fuel assembly, depicted in Fig. 
4, from the Japanese APWR to the US-APWR are the fuel active length from 12 ft to14 
ft and the number of grids from 9 to 11. All the advanced technologies incorporated 
into the current 17x17 fuel assembly for higher burnup are applied to the US-APWR 
fuel assembly. This fuel design improves reliability, enhances fuel economy and 
enables flexible core operation. 

Fig. 4 US-APWR Fuel assembly 
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The fuel assembly design for the US-APWR adopts the following features to ensure 
high reliability. 

・Grid spring design and adoption of an 11-grid design result in high grid fretting 
resistance. This grid design concept has been proven with long term no-leakage 
records in Japanese PWRs. 

・ The cladding material is a zirconium based alloy with improved corrosion 
properties, low neutron absorption cross section for good fuel economy, high 
strength and ductility under reactor operating conditions, and excellent chemical 
compatibility with the fuel.  

・An anti-debris bottom nozzle with a built-in filter enhances debris trapping capability. 
 

b. Enhanced fuel economy 

Pellet density of 97% of TD (theoretical density) greater than the conventional 95% TD 
can produce more energy per one fuel assembly by increasing the amount of uranium 
in the fuel assembly, which improves fuel cycle cost. 

c. Flexible core operation 

A higher gadolinia content of up to 10wt% enables flexible core operation to achieve 
higher burnup. Furthermore, a larger rod plenum volume can produce potential margin 
for a rod internal pressure increase caused by FP gas release, especially under high 
power operation at high burnup. 

2) Reactor design 

In order to maintain the integrity of nuclear fuel rods, it’s essential to keep sufficient 
safety margins in designs. On the other hand, flexible operation ranges such as a wide 
range of reactor power change are requested. However, there is a confliction between 
“to keep sufficient safety margins in integrity” and “to keep flexibility in operation”. 

If we keep large safety margins in the design calculation, we may lose flexibility in 
determining a loading pattern of fuel assemblies. Thus, it leads to a loss of flexibility in 
changing power distribution during the operation. If we make the design values to 
expand, calculation results of safety analysis become more severe. In the worst case 
we might not be able to show integrity of fuel rods nor to show acceptable results in 
the safety analysis. 

At the same time, in addition to them, we also need sufficient margin of multiplication 
factor for a cycle and sufficient burn-up of fuel rod/assembly for a fuel life from the 
economical viewpoint. 

The goal of the reactor design is to find optimal values between safety margins and 
operable ranges for operation. 

Design limits (maximum allowable ranges of parameters) and best estimates regarding 
parameters of the initial core have been determined for the US-APWR by taking into 
account potential fuel loading patterns and operation modes for the plant life. 
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Table 2 US-APWR Core Design Parameters 

 
Design limits 

Best estimates
of initial core

Active Core 

  Active core equivalent diameters (cold) 3.89 m 

  Active fuel height (cold) 4.2 m 

  Hydrogen/Uranium atomic ratio (cold) 5.57 

  Core average linear power density 15.2 kW/m 

  Maximum linear power density 39.5 kW/m 31.2 kW/m 

  Nuclear enthalpy rise hot channel factor FN
ΔH 1.73 1.50 

  Delayed neutron fraction βeff (%) 0.44 to 0.75 0.50 to 0.69 

  Prompt neutron lifetime, l* (μsec) 8 to 20 14.0 to 15.3 

Reactivity coefficient 

  Doppler power coefficient (pcm/%power) BOC 
                                     EOC 

 -12.4 to -7.4 
-12.1 to -7.6 

  Moderator temperature coefficient (pcm/℃)  -71.1 to -1.4 

  Moderator density coefficient (pcm/g/cm3) < 0.51x105 < 0.32x105 

  Boron coefficient (pcm/ppm) - -9.3 to -8.0 

Neutron multiplication factor 

  Maximum core reactivity keff (BOC,cold,noXe) - 1.223 

  Maximum fresh fuel assembly k∞  - 1.456 

Boron concentration (ppm) 

  Refueling boron concentration > 4000 - 

  Cold shutdown, BOC, noXe, ARI, keff<0.95 - 1850 

  Cold shutdown, BOC, noXe, ARO keff=0.99 - 1796 

  Hot shutdown, BOC, noXe, ARO keff=0.99 - 1706 

  Hot zero power, BOC, noXe, ARO keff=1.0 - 1579 

  Hot full power, BOC, noXe, ARO keff=1.0 - 1444 

  Hot zero power, BOC, equilibrium Xe, ARO - 1086 

Shutdown margin 

  BOC 
  EOC 

> 1.6 
2.94 
2.15 

 

3) Thermal-hydraulic design 

A fundamental requirement for the thermal-hydraulic design is to ensure adequate 
cooling for the reactor core during normal operation and anticipated operational 
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occurrence (AOO) conditions. The following criteria are to be satisfied to meet above 
requirement. 

a. Departure from nucleate boiling (DNB) 

The design limitation for the heat flux is the critical heat flux of DNB. Beyond the DNB 
heat flux, steam vapor generated on a heated surface tends to form a steam layer 
between the heated surface and the surrounding liquid flow, and it may lead to a 
remarkable decrease in heat transfer. As a result, the cladding temperature jumps up, 
the strength of cladding gets weaken and the stress of cladding becomes large. 
Hence, DNB is taken for the degradation/damage of fuel cladding. 

The critical condition for DNB occurrence can be characterized by the departure from 
nucleate boiling ratio (DNBR), the ration of predicted DNB heat flux to actual local heat 
flux. The predicted DNB heat flux can be computed by means of a suitable correlation. 

Table 3 US-APWR Thermal-hydraulic Design Parameters 

Design Parameters Design Values 

Coolant condition 

Primary coolant system pressure (MPa(absolute)) 15.51 

  Thermal design flow rate (ton/hr) 76,300 

  Effective flow rate for core cooling (ton/hr) 69,500 

  Reactor vessel inlet temperature (℃) 288.1 

  Average rise temperature in reactor vessel (℃) 36.9 

Heat transfer at normal condition 

  Fraction of heat generated in fuel (%) 97.4 

  Core average linear heat rate (kW/m) 15.2 

  Maximum local peak linear heat rate at FQ=2.6 (kW/m) 39.5 

  Power density (kW/l) 89.2 

  Specific power (kW/kg uranium) 32.0 

Minimum DNBR by WRB-2 correlation 

  At nominal condition; for typical hot channel 
                     for thimble hot channel 

2.05 
1.98 

  During AOO;       for typical hot channel 
                     for thimble hot channel 

> 1.35 
> 1.33 

Maximum fuel centerline temperature during AOO (℃) < 2548 

 

b. Fuel temperature 

The maximum fuel centerline temperature is designed to be less than the melting 
temperature of fuel pellet during normal operations and AOOs. Experiments with 
uranium oxide have shown that melting doesn’t occur until the linear power density in 
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the fuel gets to about 70 kW/m for the typical PWR fuel rod. The peak linear heat rates 
during normal operation and AOOs are confirmed to be covered by the limit of linear 
heat rate for reactor cores. This ensures that the fuel centerline temperatures remain 
below the melting temperature for the fuel rods. 

 

2.3 Fuel handling and transfer systems  

The fuel handling and fuel transfer systems consist mainly of the refueling crane, fuel 
transfer system and spent fuel pit crane, as in conventional PWR plants. Considering 
reducing the inspection time (speedup), many improvements including an increase in 
the speed of each system and newly designed inspection tools have been introduced.  

2.4 Primary circuit components 

1) Reactor vessel 

The Reactor Vessel (RV) is a vertical cylindrical vessel with hemispherical top and 
bottom heads. The top head is a removable flanged closure head connected to the RV 
upper shell flange by stud bolts. Pads on the RV nozzles support the vessel. 

The RV contains the fuel assemblies, reactor internals including the core support 
structures, control rods, and other structures associated with the core. 

The RV consists of four inlet nozzles, four outlet nozzles and four safety injection 
nozzles, which are located between the upper reactor vessel flange and the top of the 
core, so as to be able to maintain coolant in the reactor vessel in the case of leakage 
in the reactor coolant loop. 

Reactor coolant enters the vessel through the inlet nozzles, flows down the annulus 
between the core barrel and RV wall, turns at the bottom of the vessel and flows 
upwards through the core to the outlet nozzles. 

The RV closure head is equipped with control rod drive mechanism nozzles to which 
the pressure housings for the control rod drive mechanisms are welded. The top 
closure head is also equipped with in-core instrumentation, thermocouple and RV level 
indication system nozzles. Top mounted in-core instrumentation system eliminates RV 
bottom dome nozzles. 

Although the reactor vessel inside diameter has been increased to 5.2 m in order to 
accommodate 257 fuel assemblies, the vessel is made with forged rings and has no 
longitudinal welds in the core area as is the case with the latest four-loop plant. The 
neutron irradiation of the steel opposite the core has been reduced to approx. 1/3 as 
compared with the 4-loop plant reactor vessel with a 40-year neutron fluence of about 
2×1019 n/cm2 by providing a neutron reflector, thus increasing the reliability of the 
reactor vessel. 

Also, in order to reduce the susceptibility to corrosion cracking of the penetrations of 
the reactor vessel head, the nozzle material has been improved (from alloy 600 to heat 
treated alloy 690) and the primary coolant temperature in the top dome of the reactor 
vessel is designed to be reduced to reactor inlet temperature. 
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2) Reactor internals 

The reactor internals consist of two major assemblies, the lower core support 
assembly and the upper core support assembly. The reactor internals support the 
core, maintain fuel assemblies alignment, limit fuel assemblies movement, maintain 
alignment between fuel assemblies and control rods, direct coolant flow past the fuel 
assemblies, transmit the loads from the core to the reactor vessel, provide radiation 
shielding for the reactor vessel and guide the in-core instrumentation.  

All reactor internals are removable from the vessel for inspection of the internals and 
of the vessel inner surfaces.  The neutron reflector is located between the core barrel 
and core, and forms the core cavity. The neutron reflector consists of ten thick 
stainless steel blocks. These blocks are aligned by alignment pins and fixed to the 
lower core support by tie rods and bolts. The top and bottom are supported and 
aligned by alignment pins which are welded to the core barrel. The purposes of the 
neutron reflector are to improve neutron utilization and thus the fuel cycle cost, to 
reduce neutron irradiation of the reactor vessel, and to increase structural reliability by 
eliminating bolts in the high neutron flux region. 

The reactor internals are increased in the radial dimensions of the members according 
to an increase in size of the core. The neutron reflector consisting of eight rings of 
stainless steel blocks not only reduces fuel cycle costs but also reduces the irradiation 
of the reactor vessel and core internals. By installing the neutron reflector, the neutron 
irradiation of the reactor vessel can be reduced to approx. 1/3 compared to present 
reactors. On present reactors, the core baffle is a plate structure held together with 
2000 or more bolts, whereas the new neutron reflector has a simple construction 
which does not use bolts in the effective core area. The improved core internals 
underwent flow tests to check the validity of the design. 

3) Steam generators 

The steam generators (SGs) are vertical shell U-tube evaporators with integral 
moisture separating equipment.  

The reactor coolant enters the channel head via the hot side primary coolant nozzle, 
flows through the inverted U-tubes, transferring heat from the primary side to the 
secondary side, and leaves from the channel head via the cold side primary coolant 
nozzle.  The channel head is divided into inlet and outlet chambers by a vertical 
partition plate extending from the apex of the head to the tube sheet.  

The cladding on the primary side of the tube sheet is Ni-Cr-Fe alloy, and the cladding 
on the channel head is stainless steel. 

The tube material is alloy 690 with thermal treatment, which is widely used in SGs 
throughout the world. The tube has good performance of corrosion resistance. Also 
the design of the anti-vibration bars in the U-bend area of tubes has been improved to 
reduce the risk of flow induced vibration of the tubes. 

Steam generated on the shell side (secondary side), flows upward, and exits through 
the outlet nozzle at the top of the vessel. When the water passes the tube bundle, it is 
converted to a steam-water mixture. The steam-water mixture from the tube bundle 
then rises into the primary separators and the secondary separators. The high 
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performance primary separators and the secondary separators make moisture 
carryover at the SG outlet with ratio of 0.1% at maximum efficiency. 

The US-APWR has adopted steam generators (Type 92F) to match the increased 
capacity of the electric output. The tubes are 3/4 in (19 mm) diameter which is smaller 
than the 7/8 in. (22 mm) used in existing plants. This results in a more compact steam 
generator with resistance to earthquakes, etc.  

In addition, in order to make maintenance and inspections easier, accessibility has 
been improved by increasing the diameter of the manholes and in other ways. Fig. 5 
shows a schematic drawing of the steam generator. 

 

 

Fig. 5 US-APWR Steam Generator 

4) Reactor coolant pumps 

The reactor coolant pumps are vertical single-stage centrifugal, shaft seal units, driven 
by three-phase induction motors.  The shaft is vertical with the motor mounted above 
the pump. A flywheel on the shaft above the motor provides additional inertia to extend 
pump coast down. The pump suction is located at the bottom, and the discharge is 
located on the side. 

The US-APWR reactor coolant pump (Type MA25S) has achieved larger capacity and 
higher efficiency by improving of the impeller and diffuser configuration. 
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Leakage along the reactor coolant pump shaft is normally controlled by three shaft 
seals. The No.1 seal is a hydrostatic seal and the No.2 and No.3 seal are mechanical 
seals, arranged in series so that any reactor coolant leakage to the containment is 
essentially zero. For the improved No.1 seals, heat-resistant O-rings are employed as 
well as ceramic material which has larger size and excellent durability, thus aiming at 
enhancement of the reliability. 

The pump shaft, seal housing, thermal barrier, main flange, and impeller of the RCP 
can be removed from the casing as a unit without disturbing the reactor coolant piping. 

All parts of the pump in contact with the reactor coolant are stainless steel except for 
the seals, bearings, and special parts. 

5) Pressurizer 

The pressurizer provides a point in the reactor coolant system where liquid and vapor 
can be maintained in equilibrium under saturated conditions for pressure control. The 
pressurizer is a vertical, cylindrical vessel with hemispherical top and bottom heads.  
It is constructed of low-alloy steel with austenitic stainless steel cladding on all 
surfaces exposed to the reactor coolant. Electrical immersion heaters are installed 
vertically through the bottom head of the vessel while the spray nozzle, and safety 
valve and safety depressurization valve connections are located in the top head of the 
vessel. 

The pressurizer is designed to accommodate positive and negative volume surges 
caused by load transients. The surge line, which is attached to the bottom of the 
pressurizer, connects to the hot leg of a reactor coolant loop.  

6) Reactor Coolant Piping 

The reactor coolant pipe work consists of the pipes connecting the reactor vessel, 
steam generators, reactor coolant pumps, and pressurizer, together with the various 
branches off the main pipe work up to the appropriate isolating valve. It also includes 
instrumentation connections to the reactor coolant system that provide for flow, 
temperature, pressure, chemical, and radiation monitoring. 

The reactor coolant pipes and fittings are of austenitic stainless steel.  All smaller 
piping that is part of the reactor coolant system, such as the pressurizer surge line, 
spray and safety valve inlet line, loop drains and connecting lines to other systems, are 
also austenitic stainless steel. All joints and connections are welded, except for the 
pressurizer safety valves and RV head vent line where flanged joints are used.  

The reactor coolant piping is designed using the Leak-Before-Break (LBB) concept. 

 

2.5 Auxiliary systems 

1) Chemical and volume control system 

The chemical and volume control system (CVCS) includes the regenerative heat 
exchanger, letdown heat exchanger, letdown orifices, purification filters and 
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demineralizers, volume control tank, boric acid tanks and transfer pumps, charging 
pumps, seal injection filters, piping, valves, and instrumentation.  

The CVCS has the following functions: 

The first function is to adjust the amount of primary water contained in the reactor 
coolant system. In normal operation, the letdown and charging flows are controlled so 
that the water level in the pressurizer is kept at the programmed level. 

The second function is continuous supplying seal water. Seal water is injected into the 
reactor coolant pump seals, as required by the reactor coolant pump design. 

The third function is to adjust the concentration of boron and the quality of water 
contained in the primary coolant system. The concentration of boron in the primary 
coolant system is adjusted by adding pure water from the reactor make up system or 
boric acid solution as required to compensate for fuel burn up.  

The quality of water in the primary system can be controlled by adding hydrazine or 
lithium hydroxide, passing the water through a cation demineralizer, and adding 
hydrogen gas to the vapor space of the volume control tank.  

The fourth function is to purify the primary coolant. The primary coolant is purified by a 
demineralizer and filter in the letdown line. 

The letdown flow is taken from the cross-over leg of the primary coolant system, and 
the coolant is cooled by the regenerative heat exchanger and let down heat 
exchanger, and then purified in the demineralizer. 

To supply water to the primary coolant system and seal water to the primary coolant 
pumps, a charging pump is used taking water from the volume control tank. 

2) Spent fuel pit purification and cooling system  

The spent fuel pit (SFP) purification and cooling system (SFPCS) consists of a closed 
circuit that includes the spent fuel pit heat exchangers, spent fuel pit pumps, spent fuel 
pit demineralizers, spent fuel pit filters, piping, and valves.  

The SFPCS has the following functions: 

・Remove decay heat from spent fuel in the SFP 

・Purify the borated water in the SFP, refueling water storage pit (RWSP), refueling 
water storage auxiliary tank (RWSAT), and reactor cavity. 

3) Other auxiliary systems 

Other auxiliary systems other than CVCS and SFPCS are described in Table 4. 
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Table 4 US-APWR Auxiliary Systems 

Auxiliary System Description 

Essential Service 
Water System 
(SWS) 

The SWS provides service water for the component cooling water 
heat exchangers. The SWS transfers heat from the CCWS to the 
Ultimate Heat Sink (UHS). The whole system consists of four 
independent trains and each train has one service water pump. 

Component Cooling 
Water System 
(CCWS) 

The CCWS provides cooling water for the components of the 
primary systems during normal operation, plant shutdown, and after 
an accident. It also serves as an intermediate system between the 
reactor coolant and the SWS to prevent leakage of radioactive 
material into the environment. The CCWS has four trains and each 
train has one pump and one heat exchanger. 

Radioactive Waste 
Management 
System 

(RWMS) 

The RWMS consists of three subsystems; Liquid Waste 
Management System (LWMS), Gaseous Waste Management 
System (GWMS) and Solid Waste Management System (SWMS). 
The primary function of the these systems is to collect, segregate, 
and process various wastes generated during normal, refueling, and 
maintenance operations. The wastes treated adequately are 
collected and monitored prior to discharge, or stored on-site, or 
transferred for off-site treatment. 

Primary Make-up 
Water System 
(PMWS) 

The PMWS is designed to store and provide degasified, 
demineralized make-up water, and has no safety function except for 
containment isolation. 

Instrument Air System 
(IAS) 

The IAS supplies clean, dry, and oil-free compressed air to the 
following equipment and facilities. 

Sampling System (SS) The SS collects reactor coolant to monitor the boron concentration 
and radioactivity and provides gaseous and liquid waste samples of 
the plant to monitor chemical contents and radioactivity during 
normal operation and after an accident. 

Air Conditioning, 
Heating, Cooling, 
and Ventilation 
Systems (HVAC 
systems) 

The HVAC systems supply fresh air to personnel working in the 
plant during normal plant operation, remove radioactive materials 
and restrict radioactive releases to the environment. 
The HVAC systems maintain suitable ambient conditions for 
equipment during normal operation, plant shutdown and accident 
conditions. 

Chilled Water System 
(CWS) 

The HVAC systems require chilled water to maintain the ambient 
conditions for operating personnel and equipment. The CWS 
provides chilled water to the cooling coils of the air handling units 
and unit coolers of the HVAC systems. 

Fire Protection System 
(FPS) 

The FPS is installed to minimize the adverse effects of fires on 
structures, systems, and components important to safety. The 
system consists of two subsystems; fire detection systems and fire 
suppression systems. 

Steam Generator 
Blowdown System 

(SGBDS) 

The SGBDS is provided to control the steam generator secondary 
side water quality and to detect a leak or failure of a steam 
generator tubes. 

 

2.6 Operating characteristics 

The reactor is designed so that it can be operated automatically within the range of 15 
to 100% of rated output by the reactor control system.  

The reactor control system is designed so that it can follow the following load change 
without causing a reactor trip.  
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・10% step load change (within the range of 15 to 100%) 

・5% per min ramp load change (within the range of 15 to 100%) (subject to core 
power distribution limit) 

・100% load reduction 

With respect to the load fluctuation following the electric power grid system, the 
following is provided: 

・Daily load-follow operation of from 100% to 50%, and then to 100%  

・Automatic frequency control or governor control to control system frequency over a 
load range of 5%. 
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33  DDeessccrriippttiioonn  oonn  ssaaffeettyy  ccoonncceepptt    

3.1 Safety concepts and design philosophy 

1) Overview 

The configuration of the mechanical systems of emergency core cooling system 
(ECCS) has been changed from the conventional two trains to four trains to give more 
redundancy and independence. Also, tie lines between trains have been eliminated to 
simplify the systems and increase the reliability. 

In conventional plants, refilling of the reactor vessel and re-flooding of the reactor core 
after a loss of coolant accident (LOCA) are made by both the accumulators and low 
pressure injection pumps. In APWR, however, advanced accumulators with two-stage 
injection characteristics have been adopted and the present low pressure injection 
systems and the accumulators have been integrated to simplify the equipment and 
increase the functional reliability. Also, the refuelling water storage pit is installed 
inside the containment, thus eliminating the operation of changing the suction from the 
refuelling water tank to the containment recirculation sump which is needed during an 
accident on existing plants. A comparison between the ECCS of a conventional plant 
and the US-APWR is shown in Fig.6.  

 

Fig. 6 Emergency Core Cooling System configurations of conventional 
4-loop and US-APWR 

 

2) Deterministic design basis 

The safety design of the US-APWR satisfies, from a deterministic design point of view, 
the safety design criteria for design basis events. Also, using probabilistic 

Conventional 4-loop PWR                               US-APWR 
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assessments, the US-APWR is designed so that it has sufficient margins for beyond 
design basis events. The design basis events are abnormal operating conditions which 
are classified into two groups: abnormal operating transients and accidents during 
operation, and safety criteria have been set for each group. The standards for 
radiation exposure are specified for normal operation and accidents, thus reducing the 
risk to the general public and employees to less than an allowable limit. 

3) Four Independent Safety Trains 

a. Four Mechanical Trains  

The Engineered Safeguard Features of the US-APWR employs the four-train system 
to perform required safety functions following an accident assuming a single failure in 
one train with a second train out of service for maintenance. The four-train direct 
vessel injection (DVI) system configuration increases redundancy and independency, 
and enhances safety and reliability. The DVI system brings about a simple and 
compact safety system and enabling it to reduce the capacity of each train from 100% 
to 50%. Inter-connecting piping between each train is also eliminated. 

b. Four-Train Electrical Safety System and Gas Turbine Generator 

Safety related electrical systems consist of four 50% systems in which only two trains 
are required for safely shutdown the plant.  Each safety related load is connected to a 
Class-1E bus. This configuration with four Class-1E systems allows on-line 
maintenance of the Gas Turbine Generator (GTG).  

There are several advantages to select a GTG in lieu of a Diesel Generator (DG) 
which include easy maintenance, small footprint and fewer auxiliary systems.  The 
GTG can be applied to US-APWR, because the advanced accumulator with low head 
injection system allows more time for safety injection pump starting time consistent 
with GTG performance. 

4) Risk reduction 

To reduce the risk further and provide improved nuclear safety, the whole reactor 
system is designed according to following targets. 

- The core damage frequency (CDF) is used as a quantitative index of the 
improvement in safety and CDF target of the US-APWR is less than 10-5/RY.  

- For the public protection, the Large Release Frequency (LRF) is evaluated for the 
US-APWR as an index of the containment integrity and design target is less than 
10-6/RY. 

- The structure of the containment shall been designed so that its functions are main-
tained for one day or longer. In addition, appropriate countermeasures shall been 
taken for containment design against failure modes caused by missiles or shock 
dynamic loads in a severe accident. 

Some specific examples of countermeasures for design targets mentioned above for 
the US-APWR are as follows. 

(a) Countermeasures for safety enhancement during power operation. 
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Installation of the emergency water source inside the containment achieves risk 
reduction, which eliminates operator action for switching over the water source of 
ECCS during LOCA. The adoption of four-train supporting system of 
CCWS/ESWS for safety component cooling and four-train Class-1E GTG system 
also contribute to risk reduction. 

(b) Countermeasures for safety enhancement during shutdowns. 

Installation of an automatic interlock to isolate the letdown line of chemical & 
volume control system (CVCS), an additional water level monitoring system of 
the reactor coolant system (RCS) and an improvement of water injection function 
has been employed for shutdown conditions.   

(c) Countermeasures to maintain the integrity of containment for mitigating accident 
effects on public and environment. 

Safety mitigation features for severe accident issues are considered in the US-
APWR design. For example, alternate containment cooling by containment fan 
cooler system, fire water injection to the containment spray header and hydrogen 
ignition system for hydrogen control, etc. are adopted.   

5) Core Debris Cooling under Severe Accident Condition 

The US-APWR is designed to mitigate hypothetical severe accidents such as reactor 
vessel failure. The fundamental concept of the US-APWR for severe accident 
mitigation is to flood the reactor cavity with coolant water and to keep the molten fuel 
within the reactor cavity. In order to achieve this, the US-APWR provides reliable 
reactor cavity flooding system, which consists of two diverse independent coolant 
water supply systems.   

Molten fuel behavior under postulated reactor vessel failure was analyzed using a 
computational code. The calculation result shows that the molten fuel spreads out on 
the flooded reactor cavity floor and the debris deposition is adequately thin and evenly 
distributed. It can be therefore considered that the core debris coolability is sufficient 
for severe accident mitigation. Analysis was also made on the challenge to 
containment integrity due to a postulated ex-vessel steam explosion. It is concluded 
through the study that containment integrity is maintained with a considerable safety 
margin, and the risk associated with the challenge to containment integrity is negligibly 
small and acceptable.   

 

3.2 Safety systems and features  

1) Safety systems configuration 

The emergency core cooling systems and containment spray/residual heat removal 
system consists of four identical and independent mechanical sub-systems. Power is 
fed from four independent and redundant emergency power systems. 

The basic configuration is as follows. 
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- Four sub-systems each having one safety injection pump, containment 
spray/residual heat removal pump, and containment spray/residual heat removal 
heat exchanger 

- One refueling water storage pit installed inside the containment 

- Four advanced accumulator tanks 

 
2) Emergency core cooling systems (ECCS) 

2-1) High Head Injection System 

The emergency core cooling system feeds sufficient cooling water into the core in a 
LOCA situation. When an ECCS actuation signal is initiated, the safety injection 
pumps are started automatically to take water from the refueling water storage pit 
located in the containment and inject coolant directly into the reactor vessel without 
passing through the loop. 

Immediately after the blowdown of the primary coolant during a LOCA caused by a 
large or medium sized break, the accumulators and the SI pumps inject borated water.  
The accumulators supply a large injection flow rate initially to refill the reactor vessel 
downcomer. The accumulator injection flow rate is then automatically switched to the 
small injection flow rate mode, once the accumulator water level decreases below a 
specified value. 

The SI pumps directly inject borated water from the RWSP to the reactor vessel 
downcomer through the DVI nozzles. The injection water flow rates of the SI pumps 
increase as the RCS pressure falls, approaching containment atmosphere. 
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Fig. 7 ECCS Schematic Flow Diagram 

2-2) Accumulator System 

The accumulator system consists of four advanced accumulators and the associated 
valves and piping, one for each RCS loop. The system is connected to the cold legs of 
the reactor coolant piping and injects borated water when the RCS pressure falls 
below the accumulator operating pressure. The system is passive. Pressurized 
nitrogen gas forces borated water from the tanks into the RCS. 

The advanced accumulators refill the reactor vessel lower plenum and down-comer 
immediately after a LOCA with a medium to large break size and, after that, they inject 
water to re-flood the core and function as both the accumulator tank and low pressure 
injection pump of existing plants. 

Fig.8 illustrates the US-APWR Advanced Accumulator. The advanced accumulators 
incorporate internal passive flow dampers which function to inject a large flow to refill 
the reactor vessel in the first stage of injection, and then reduce the flow as the water 
level in the accumulator drops. When the water level is above the top of the standpipe, 
water enters the flow damper through both the top of the standpipe and the side of the 
flow damper and thus water is injected at high flow rates. When the water level drops 
below the top of the stand pipe, water enters the damper only through the side inlet 
and water is injected at relatively low flow rates. The advanced accumulators perform 
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large flow injection to refill the reactor vessel and a succeeding small flow injection 
during core re-flooding in association with the safety injection pumps. 

The refueling water storage pit acts as a continuous suction source for the safety 
injection pumps in the containment vessel. The combined performance of the 
accumulator system and the high head injection system eliminates the need for a 
conventional low head injection system. 

 

 

 

 

 

Fig. 8 US-APWR Advanced accumulator 

2-3) Emergency letdown system 

The emergency letdown system provides redundancy to the normal CVCS in 
achieving cold shutdown boration conditions. Two emergency letdown lines (one each 
from reactor hot legs A and D) direct reactor coolant to spargers in the RWSP. The SI 
pumps return more highly borated RWSP water to the reactor vessel through each 
pump’s DVI nozzle. 

3) Containment spray system 

Four containment spray/residual heat removal pumps and four containment 
spray/residual heat removal heat exchangers function as a containment spray system 
if a LOCA or main steam line break accident occurs.  

When a containment spray signal is initiated, four containment spray/residual heat 
removal pumps are started automatically, and the stop valves in the pump discharge 
lines are opened automatically. The containment spray/residual heat removal pumps 
take water from the refueling water storage pit and supply it to the containment spray 
header located at the top of the containment through the containment spray/residual 
heat removal heat exchangers. 

Nitrogen 

Injection 

Water 

Flow Damper

High Flow Rate Mode 

Injection Water

Nitrogen 
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Low Flow Rate Mode 

Main stand pipe 

Side inlet 

Side inlet 
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This system has also a residual heat removal function used to remove decay heat 
from the core in cooling the reactor for the normal shutdown and refueling outage. 

When a large release of radioactive materials into the containment occurs during 
accident, radioactive nuclides in the containment atmosphere are needed to be 
removed by the containment spray system as much as possible. In order to dissolve 
more iodine into spray water the pH condition of spray water is desired to be neutral. 
Therefore, baskets containing NaTB (sodium-tetra-borate deca-hydrate) are placed in 
the containment to maintain the desired post-accident pH conditions in the 
recirculation water. This equipment helps to prevent re-suspension of iodine.  

4) In-containment refueling water storage pit 

The refueling water storage pit is formed in a horse shoe shape, and is located at the 
bottom level of the containment and four recirculation sumps are installed at the 
bottom of the refueling water storage pit.  

It provides a continuous source of water for the safety injection pumps and 
containment spray/residual heat removal pumps.  Therefore, it is not necessary to 
switch over from the refueling water storage pit to the containment recirculation sump 
as must be done on existing plants. During refueling, the refueling water storage pit is 
used also as a water source to fill the refueling cavity. Fig. 9 illustrates the US-APWR 
Refueling Water Storage Pit (RWSP) 

                      

Fig. 9 In-containment refueling water storage pit (RWSP) 

5) Containment Isolation 

Containment isolation is needed to decrease and limit the release of fission products 
following LOCA. The fluid lines which penetrate the containment vessel are in general 
provided with containment isolation valves. Each line that is neither part of the reactor 
pressure boundary or connected directly to the containment atmosphere and is not 
closed outside containment is provided with one containment isolation valve inside and 
outside containment. Each line that is neither part of the reactor pressure boundary 
nor connected directly to the containment atmosphere is provided with one 
containment isolation valve outside containment. 
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The containment isolation valves are designed not to fail open upon loss of actuating 
power after closing. In addition, the containment isolation valves that close 
automatically upon receiving an isolation signal are designed not to open automatically 
if the isolation signal is removed. Containment isolation valves are designed for both 
functional and leakage tests.  

6) Emergency feedwater system 

The emergency feedwater system (EFWS) supplies the emergency feedwater required 
by the steam generator when the normal feedwater system is not available. The 
emergency feedwater system consists of two motor-driven pumps, two steam turbine-
driven pumps, two emergency feedwater pits, piping, valves and associated 
instrumentations. 

On receiving signals from the reactor protection system, the system starts feeding 
water automatically from the emergency feedwater pit to the steam generator.  If the 
steam generator heat transfer tubes, main feedwater pipes, or main steam pipes are 
broken, the system isolates the emergency feedwater to the damaged steam 
generator automatically by emergency feedwater isolation signals. 

When the emergency feedwater system has been started and the plant has been 
stabilized at hot standby conditions after an accident or transient, the emergency 
feedwater system can be used to cool the plant to the temperature at which the 
residual heat removal system can be put in service.  When that temperature is 
reached, the residual heat removal system is started to bring the plant to cold 
shutdown, and the emergency feedwater system is stopped. 

7) Residual heat removal system 

The residual heat removal system removes decay heat from the core by taking water 
from the hot legs of the primary cooling system by the four containment spray/residual 
heat removal pumps and returning the coolant to the cold legs of the primary cooling 
system through the four containment spray/residual heat removal heat exchangers. 

8) Main Control Room Emergency Habitability System 

The main control room (MCR) HVAC system that includes MCR emergency filtration 
system allows an operator to stay safe inside the control room envelope (CRE) both in 
the normal and accident conditions. In the emergency pressurization mode, this 
system establishes the CRE pressure higher than that of adjacent areas during a 
radiological accident.  

Depending on the radiological concentration in the air intake, the MCR operator may 
select the train of MCR emergency system that would minimize exposure to the CRE.  
The CRE consists of leak-tight equipment, so that unfiltered leakage is restricted to a 
low value.  

 

3.3 Severe accidents (beyond design basis accidents)  

1) Prevention of severe accidents 
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In addition to the safety enhancement of the US-APWR such as four sub-system 
configuration, in-containment RWSP and advanced accumulators described in 3.2, 
US-APWR design’s severe accident preventive features are adopted to prevent the 
following events; 

- Anticipated transient without scram (ATWS) 

- Mid-loop operation 

- Station blackout (SBO) 

- Fire 

- Intersystem LOCA 

Each countermeasure for these events is described with other severe accident 
preventive features in Supplement 4. For example, as safety enhancement during mid-
loop operating mode, which is especially important among the countermeasures 
during plant shutdowns, some countermeasures are to be taken, such as adoption of 
RCS high water level operation, reinforcement of RCS water level indicators, 
automatic isolation of letdown line at low RCS water level, reinforcement of water 
injection functions during lowering of RCS water level, etc. 

Regarding the intersystem LOCA which bypasses the containment and leads to a 
serious consequences to the environment, the corresponding parts of the piping in the 
residual heat removal system are under consideration with a higher rating against 
over-pressurization in case of isolation valve internal leak from RCS during power 
operation, etc.  

The result of calculation for the US-APWR CDF meets the NRC goal and the Utility 
Requirements Document (URD) goal. 

Table 5 US-APWR Probabilistic risk assessment metrics 

 
NRC 

Requirement
URD 

Requirement
US-APWR 

PRA 

CDF 1×10-4/RY 1×10-5/RY 3×10-6/RY 

 

2) Mitigation of severe accidents 

In the US-APWR plant, as shown in Section 3.1, the mitigation of the consequences of 
a severe accident has been considered from the view point of risk reduction and 
greater protection. Specifically, as shown below, countermeasures against those 
events that threaten the integrity of the containment are adopted. 

As countermeasures against high pressure melt ejection (HPME) and the resulting 
direct containment heating (DCH), the reliable depressurization function of the primary 
system is provided and the geometrical arrangement of the reactor cavity to prevent 
debris dispersion is implemented. In case of the containment spray system (CSS) 
failure, diverse function for containment depressurization is provided; one is alternate 
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containment cooling by employing the containment fan cooler units and the other is fire 
protection water system for alternate containment spray. 

As countermeasure against containment failure due to hydrogen detonation, a 
hydrogen control system (igniters) is provided to control hydrogen burn with low 
hydrogen concentration. 

To provide adequate cooling of molten debris ejected from the reactor vessel, 
sufficient floor space is provided in the reactor cavity and water is injected into the 
cavity by using CSS or ECCS. In case of failure of both CSS and ECCS, the fire 
service water system is employed for reactor cavity flooding. The reactor cavity floor 
concrete with 1 m thick is provided so that the containment pressure boundary is not 
exposed directly to the debris. 

Thus the molten debris will be coolable, and erosion of the concrete and overheating 
of the containment vessel atmosphere can be prevented. As countermeasures against 
the dispersion of debris, reinforcement of the primary system depressurization function 
and improvement of the reactor vessel cavity form are considered. It is also 
considered that the outlet from the RV cavity to the other containment vessel spaces 
should be constructed like a labyrinth. 
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44  DDeessccrriippttiioonn  oonn  ttuurrbbiinnee  ggeenneerraattoorr  ssyysstteemmss    

4.1 Turbine generator  

The high pressure (HP) turbine and low pressure (LP) turbines are double flow 
turbines with reaction blading. One HP turbine and three LP turbines are provided in 
the US-APWR secondary system. Longer blades with 74 inches class for the LP 
turbines contribute to improvement in higher turbine efficiency. Each top end of LP 
turbine blades has a partial shroud geometry, which forms an entire shroud when 
rotating. This design enables the blades to reduce vibrations and is called Integral 
Shroud Blades (ISB). The 74 in. last stage blades have been subjected to vibration 
tests and actual load tests to demonstrate that the turbine has a high performance and 
reliability.Fig.10 depicts the US-APWR turbine generator. 

The generator is a direct-driven, three-phase, 60Hz, 1800 rpm, four-pole synchronous 
generator with a water-cooled stator and hydrogen cooled rotor. In case of EU-APWR, 
the turbine-generator system is designed for 50 Hz with 1500 rpm. The generator 
auxiliaries include a seal oil system, H2 & CO2 gas control system and stator-coil 
cooling water system. The generator excitation is static type. 

  
Fig. 10  US-APWR - Turbine generator unit 

 

4.2 Feedwater system 

The moisture separator/re-heater has a two stage heater, and can achieve a high 
efficiency. The turbine building has been reduced in size by reducing the outside 
dimensions of the moisture separator and adopting the so-called four-neck heater 
system. In this system four low pressure feedwater heaters are installed inside of the 
condenser, whereas a conventional plant usually has two low pressure feedwater 
heaters in this location. 

The feedwater systems use seven extraction stages. These systems consist of 3 trains 
of four stages of low pressure heaters, the deaerator and 2 trains of two stage high 
pressure heaters. In particular, the deaerator is installed on the upstream side of the 
high pressure feed heaters to obtain the benefits of a direct contact heat exchanger. 
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Stainless steel is used for the feedwater heater tubing material. This is to avoid 
corrosion of the feedwater heater tubes and to improve water chemistry. 

The capacity of the pumps installed in the condensate system is 50% × 3 units, and 
the capacity of the pumps installed in the feedwater system is 33% x 4 units. Even if 
one pump fails, rated power operation can be maintained. 

 

4.3 Auxiliary systems 

The turbine plant has the following additional features. 

- To improve the plant efficiency, the drains from low pressure feedwater heaters 
are collected in the condensate system on the downstream side of the next heater. 

- To improve the iron concentration in feedwater resulting from corrosion, low alloy 
steel is used in system components. 

 

55  DDeessccrriippttiioonn  oonn  iinnssttrruummeennttaattiioonn  aanndd  ccoonnttrrooll  ssyysstteemm  

5.1 Control room design concept 

The fully digital system is applied to the instrumentation and control (I & C) system of 
the US-APWR including both safety and non-safety systems. Conventional operating 
and monitoring devices such as switches, lamps, indicators, and recorders have been 
eliminated, except for manual devices, only for regulatory compliance. Touch screen 
operations are applied, and the plant parameters and operating switches are displayed 
on the same screens that are used for operating the plant. Therefore, the work load of 
the operators is reduced and the reliability of operation is increased. 

On the wall of the main control room, a large display panel is installed to display the 
major monitoring parameters for normal and abnormal conditions of the entire plant. 
Thus the current status of the entire plant can be understood by everyone and 
communication among operators is improved 

The same digital platform has been developed and applied to PWR plants with 
excellent experiences in Japan including the Japanese APWR. Fig.11 shows the main 
control room (MCR) employing the fully digital I&C system. This proven digital system 
provides significant benefits to the safety of nuclear power, such as reduction of 
operations and maintenance work load, which reduces the potential for human error.  
The design features of the I & C system include redundancy, defense-in-depth and 
diversity, self-diagnosis and on-line maintenance. 
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                Fig.11 US-APWR Computerized main control room 

 

5.2 Reactor protection and other safety systems 

The reactor protection system and other safety systems are digital systems of the 
functionally distributed type. 

The reactor protection system consists of four trains including the reactor trip breakers.  
Each train is formed with multiple digital devices so as to provide redundant protection 
functions and to separate the reactor protection function from the other safety system 
operating functions. 

The other safety systems such as engineered safety features actuation system consist 
of four trains. Each train has two sets of digital devices. To interface these systems 
with the auxiliary equipment in the plant, remote input/output devices arranged 
distributed in the plant are connected to the host computer through optical fiber cables, 
thus reducing the volume of wiring. 

Continuous platform level and system level self-diagnostic features allow elimination of 
most manual surveillances required for Technical Specification compliance.  Manual 
testing and manual calibration is only provided for functions with no self-diagnostics. 

To achieve high reliability, the software used for the digital safety platform is designed 
with modular and simplified architecture, and an experienced symbolic language is 
used in the design of application software. Independent verification and validation is 
applied for whole software life cycle based on international standards. 
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6.1 Power supply systems 

The offsite electric power is supplied to the plant site from the plant high voltage 
switchyard through two physically independent transmission tie lines. One of these two 
transmission tie lines connects to the high voltage side of the main transformer (MT), 
and the other connects to the high voltage side of the reserve auxiliary transformers 
(RATs). The main generator (MG) is connected to the low voltage side of the MT and 
the high voltage side of the unit auxiliary transformers (UATs). There is a generator 
load break switch (GLBS) between the MG and the MT.  

When the MG is on-line, it provides power to the onsite non safety-related electric 
power system through the UATs. When the GLBS is open, that is the MG is out of on-
line, offsite power to the onsite non safety-related electric power system is provided 
through the MT and the UATs. With the GLBS either open or closed, offsite power to 
the onsite safety-related electric power system is provided through the RATs. If power 
is not available through the UATs, offsite power is provided to both safety-related and 
non-safety-related onsite electric power system through the RATs. Similarly, if power 
is not available through the RATs, offsite power is provided to both safety-related and 
non-safety-related onsite electric power system through the UATs. 

The buses of the onsite AC power supply system are divided into two main voltage 
ranges: the 6.9 kV medium voltage system and the 480 V low voltage system, each 
comprising normal buses to supply power to loads such as reactor coolant pumps, 
main feedwater pumps and other equipment required for normal plant operation and 
four-trains of emergency buses to supply power to loads such as safety injection 
pumps and other equipment required for the safety of the plant. 

In addition to the above AC power supply systems, other power systems have been 
provided which can be supplied from batteries in the event of an interruption or station 
blackout and an instrumentation and control power supply (consisting mainly of 
inverters) for supplying power to the instrumentation and control equipment which are 
mainly computer loads. 

6.2 Safety related electrical systems 

The emergency power systems for supplying power to the power systems when an 
accident occurs in the plant or there is a loss of offsite power, include the emergency 
gas turbine generators and battery equipment.  The emergency gas turbine 
generators will start automatically immediately after an accident occurs or offsite 
power is lost, and supply power to the emergency buses.  The emergency power 
systems are made as redundant systems, and the safety of the plant can be secured 
with only two trains of emergency power. 

The DC power supply system can supply power to the instrumentation control power 
system during an instantaneous power failure, and also has sufficient capacity and to 
supply the switchgear which must operate following a loss of offsite power and to 
supply the initial excitation power for the gas turbine generators.  Also it has sufficient 
capacity for maintaining the safety of the plant following a total loss of all AC power. 
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The bus configuration for the emergency power system is designed so that it is 
consistent with the configuration of the plant safety systems.  As a result, the AC and 
DC power systems are divided into four trains to be consistent with the four trains and 
the instrumentation and control power system is divided into four trains. 
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7.1 Design requirements 

The plant shall be laid out so that the safety of the reactor facilities is not impaired, and 
the exposure dose around the plant is below a specified limit. Also separation of 
redundant trains, earthquake resistance, and maintenance of the safety system 
equipment shall be considered to give an optimum arrangement. 

1) System Quality Group Classification 

The US-APWR SSCs are classified in equipment Classes 1 to 10 with respect to 
the Quality Group Classification. Table 6 correlates the US-APWR classification of 
SSCs with the ASME Code, Section III, Regulatory Guide (RG) 1.26, NRC Quality 
Group classes, RG 1.29 seismic category, 10 CFR 50 Appendix B, and other 
applicable industry codes and standards. 

Table 6 Comparison of Various Requirements to Equipment Class 

US-APWR 

Equipment 

Class 

ASME Code, 

Section III 

Class 

RG1.29 

Seismic 

Category

RG1.26 

NRC Quality 

Group

10 CFR 50 

Appendix B 

 QA Program
1 1 I A YES 

2 2 I B YES 

3 3 I C YES 

4 N/A NS or II D N/A 

5 N/A NS or II N/A N/A 

6 N/A N/A N/A N/A 

7 N/A N/A N/A N/A 

8 N/A NS D N/A 

9 N/A NS N/A N/A 

10 N/A NS N/A N/A 
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2) Consideration against external hazards 

To ensure safety against aircraft impacts, in principle, a site shall be selected which 
is not close to an airport and air route if aircraft impacts are not to be considered in 
the design. 

3) Consideration against internal hazards 

The plant shall be designed as follows for internal events such as jet missile and 
fire. 

Internal missiles: The design shall be made in such a way that the safety of the 
reactor is not impaired due to the effects of internal missiles and broken 
pipes. 

Fire: To prevent the safety of reactor facilities from being impaired by fire, the plant 
shall be designed using a proper combination of three general rules. 

(a) Prevention of fires 
(b) Detection of fires and activation of fire extinguishing 
(c) Reduction of influences of fires 

4) Consideration of common usages 

In principle, the structures, systems, and components critical for safety shall be so 
designed that the reactor facilities do not make common use of any one of them 
provided that, judging from the functions and construction, the safety of the reactor 
may be impaired by such common use. 

5) Arrangement of buildings in the site 

The reactor facilities shall be arranged in the plant site so that predicted radiation 
doses to the public outside the site boundary remain below acceptance criteria 
specified for normal operation as well as accidents. 

The equipment layout within the US-APWR buildings is determined to facilitate plant 
operation and maintenance and minimize personnel radiation exposure. Provisions 
including redundant train separation and segregation barriers have been made to 
assure that the functions of the safety-related systems are maintained in the event of 
postulated incidents such as fires, floods, and high-energy pipe break events. Within 
the buildings, access control zonings are established to restrict access to radiation 
areas and to define the required radiation shielding and monitoring during operation, 
shutdown, and accident conditions. 

 

7.2 Structures and buildings 

The US-APWR plant has the following principal buildings as shown in Fig. 12. 

 1) Reactor building (Seismic Category I) 
 2) Power source buildings (Seismic Category I) 
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 3) Auxiliary building 
 4) Access building 
 5) Turbine building 

 

 

Fig. 12 US-APWR Compact 
arrangement of power block 

 

 

 

 

Only the reactor building and the small power source buildings are designed and 
constructed as safety-related structures, to the requirements of seismic Category I, as 
defined in RG 1.29. The symmetrical arrangement for safety equipment efficiently 
reduces the required space in the buildings. These design features provide less 
building volume and cost improvement compared to conventional PWR plants.  

Radioactive equipment and piping in all buildings is arranged and shielded to minimize 
radiation exposure. Pathways through the plant are designed to accommodate 
equipment maintenance and equipment removal from the plant. The size of the 
pathways is determined by the largest piece of equipment that may have to be 
removed or deployed after initial installation. Where required, lay-down space is 
provided for disassembling large pieces of equipment to facilitate the removal or 
installation process. Adequate space is provided for equipment maintenance, lay-
down, removal, and inspection. Hatches, monorails, hoists, and removable shield walls 
are provided to facilitate maintenance. 

The containment facility is comprised of the pre-stressed concrete containment vessel 
(PCCV) and the annulus enclosing the containment penetration area, and provides an 
efficient leak-tight barrier and radiation protection under all postulated conditions 
including LOCA. The PCCV is designed to withstand the peak pressure under LOCA 
conditions. Tendon gallery is provided for periodic inspection and testing of 
circumferential and axial pre-stressing tendons.  

For ease of access during operation, maintenance, repair, and refueling, the following 
means to access the PCCV are also established: two personnel airlocks at different 
elevations, and a large equipment hatch on the operating floor of the containment.  
The dimensions of the equipment hatch are determined to allow the future 
replacement of steam generators without cutting through the containment.  These 
features significantly improve the maintainability of equipment and accessibility to the 
containment during outages. Fig. 13 shows a sectional view of the US-APWR power 
block buildings. 

Reactor Building 

Turbine 

Building 

Auxiliary Building

Access Building Power Source Building 

( Containment Vessel )

Plant North
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Fig. 13 US-APWR plant 

The US-APWR safety-related structures, systems, and components (SSCs) are 
designed as required by the criterion 2 of General Design Criteria (GDC) of 10 CFR 
50, Appendix A, to withstand the effects of natural phenomena, including earthquakes, 
without jeopardizing the plant safety.  The SSCs are assigned to one of three seismic 
categories (seismic category I, seismic category II, or non-seismic [NS]) depending on 
the nuclear safety function of the particular SSC. 

The US-APWR standard plant seismic design is based on the safe shutdown 
earthquake (SSE) and the operating-basis earthquake (OBE).  The certified seismic 
design response spectra (CSDRS) define the site-independent SSE for the seismic 
design of the US-APWR standard plant. The peak ground acceleration (PGA) of the 
CSDRS is 0.3 g ground acceleration for the two horizontal directions and the vertical 
direction.  The PGA of the OBE is set at 1/3 of the SSE (CSDRS), and then no design 
analysis is required to address the OBE loads for the seismic category I SSCs. 

The CSDRS are derived from RG 1.60 spectra by scaling the spectra contained in RG 
1.60 from 1.0 g to 0.3 g zero period acceleration (ZPA) values. The RG 1.60 spectral 
values are based on deterministic values for western United States earthquakes.  
However, recent seismic research including recently published attenuation relations 
indicate that earthquakes in the central and eastern United States have more energy 
in the higher frequency range than those in the western United States. Thus, the RG 
1.60 spectra control points have been modified by shifting the control points at 9 Hz 
and 33 Hz to 12 Hz and 50 Hz, respectively, for both the horizontal and the vertical 
spectra as shown in Fig.14. The modified RG 1.60 spectra used for the CSDRS are 
expected to cover many sites in the central and the eastern United States in order to 
apply the US-APWR standard plant design as widely as possible. 
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Fig. 14 The CSDRS (Horizontal. Damping 5%) 

The design of the US-APWR reactor building complex is based on the analyses of the 
seismic responses of a dynamic model, considering the effects of soil-structure 
interaction (SSI) and structure-soil-structure interaction (SSSI). The reactor building 
complex consists of the reactor building, the PCCV, the containment internal structure 
(CIS) including the reactor coolant loop (RCL), the east power source building, the 
west power source building, the auxiliary building, and the essential service water pipe 
chase (ESWPC), all on a common basemat. The RCL represents the stiffness and 
mass inertia properties of the major equipment and pipe supports by the CIS. All 
structures on the basemat are seismic category I structures with the exception of the 
auxiliary building which is a seismic category II structure. The SSSI analysis is for the 
seismic response of the reactor building complex considering its potential interaction 
with the turbine building. The turbine building is a seismic category II structure. Two 
different levels of stiffness and damping properties are assigned to the dynamic finite 
element model in order to capture variations of the material properties of the structural 
members due to cracking. The first level represents the full stiffness (uncracked 
concrete) of the structures corresponding to low stress levels, and the second level 
represents the reduced stiffness (cracked concrete) level of the structures 
corresponding to high stress levels. OBE damping values are assigned to the model 
with full stiffness. SSE damping values are assigned to the model with reduced 
concrete properties. Two SSI analyses of the reactor building complex are performed 
for each soil profile corresponding to each of the two bounding levels of stiffness and 
damping.  

The site independent SSI analyses are conducted considering six generic subgrade 
conditions: (1) Two profiles of soft soil (nominal shear wave velocity of 270 m/s) with 
depths of 200 ft and 500 ft above rock foundations, (2) Stiff soil profile (nominal shear 
wave velocity of 560 m/s) with a depth of 500 ft, (3) Two soft rock profiles (nominal 
shear wave velocity of 900 m/s) with depths of 100 ft and 200 ft, and (4) Firm rock 
profile (nominal shear wave velocity of 2032 m/s) with a depth of 100 ft. A total of 12 
cases are analyzed for the reactor building complex (SSI) and eight cases for the 
combined model of the reactor building complex and turbine building (SSSI). 

For development of design basis in-structure response spectra (ISRS), the results 
from the 20 SSI and SSSI analyses are enveloped and broadened by 15%. For 
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seismic analysis of seismic category I subsystems, modal response spectra analysis, 
time history analysis, or equivalent static load analysis methods are used. The 
functions of each building are described below.  

1) Reactor Building 

The building contains the PCCV and equipment important to safety, except the 
emergency power sources. The equipment includes safety related pumps, heat 
exchangers, control room and associated electrical, I&C panels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15 US-APWR reactor building cross section 

The PCCV is part of the reactor containment facility and includes the internal concrete 
and the annulus compartment part. The PCCV is also part of the engineered 
safeguards features. The containment system is designed to suppress or prevent the 
possible dispersion of large quantities of radioactive materials which would be 
released if extensive fuel failures were to occur in the reactor resulting from damage or 
failure of the reactor facilities such as the primary cooling system, main steam system, 
and feedwater system. 

The leakage preventing function of the containment is provided by a steel liner on the 
inner surface while the pressure withstanding function is provided by the concrete 
structure. An enclosed space (annulus compartment) surrounds the lower part of the 
containment shell to provide a double containment and the containment penetrations 
for pipes, cables, ducts, and air locks pass through the annulus compartment.  
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The containment is designed so that the leak-rate is less than 0.1% per day of the 
weight of air in the containment at a pressure of 0.9 × maximum design air pressure at 
normal temperatures. The containment is provided so that the general public will not 
be affected by radiation if it leaks at this leak-rate even if the facilities related to the 
primary coolant system fail or are damaged. Therefore, severe accidents must also be 
carefully considered to ensure the integrity of the containment. 

In conventional PWRs, the emergency cooling water is stored in a refueling water 
storage tank outside the containment vessel. In the US-APWR, the refueling water is 
stored in a pit inside the PCCV in order to avoid a potential failure to switch over the 
water source from the refueling water storage tank to the recirculation sump inside the 
containment vessel. 

Also, a proper space has been provided below the reactor vessel so that debris will be 
distributed thinly if ejections of molten debris occur in a severe core accident. Besides, 
the space is shaped to catch the debris easily to prevent it from being splashed, as far 
as possible, into the general spaces of the containment. 

2) Power Source Buildings 

These buildings are freestanding on reinforced concrete mats, and each building 
contains two identical emergency power sources, which are separated from each other 
by physical barriers. The electrical, I & C and heating, ventilation and air conditioning 
equipment related to the emergency power sources are also contained in these 
buildings. 

3) Auxiliary Building 

The building contains the main components of the waste disposal systems and the 
non-safety-related electrical area. This area is normally a non-radioactive zone and is 
completely separated from the radioactive zones of the building. 

4) Access Building 

The building houses the access control facilities, the chemical sampling and laboratory 
area. 

5) Turbine Building 

The building houses the non-safety-related equipment of the turbine-generator and its 
auxiliary systems (main condenser, feedwater heaters, moisture separator re-heaters, 
etc.). The building is principally made of steel structure, which is designed to withstand 
all loads including the load of the overhead traveling crane. The foundation of the 
building is a reinforced concrete structure. 
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8.1 Modularization and construction 

MHI has constructed 24 PWR nuclear plants over a period of the last 40 years in 
Japan. MHI was responsible for the construction of both the nuclear island and the 
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turbine island. MHI has gained valuable experience which has enabled to reduce the 
construction period target to 37~50 months from the first concrete to the first fuel 
loading in the conventional type PWR nuclear plants rated 600~1200 MWe. 

The main features of these innovative construction methods to be used at the 
Japanese PWR are as follows: 

- Use of super heavy duty cranes (1000 metric ton at 50 m radius) 

- Employment of steel plate & concrete structure (SC Structure) in all parts of PCCV 
internal concrete structure 

- Large block of PCCV liners (one body for dome liner and one body for cylinder 
lower liner) 

- Direct carry-in of heavy components into the PCCV by the super heavy duty crane 
(Over-the-top construction method) 

- Employment of large preassembled module blocks 

The construction period of the US-APWR is expected to be 44~48 months from the 
first concrete to the first fuel loading by application of these innovative construction 
methods.  

Examples of steel plate & concrete (SC) structures for the inner concrete of PCCV and 
large equipment module blocks for the main steam line and feedwater line piping are 
illustrated in Fig.16 and Fig.17, respectively. 

 

 

 

 

 

 

 

 

                     
   

Fig.16 Illustration of US-APWR steel plate & concrete structure module 
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Fig. 17 Illustration of US-APWR large equipment module 

 
8.2 Operation and maintenance 

The US-APWR offers features as described below to improve plant operability and 
maintainability. 

- On-line maintenance afforded by 4 x 50% safety trains. It leads to about a 30% 
reduction in total work hours during refueling outage. 

- Fully digitalized I & C system having redundancy, diversity, self-diagnostics and 
on-power repair capabilities, which will substantially reduce I & C maintenance 
costs. 

The US-APWR adopts the in-service-inspection (ISI) devices described below and 
these can shorten the ISI work time. 

- Advanced ultrasonic testing (A-UT) machine for the reactor vessel. It leads to the 
reduction of working time and workers’ radiation doses. 

- SG-MR III, a robot tube eddy current test (ECT) machine. It makes the inspection 
speed twice compared to the conventional type machine. 

These US-APWR operation and maintenance features will reduce occupational 
radiation exposure to approximately half of that in the current PWRs. 
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Appendix: Summarized Technical Data of US-APWR 
 

General plant data 
Reactor thermal output 4,451 MWth 
Power plant output, gross 1,700 class MWe 
Mode of operation  Base load and load follow 
Plant design life 60 Years 
Plant availability target 95 % 
Seismic design, SSE 0.3 g 
Primary Coolant material Light water  
Secondary Coolant material Light water  
Moderator material Light water  

Safety goals  
Core damage frequency 1.2x10-6 /RY 
Large early release frequency 1x10-7 /RY 
Occupational radiation exposure  Person-Sv/RY 

Nuclear steam supply system 
Steam flow rate at nominal conditions  2.5x103 kg/s 
Steam pressure/temperature 6.70/283 MPa(a)/℃ 
Feedwater flow rate at nominal conditions  2.5x103 kg/s 
Feedwater temperature 236 ℃ 

Reactor coolant system 
Primary coolant flow rate 5,300 kg/s/loop 
Reactor operating pressure 15.51 MPa(a) 
Core coolant inlet temperature 288.1 ℃ 
Core coolant outlet temperature 325.0 ℃ 
Mean temperature rise across core 36.9 ℃ 

Reactor core 
Equivalent core diameter 3.89 m 
Active core height 4.2 m 
Average linear heat rate 15.2 kW/m 
Average core power density 89.2 MW/ m 3 
Fuel material UO2  
Cladding tube material Zirconium based alloy 
Outer diameter of fuel rods 9.5 mm 
Rod array of a fuel assembly 17x17  
Number of fuel assemblies 257  
Enrichment of reload fuel at equilibrium core Max. 5 Wt% 
Fuel cycle length Up to 24 months 
Maximum discharge burnup of fuel rod 62 MWd/kg 
Control rod absorber material Ag-In-Cd  
Soluble neutron absorber Boron  

Reactor pressure vessel 
Inner diameter of cylindrical shell 5,150 mm 
Wall thickness of cylindrical shell 265 mm 
Total height (outside) 13,536 mm 
Base material Low alloy steel  
Design pressure/temperature 17.23/343 MPa(a)/℃ 
Transport weight (Head/Vessel) 110/440 t 
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Steam generator 
Type Vertical U-tube Heat exchanger 
Number 4  
Total tube outside surface area 8,500 m2 
Number of heat exchanger tubes 6,747  
Tube outside diameter 19.05 mm 
Tube material Alloy TT690  
Transport weight 420 t 

Reactor coolant pump 
Type Vertical shaft single-stage centrifugal 
Number 4  
Head at rated conditions 93.5 m 
Flow at rated conditions 7.07 m3/s/loop 
Pump speed 1200 rpm 

Pressurizer 
Total volume 82 m3 
Steam volume: full power/zero power 45/66 m3 
Heating power of heater rods 2950 kW 

Containment vessel 
Type PCCV  
Overall form Cylindrical  
Dimensions (diameter/height) 45.5/69 m 
Design pressure/temperature 0.47/149 MPa(a)/℃ 
Design leakage rate 0.1 Vol.%/day 

Residual heat removal systems 
Active/passive systems Active  

Safety injection systems 
Active/passive systems Active & Passive  

Turbine  
Type of turbines Tandem Compound Six flow 
Number of turbine sections per unit Four (one HPT/ three LPTs) 
Turbine speed US-APWR1800 

/EU-APWR1500 
rpm 

Condenser 
Type of condenser Horizontal, Radial flow, Single 

pressure, 
Single pass, Surface cooling type 

Feedwater pumps 
Type Centrifugal, horizontal 
Number 4  
Head at rated conditions 872.3 m 
Flow at rated conditions 1.054 m3/s 
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SSuupppplleemmeennttaall  iinnffoorrmmaattiioonn  
for assessing the US-APWR by the INPRO 

methodology 
 
 

 

 

 

 

 

 

 

 

(Remarks) 

・ The term “conventional PWR” stands for the latest 4-loop PWR generating 3411 
MWt core power in Japan, not for the Japanese APWR. 
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SSuupppplleemmeenntt  11    OOppeerraattiioonnaall  SSaaffeettyy  MMaarrggiinnss  ooff  RReeaaccttoorr  PPaarraammeetteerrss  

 

(1) Reactor power and reactor coolant temperature 

As the reactor power (= turbine load) changes, the average temperature of the reactor 
coolant is changed to follow a programed target value by an automatic control system 
as shown in Fig. 1. 

 

Fig.1 Programed temperature of reactor coolant 

 

While the reactor power is kept zero, the coolant temperature is 291.7 degree C 
anywhere in the reactor coolant system. At nominal power the inlet temperature of the 
reactor vessel is 288.1 degree C and the outlet temperature is 325.0 degree C. Hence, 
the temperature rise in the reactor vessel is 36.9 degree C. The temperature rise in the 
reactor vessel is proportional to the thermal energy produced in the reactor core. In 
accordance with the increase of the reactor power, the temperature rise in the reactor 
vessel becomes large.  

The integrity of reactor core, that is to say the integrity of fuel rod, is maintained while 
the mechanical strength of the fuel rod stays within the acceptable limits. In order to 
make sure of the fuel rod integrity, cooling conditions of fuel rod and reactor power are 
monitored and controlled by an instrumentation and control system (I&C system). 

For that purpose the reactor protection system has two sorts of core protection logics; 
one is “Over Power ΔT Limit” and the other is “Over TemperatureΔT Limit”. The Fig. 2 
shows the allowed operation space of “reactor power versus reactor coolant condition” 
for the over power ΔT limit and over temperatureΔT limit at 15.42 MPa [gage]. 

The dot red lines indicate reactor trip setpoints. If the value of reactor coolant 
temperature gets to one of the lines, the reactor is automatically tripped. Namely the 
distance between the “Operating Point” and the dot red lines “setpoints” indicates an 
operating margin. 
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Fig.2 Setpoints of “Over Power ΔT” and “Over TemperatureΔT” Reactor Trip 

 

(2) Reactivity coefficient 

(Doppler power coefficient) 

Fig.3 shows Doppler power coefficients at the beginning of cycle (BOC) and end of 
cycle (EOC) of the first operation cycle (initial core) together with the bounding values 
used for safety evaluation. 
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Fig.3 Doppler Power Coefficients of Initial Core 

 

Generally speaking, the value of Doppler power coefficient is dominated by neutron 
energy spectrum, which is mainly dominated by the water-fuel ratio and composition of 
fissile in the core. Roughly speaking, the water-fuel ratio and composition of fissile of 
the US-APWR core are same as those of the conventional PWR because the 
enrichment of uranium235 for fuel and geometry of fuel rod are common for both 
designs.  

 

(Moderator density coefficient) 

The bounding values of moderator density coefficient used in safety analysis are 0.0 
(Δk/k)/(g/cc) and 0.51(Δk/k)/(g/cc). The moderator density coefficient of the initial core 
doesn’t become negative during hot condition and the maximum design value of initial 
core is 032(Δk/k)/(g/cc). 

In case of the PWR core, the moderator density coefficient is dominated by boron 
concentration in the reactor coolant and reactor coolant temperature. Operation 
temperatures of the reactor coolant are similar for the US-APWR and conventional 
PWR. The boron concentration in the reactor coolant depends on the amount of fissile 
in the core, which is also similar for the US-APWR and conventional PWR. 

 

(3) Reactivity shutdown margin 
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The required shutdown margin is 1.6 (%Δk/k) for the US-APWR. 

The shutdown margins based on trip rod worth at BOC and EOC of the initial core for 
the US-APWR are 2.94 and 2.15 (%Δk/k) respectively. 

The shutdown margins at the above-mentioned condition for the conventional PWR 
are 1.99 and 1.6 (%Δk/k). 

(4) Reactor coolant flow by reactor coolant pump 

The thermal design flow rate of the reactor coolant is 76300 (ton/hour) for the US-
APWR. Maximum 9 percent of the reactor coolant flows outside the core to cool 
reactor vessel and other structures. In consequence, 69400 (ton/hour) of reactor 
coolant cools the fuel assemblies and structures generating 4451 MWt in the core. 

The reactor coolant temperature rise in the reactor vessel is 36.9 degree C (from 
288.1 C to 325.0 degree C). 

On the other hand, the thermal design flow rate for the conventional PWR is 60100 
(ton/hour), and around 7 percent of the reactor coolant flows outside the core. In 
consequence, about 55900 (ton/hour) of reactor coolant cools the fuel assemblies and 
structures generating 3411 MWt in the core. 

The reactor coolant temperature rise in the reactor vessel is 35.9 degree C (from 
289.1 C to 325.0 degree C). 

(5) Natural circulation of reactor coolant 

A natural circulation flow rate of the reactor coolant was measured in an existing PWR 
in Japan. When the heat generation of core was about 2 % of nominal reactor power, 
the flow rate was about 4 %. 

The height of reactor vessel of the US-APWR is 0.7 meter longer than that of the 
existing PWR. As a result, the elevation of steam generators (SG) in the US-APWR is 
higher than that of the existing PWR. The elevation difference gives a larger driving 
force to the reactor coolant of the US-APWR for natural circulation due to coolant 
density distribution. 

(Reference) The head of the reactor coolant pump (RCP) of the US-APWR is about 
93.5 meter at the thermal design flow 25400 m3/hour and that of the existing PWR is 
about 80.0 meter at the thermal design flow 20100 m3/hour. 

(6) Linear heat generation rate 

The linear heat generation rate of the J-APWR is similar to that of conventional PWR. 
On the other hand, the US-APWR uses longer fuel rods for the same reactor power 
output as the J-APWR. This means that the linear heat generation rate of the US-
APWR is smaller than that of the conventional PWR by the ratio of fuel rod lengths. 

Average linear heat generation rates of the US-APWR and conventional PWR are 15.3 
(kW/m) and 17.9 (kW/m) respectively by taking into account the direct gamma heating 
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to coolant of 2.6 %. Therefore, the US-APWR has larger operational margin than the 
conventional PWR. 

(7) Minimum ratio of heat flux to the departure from nucleate boiling (DNB) 

Limiting values of minimum DNB ratio (DNBR) are determined by calculating bounding 
values covering 95 % probability at 95 % confidence level. Cooling conditions of fuel 
are always monitored by reactor protection system to protect fuel rods against DNB. 
When one of cooling conditions exceeds the predefined set-point based on the limiting 
values of minimum DNBR, the reactor is automatically tripped. That is common to the 
US-APWR and the conventional PWR. 

Evaluations of minimum DNBR are performed by using WRB-2 correlation for the US-
APWR and by using MIRC-1 correlation for the conventional PWR. Therefore, it’s 
inappropriate to compare their differences. 

The minimum DNBR during normal operation and anticipated operational occurrences 
(AOO) for the US-APWR is listed below. 

Condition and location Minimum DNBR 

At nominal condition 
Typical hot channel 2.05 
Thimble hot channel 1.98 

During AOO 
Typical hot channel >1.35 
Thimble hot channel >1.33 

 

(8) Fuel centerline temperature and stored energy 

The maximum fuel centerline temperature should be less than the fuel melting point so 
that the fuel cladding will not be mechanically damaged. This principal design strategy 
is common to the US-APWR and the conventional PWR. 

There is at least a 95-percent probability at a 95-percent confidence level that the fuel 
rod with the most limiting linear heat generation rate (kW/m) does not cause the fuel 
pellet to melt during normal operation and AOOs. The limiting values of linear heat 
generation rate are decided by these strategy and evaluation condition. 

Predicted values of fuel centerline temperature are summarized in the table below. 

 Conventional PWR 

At rated power 
Uranium fuel (43.1 kW/m) up to 1800 degree C 
Gadolinia fuel (33.4 kW/m) up to 1680 degree C 

At maximum linear power 
density 

Uranium fuel (59.1 kW/m) up to 2220 degree C 

Gadolinia fuel (44.3 kW/m) up to 2040 degree C 

 

The linear heat generation rate of the US-APWR is about 15 % smaller than that of the 
conventional PWR, which gives a clue to lower centerline temperatures than those of 
the conventional PWR. 
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As to the stored energy per fuel pellet, it can be said that the maximum stored energy 
in a pellet is smaller in the US-APWR than that in the conventional PWR due to lower 
fuel temperatures coming from the lower linear power density.  
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Supplement 2  Reactor Vessel Manufacturing and Welding 
1. Manufacturing process of the reactor vessel 

Reactor vessels (RV) were used to be manufactured for conventional PWR by welding 
many parts as shown in the Fig-1 in the old days. The RV head, upper shell and lower 
shell were made from plates. Namely, plates were bent or formed for parts. Then, they 
were welded for the RV head, upper shell and lower shell. 

Fig-1 Manufacturing process of RV for the conventional PWR in the old days 

The upper shell was made for ring geometry through welding from 3 pieces of bent 
plates. The lower shell which was located adjacent to the core was also made for ring 
geometry through the same process. Then, they were assembled by welding together 
with transition ring, lower head, and so on. The RV head was also manufactured by 
bending a plate and then control rod drive mechanism (CRDM) housings were welded. 
Then, the RV and reactor internals are separately transported to the construction site. 

Products made through this manufacturing process had a long total length of weld 
seams, which were supposed to be subjected to periodical in-service inspection (ISI) 
during the plant life. 

In order to reduce the total length of weld seams, the process of RV manufacturing 
has been improved by adoption of more forgings for plates. A RV for the US-APWR is 
manufactured in the process as shown in the Fig-2. Each of the upper shell and lower 
shell is manufactured form one forging. The RV head with a flange is also made by 
one forging. This manufacturing process results in a total length reduction of welding 

RV Head Lower Head

Upper Shell Lower Shell

CRDM
Housing

Inlet/Outlet
Nozzle

BMI
Nozzle

Transition
Ring

Shipment

Upper Shell
Flange

Shipment
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lines, which leads to reduction of the work for quality control during the manufacture 
and to reduction of the work for the ISI during the plant life. 

Fig-2 Manufacturing process of RV for the US-APWR 

 

The Fig-3 and Fig-4 show the materials used for the conventional RV in the old day 
and for the US-APWR.  

Low alloy steel is used for the major portion of the RV since the RV requires strength 
against the primary membrane stress due to the coolant pressure at a relatively high 
temperature. In addition, the inner wall of RV is backed with a stainless steel liner to 
avoid corrosion. 

The raw material for the RV shell of the US-APWR is a low alloy steel equivalent to 
SA-508 Gr3 of the ASME II. The table below shows requirements of specifications of 
the SA-508 Gr3 concerning impurities. When purchasing raw materials, the MHI uses 
severer requirements in order to produce a RV with higher quality by considering the 
reliability for the plant life because such impurities may cause degradation in ductility 
due to high energy neutron irradiations. 

Impurities SA-508 Gr3 of ASME II Additional requirements
Cu Less than 0.20 % Less than 0.10 % 
P Less than 0.025 % Less than 0.015 % 
S Less than 0.025 % Less than 0.018 % 
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Fig-3 RV for the conventional 
PWR in the old days 
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Fig-4 RV for the US-APWR 
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2. Welding method between the reactor vessel and main piping 

The reactor coolant system uses several kinds of alloy steels, which imposes 
dissimilar welds. When welding two different materials, for example welding between 
the cold-leg piping made of stainless steel and RV inlet nozzle made of low alloy steel, 
special treatment shall be carried out. Processes and materials for welding such 
sections have been improved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Besides, welding processes also have been improved. For example, automatic 
welding machines for gas-tungsten-arc welding (GTAW) welding provide higher quality 
of welding and are used widely instead of conventional shield metal arc welding. 
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Fig-6 For the US-APWR 
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SSuupppplleemmeenntt  33    SSiimmpplliicciittyy  ooff  SSaaffeettyy  SSyysstteemm  DDeessiiggnn  ffoorr  RReelliiaabbiilliittyy  

1. Four trains for the emergency core cooling system 

The configuration of the mechanical systems of emergency core cooling system 
(ECCS) has been changed from the conventional two trains to four trains to give more 
redundancy and independence. Also, tie lines between trains have been eliminated to 
simplify the systems and increase the reliability. 

The conventional 4-loop PWR has two train water injection systems and four 
accumulator tanks (ACC) in emergency core cooling system (ECCS). Each of trains 
consists of a high head safety injection (HHSI) pump, a low head safety injection 
(LHSI) pump and associated piping, valves and instruments. Each of cold legs has an 
injection piping to deliver the emergency cooling water from one ACC. The LHSI 
pumps are used as residual heat removal pumps during normal shutdown. There is 
also containment spray system (CSS) consists of two trains, each of which has one 
containment spray pump (CSP) and associated valves. 

The US-APWR employs four-train concept for the ECCS and CSS, and consequently, 
each loop is equipped with one train of the both systems. The adoption of redundant 
four-train configuration in the US-APWR, which eliminates tie-line among trains, 
makes the reliability of cooling function higher than the conventional 4-loop PWR. In 
addition, the separated four train systems enable on-power maintenance for 
components in the ECCS and CSS as well. 

Fig-1 Structure of trains in emergency core cooling system 
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The safety system comparison of conventional 4-loop and the US-APWR is 
summarized in Table-1. 

Table-1 Comparison of the ECCS and CSS components 

 Conventional 4-Loop Plant US-APWR 

Accumulator 4 
(conventional type) 

4 
(advanced type) 

SI Pump 

 - High Head Pump 

 - Low Head Pump 

 

100% × 2 

100% × 2 
(used also as RHR)

 

50% × 4 

－ 

CS Pump 100% × 2 50% × 4 
(used also as RHR) 

 

2. Advanced accumulator system without low head injection system 

The function of the low head injection (LHSI) system is performed by the expanded 
performance of an advanced accumulator. In order to supply cooling water for 
relatively longer time, the injected water flow rate is automatically changed by a 
internal passive flow damper as the time passes, which acts as the role of the LHSI 
system. (Fig-3) 

The system configurations are same for the US-APWR and conventional PWR. That 
means the advanced accumulator system doesn’t make the system structure 
complicate, even having the LHSI function. (Fig-2) 

 

 

Fig-2 Schematic Flow Diagram of Accumulator Systems (4 trains) 
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Fig-3 US-APWR Advanced accumulator 

 

3. Comparison in simplicity for safety injection function 

In the US-APWR design, the adoption of four-train systems makes possible complete 
train-separation, eliminating tie-lines among trains. The adoption of In-containment 
RWSP also eliminates switching operation of the water source during accidents. 
These system configurations lead to the simplicity and higher reliability of the ECCS. 
Schematic flow diagram is described in Fig-4. 

 

 

Fig-4 Schematic Flow Diagram of Safety Injection System for US-APWR (4 trains) 
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Schematic flow diagrams of safety injection system (SIS), except accumulators, are 
described in Fig-5 for the conventional 4-loop plant. 

In the conventional 4-loop design, the HHSI and LHSI systems are installed 
respectively, and each system has two water sources from a refueling water tank and 
containment recirculation sumps. This requires switching over of the suction lines from 
RWST to containment recirculation sumps at recirculation mode during LOCA events. 
Two-train system configuration also requires train separation in the recirculation mode 
of to cope with a potential single failure. Associated valves, piping and instruments are 
installed for these operations. 

 

 

Fig-5 Schematic Flow Diagram of HHSI/LHSI system for Conventional PWR (2 trains) 

 

The layout of four-train system of the US-APWR is described in Fig-6 compared to the 
conventional 4-loop plant, which realizes the reduction of piping length. 
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         ( Conventional 4-Loop Plant )                      ( US-APWR )  

Fig-6 Comparison of layout design of the safety system components 
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SSuupppplleemmeenntt  44    RReelliiaabbiilliittyy  DDaattaa  ooff  EEqquuiippmmeenntt,,  CCoorree  DDaammaaggee  FFrreeqquueennccyy  aanndd  SSeevveerree  
AAcccciiddeenntt  EEvvaalluuaattiioonn  

 

1. Reliability data of equipment for probabilistic risk analysis (PRA) 

Probability of each event sequence is calculated by using an event tree. Failure 
probabilities of elements used in the event tree such as systems and components are 
calculated by using fault trees by referring available reliability data (failure rate data) of 
composing components or subcomponents. E.g. the failure probability of high pressure 
injection (HPI) function of emergency core cooling system (ECCS) is supposed to be 
calculated by using available failure rate data of composing components such as high 
pressure injection pumps, electric motor operation valves, and so on. 

A failure rate datum of a composing component can be obtained in two ways; one way 
is to refer a reliability data handbook applicable to the component. Such reliability data 
handbooks should been elaborated based on accumulated operational experiences in 
each country because the quality control management methods for manufacture of 
components in a factory and preventive maintenance in a power plant vary in country 
by country. The other way is to calculate failure rate datum of the composing 
component by using fault trees if there are available reliability data of parts composing 
that component. For example, the failure probability of electric motor operation valve 
can be obtained from a handbook and it also can be calculated by using available 
reliability data of composing parts such as electric motor, control actuator, valve shaft, 
valve body, valve sheet, and so on. In reality the latter is hard to be performed, and 
almost all of component random failure rates are cited from reliable handbooks. 

The sources of reliability data for component random failures for the US-APWR are 
NUREG/CR6928, NUREG/CR3226, PLG-0500 and NPRD-95. On the other hand, the 
sources for the conventional Japanese PWR are data bases in Japan. This fact means 
that a high pressure injection system with same design has different malfunction 
probabilities for the PRA in the USA and Japan. 

The probabilities of initiating events are also evaluated in same manners based on 
accumulated operational experiences. Therefore, initiating event probabilities for the 
same PWR design are different in the USA and Japan. 

In theory, improved designs and well-organized quality assurance program for 
manufacturing can reduce failure rates of components. Consequently, initiating event 
rates and failure rates of such components must become small for event trees. In 
reality, however, it’s hard to numerically evaluate quality improvement of a component 
and to estimate improvements in failure rates without accumulation of operational 
experiences. Reluctantly, stored reliability data based on past operational experiences 
are supposed to be used in the PRA, with minor exceptions only when the number of 
latent weaknesses in the component can be clearly analyzed and failure rate can be 
evaluated based on the improvement against the latent weaknesses. 

For example, there are many initiating events for a loss of coolant accident (LOCA) in 
the PRA. One of the initiation events is a rupture of the reactor vessel (RV). The lower-
shell of the RV for the US-APWR is made through forging of one large ingot without 
welding seam line. The ingot is made in an electric smelter in a vacuum room to 
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minimize impurities. Consequently, we should use smaller number for the initiating 
event frequency for the rupture of the RV. However, 1.0×10-7/RY, which was cited 
from WASH-1400 published in 1974, has still been used as the initiating event 
frequency of the RV rupture in the PRA, even though the lower shell of the RV is made 
from one forged body without welding. Because it’s hard to numerically prove the 
improved rupture probability and there would arise a large argument about the 
appropriateness of the numerical value of rupture probability if it is tried to change. 

The table below is a list of initiating events used for the PRA of the US-APWR in the 
USA. The probability of loss of component cooling water (LOCCW) has been 
calculated by using a fault tree because component cooling water system (CCWS) of 
the US-APWR is a four-train configuration completely separated into two independent 
sections. No single piping rupture will cause a total loss of component cooling water 
due to this design. Therefore the frequency of this event is considered to be lower than 
generic initiating event frequencies. Fault tree analysis is performed to quantify the 
frequency of this event.  

List of initiating events 

 Name Event Description Frequency Reference 
1 LLOCA Large Pipe Break LOCA 1.2E-6 NUREG/CR-6928 
2 MLOCA Medium Pipe Break LOCA 5.0E-4 NUREG/CR-6928 
3 SLOCA Small Pipe Break LOCA 3.6E-3 NUREG/CR-6928 
4 VSLOCA Very Small Pipe Break LOCA 1.5E-3 NUREG/CR-6928 
5 SGTR Steam Generator Tube Rupture 4.0E-3 NUREG/CR-6928 
6 RVR Reactor Vessel Rupture 1.0E-7 WASH-1400 
7 SLBO Steam Line Break/Leak in 

downstream of Isolation Valve 
1.0E-2 NUREG/CR-5750 

8 SLBI Steam Line Break/Leak in upstream 
of Isolation Valve 

1.0E-3 NUREG/CR-5750 

9 FWLB Feedwater Line Break 3.4E-3 NUREG/CR-5750 
10 TRANS General Transient 8.0E-1 NUREG/CR-6928 
11 LOFF Loss of Feedwater Flow 1.9E-1 NUREG/CR-6928 
12 LOCCW Loss of Component Cooling Water 2.4E-5 Fault Tree Analysis 
13 PLOCW Partial Loss of Component Cooling 

Water 
3.2E-3 NUREG/CR-6928 

14 LOOP Loss of Offsite Power 4.0E-2 NUREG/CR-6928 
15 LOAC Loss of Vital AC Bus 9.0E-3 NUREG/CR-6928 
16 LODC Loss of Vital DC Bus 1.2E-3 NUREG/CR-6928 

 

 

The tables in next two pages are a list of front line system fault tree failure probabilities 
and a list of support system fault tree failure probabilities composed of component 
random failure probabilities by using fault trees for the PRA evaluation of the US-
APWR. 
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List of front line system fault tree failure probabilities 
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List of support system fault tree failure probabilities 
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2. Core damage frequency and other results of the PRA 

2.1 PRA result of the US-APWR 

(Internal initiating events) 

The results of the core damage frequency (CDF) quantification indicate the following 
CDFs for the US-APWR. 

 Core damages due to events except fire and flood at power operation: 
              1.0×10-6/RY 
 Core damages due to fire at power operation:    8.6×10-7/RY 
 Core damages due to flood at power operation:    8.9×10-7/RY 
 Core damages due to events except fire and flood at low-power & shutdown: 
              1.8×10-7/RY 
 Core damages due to fire at low-power & shutdown:   1.8×10-8/RY 

 Core damages due to flood at low-power & shutdown:   9.5×10-8/RY 

The large release frequencies (LRFs) are determined as follows. 

 Large release due to events except fire and flood at power operation: 
              1.1×10-7/RY 
 Large release due to fire at power operation:    1.9×10-7/RY 
 Large release due to flood at power operation:    1.6×10-7/RY 
 Large release due to events except fire and flood at low-power & shutdown: 
              1.8×10-7/RY 
 Large release due to fire at low-power & shutdown:   1.8×10-8/RY 

 Large release due to flood at low-power & shutdown:   9.5×10-8/RY 

(External initiating events) 

There are so many potential external events which can be threats against nuclear 
safety such as; 

 (1) Natural hazards 
  Seismic acceleration by earthquake 
  Tsunami or flooding 
  Volcanic eruption and air-borne materials 
  Hurricane or typhoon 
  Blizzard 
  Floating ice or freezing 
  Lightning surge to grounding wires 
 (2) Non-natural hazards 
  Aircraft crash 
  Terrorism attack 
  Gas or chemical explosion 

  Transmission line collapse 

When a construction application for an US-APWR is filed to the authority after a site is 
fixed, a PRA is supposed to be made for external initiating events because a set of site 
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conditions dominates its result. So far, however, no external initiating event PRA has 
been carried out. 

2.2 PRA result of the conventional PWR in Japan 

As mentioned in the section 1, it’s inappropriate to compare the PRA results in 
different basis. Moreover, there is no available PRA results of conventional MHI’ PWR 
located in the USA to be compared with the US-APWR. Therefore, a PRA result of 
conventional MHI’ PWR located in Japan is described below just for information. 

Core damages due to events except fire and flood at power operation: 
              1.7×10-7/RY 
Large release due to events except fire and flood at power operation: 
             1.0×10-8/RY 

3. Severe Accident Prevention 

The purpose of this subsection is to provide a deterministic evaluation to show how the 
US-APWR design’s severe accident preventive features act to prevent the following 
events: 

• Anticipated transient without scram (ATWS) 
• Mid-loop operation 
• Station blackout (SBO) 
• Fire 
• Intersystem LOCA 

 
Anticipated Transient without Scram 

The safety grade reactor protection system is highly reliable due to the independent 
four-train design. The diverse actuation system (DAS), which has functions to prevent 
anticipated transient without scram, is installed as a countermeasure to common 
cause failure (CCF) of the digital instrumentation and control (I&C) systems and thus 
will preclude anticipated transient without scram events. 

Mid-Loop Operation 

The residual heat removal system (RHRS) is highly reliable due to the independent 
four-train design. To prevent overdrain during mid-loop operation, an interlock, 
actuated by the detection of water level decrease, acts to isolate water extraction. 
Charging injection, high head injection, heat removal via steam generators, and water 
injection from the spent fuel pit by gravity are also available as alternate core cooling 
mechanisms if the RHRS is not operative. 

Station Blackout 

An independent, four-train, emergency ac power source design is applied. Two 
alternate ac power sources, which can supply power to the emergency buses, are 
introduced in order to prevent a total loss of ac power when all emergency ac power 
sources are lost. Even if a station blackout (SBO) occurs, core damage is prevented at 
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an early stage by the adoption of two turbine-driven emergency feedwater pumps, four 
emergency batteries, and advanced reactor coolant pump (RCP) seal design. 

Fire Protection 

In the US-APWR design, safety systems are physically separated in order to assure 
safe shutdown following fire-induced initiating events. Loss of multiple trains by fire is 
prevented by physical separation of the four-train safety systems. 

Intersystem Loss-of-Coolant Accident 

Lines connected to the RCS have redundant isolation valves in order to prevent the 
RHRS from being exposed to RCS pressure during full power operation. Relief valves 
are installed to prevent over-pressurizing the RHRS if the isolation valves should leak. 
Any flow through the relief valves is directed to the in-containment refueling water 
storage pit (RWSP). In addition, the RHRS is designed not to fail by over-pressure 
even if a large internal leak occurs in the redundant isolation valves. The RHRS piping 
is rated at 6.2 MPa. 

Other Severe Accident Preventive Features 

The US-APWR design uses other features to prevent severe accidents including: 

• In the case of an event that requires SG cooling, but where the emergency feedwater 
system (EFWS) is not available, feedwater can be continuously supplied to the SG by 
opening the crosstie valve at the EFWS pump exit. 

• In the case of loss of all feedwater, feed and bleed operation is possible by safety 
injection system (SIS) and pressurizer safety depressurization valves (SDVs), which 
have redundancy. 

• In the case of a LOCA, if the function of the SIS is lost, core cooling is achieved by 
using containment spray/residual heat removal system (CS/RHRS). If the function of 
the containment spray is lost, long term heat removal is achieved by using CS/RHRS. 

• In the case of a LOCA without the function of the containment heat exchanger, 
containment failure before core damage is prevented by alternate containment 
cooling by containment fan cooler system. 

• The component cooling water system/essential service water system (CCWS/ESWS) 
is composed of four-train systems. These systems are designed to be separated 
automatically in an accident and to achieve a high level of reliability. If the 
CCWS/ESWS is lost at power operation, RCP seal injection function is prevented by 
the supply of alternate component cooling water to charging pumps. In the case of 
low-power and shutdown (LPSD), if the CCWS/ESWS is lost, the core remains 
covered by supplying cooling water from one of the charging pumps with alternate 
component cooling water. 

4. Severe accident mitigation 

This subsection provides an overview of the containment design for the US-APWR 
with respect to mitigating severe accidents. Severe accident progression is described 
both in-vessel and ex-vessel, followed by a description of severe accident mitigation 
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features. In particular, mitigation features are described for external RV cooling, 
hydrogen generation and control, core debris coolability, high-pressure melt ejection, 
fuel-coolant interactions, containment bypass by SGT, and other severe accident 
mitigation features. 

 

Severe Accident Mitigation Features 

This subsection describes severe accident mitigation features for external reactor 
vessel cooling, hydrogen generation and control, core debris coolability, high-pressure 
melt ejection, fuel-coolant interactions, containment bypass by steam generator tube 
rupture and other severe accident mitigation features. The fundamental design 
concept of the US-APWR for severe accident termination is to flood the reactor cavity 
with coolant water when a severe accident occurs, keep the molten fuel within the 
reactor cavity and providing sufficient cooling to maintain the core debris in a safe, 
cooled state for the long-term. This design concept is readily achievable by applying 
the existing design features implemented in current PWR plants, and it is expected 
that challenges posed by severe accidents are appropriately terminated. The US-
APWR design addresses the following eight severe accident issues with respect to 
mitigation features: 

(1) Hydrogen generation and control 
(2) Core debris coolability 
(3) Steam explosion (in-vessel and ex-vessel) 
(4) High pressure melt ejection 
(5) Temperature-induced SGTR 
(6) MCCI 
(7) Long-term containment overpressure 

Severe accident mitigation design features provided for the US-APWR are basically 
the same as provided for current PWR plants with some improvements. Thus, the US-
APWR design does not introduce any new phenomena or configurations. This is an 
advantage in terms of the reliability of system functionality since there are numerous 
studies and experiments available on the functions, capabilities, and limitations for 
these design features. This experimental and analytical database of information 
significantly improves the reliability of features addressed in the US-APWR designs 

(External reactor vessel cooling) 

In-vessel retention of core debris by external RV cooling is considered as effective 
potential mechanism for severe accident mitigation. Various physical phenomena 
related to severe accidents such as steam explosions and MCCI, which are the 
consequences of a result of core debris relocation to the reactor cavity, are prevented 
and resolved by attaining in-vessel retention. Since the US-APWR is designed to fill 
the reactor cavity with coolant water when a severe accident occurs, external RV 
cooling may be possible. However, in-vessel retention is not credited for the US-
APWR severe accident treatment or in the Level 2 PRA study due to its inherent 
uncertainty. 

(Hydrogen control) 
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Mitigation features provided for US-APWR to address hydrogen generation and control 
are: 

• Large volume containment 
- Provides hydrogen mixing and protection against hydrogen burns 

• Hydrogen ignition system 
- Controls hydrogen rapidly with high reliability 

 
The US-APWR design includes a PCCV, which is a large volume type containment. 
Large volume containments are widely acknowledged as having a good ability for 
containment atmosphere mixing since any compartments are widely open to the 
neighboring area and do not form airtight space. This feature contributes to prevent 
combustible gas accumulation. The containment vessel also provides sufficient 
strength to withstand pressure loads generated by most hydrogen burns.  

For controlling hydrogen generated during a severe accident, hydrogen ignition 
system, which consists of twenty hydrogen igniters, are provided. Hydrogen igniter is a 
proven technique to control combustible gases to prevent violent detonation, and has 
advantages such as no poisoning effect, good capability to control combustible gas in 
terms of gas amount and controlling speed, compact in size, easy to maintain, etc. The 
location to arrange hydrogen igniters is carefully determined through accident 
progression analyses using GOTHIC7 code in order to enhance the effectiveness to 
control hydrogen. 

If combustible gas control method other than inerting is adopted, the potential for 
diffusion flame induced containment failure is considered. The potential challenge to 
containment integrity by diffusion flames can be significantly reduced through 
consideration of location arrangement. Therefore, the pathways for in-vessel hydrogen 
flow and the potential location of diffusion flame is examined. And accordingly the 
challenges created by potential diffusion flame impacting directly the wall and the 
effect on containment integrity can be resolved. 

Hydrogen monitors are also provided to continuously monitor hydrogen concentration 
during a severe accident 

(Core debris coolability) 

Mitigation features provided for the US-APWR to address core debris coolability are: 

• Diverse reactor cavity flooding system 
- Consists of drain line injection and firewater injection to ensure flooding of reactor 
cavity within required duration 

• Reactor cavity geometry 
- Provides sufficient reactor cavity floor area and appropriate reactor cavity depth to 
enhance spreading debris bed for better coolability 

• Reactor cavity floor concrete 
- Provides protection against challenge to liner plate melt through 

• Basemat concrete 
- Provides protection against fission products release to the environment 

The fundamental design concept of the US-APWR for severe accident termination is 
reactor cavity flooding and cool down of the molten core by the flooded coolant water. 
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Therefore, dependable systems are provided to properly flood the reactor cavity during 
a severe accident. The US-APWR provides a diverse reactor cavity flooding system, 
which consists of the CSS with a drain line from the SG compartment to the reactor 
cavity and firewater injection to the reactor cavity. The CSS is automatically activated 
when the high 3 containment pressure is detected and P-signal is transmitted. This 
containment spray water flows into the reactor cavity from the SG compartment 
through the drain line by gravity. The fire protection water supply system is provided 
outside of containment and in stand-by status during normal operation. The system 
line-up is modified for emergency operation during a severe accident and provides 
firewater from outside to the reactor cavity. These two systems are independent and 
thus provide high reliability reactor cavity flooding. 

MCCI is a phenomenon that occurs when the temperature of core debris exceeds the 
melting temperature of concrete, and concrete is gradually eroded by high-
temperature core debris resulting in potential basemat melt-through. Therefore, the 
primary mitigation of MCCI is cool down of core debris that has been relocated from 
RV to the reactor cavity. The US-APWR provides a highly reliable reactor cavity 
flooding system as discussed above, and coolant water is continuously supplied during 
a severe accident. The reactor cavity floor concrete, which has a thickness of equal to 
or greater than 0.9 meter, provides a protection against direct attack to the steel liner 
plate by the relocated core debris. This steel liner plate underneath the reactor cavity 
floor concrete is the pressure boundary between containment and the environment. 

The geometry of the reactor cavity was designed to ensure adequate core debris 
coolability. Sufficient reactor cavity floor area, which is equal to or greater than 90 m2, 
is provided to enhance spreading of the core debris. This ensures that an adequate 
interface is maintained between the core debris and coolant water and that the 
thickness of the deposited core debris is reduced to diminish the heat flux transmitted 
from the core debris to the reactor cavity floor concrete. Reactor cavity depth is also 
designed to provide a sufficient degree of debris break-up due to interaction of molten 
core and coolant water for better coolability. The depth is equal to or greater than 6 
meter from bottom of the reactor vessel. 

A concern on re-criticality may arise due to the reactor cavity flooding by unborated 
firewater injection. Re-criticality may occur if molten debris drops into water with low 
boron concentration and the low borated water may ingress into the gap of broken-up 
debris bed. However, if the gap within the debris bed is smaller than the moderator’s 
volume ratio required for criticality, re-criticality does not occur. Also, residual 
gadolinium in molten fuel works as a preventive measure to preclude criticality. Thus, 
the possibility of re-criticality is considered very limited. Even in case that re-criticality 
would have occurred and molten fuel become in a heat-generating status, the power 
generation decreases due to generated void. And hence, it is very unlikely that this 
power generation due to re-criticality would become a severe challenge to containment 
integrity. 

(Steam explosion (in-vessel and ex-vessel)) 

In-vessel steam explosion is known as an initiation event causing alpha-mode 
containment failure and has been studied for many decades. Numerous studies are 
available on this issue. In a report, it is concluded that the potential for alpha-mode 
containment failure is negligible and the issue of this failure mode has been resolved 
from a risk point of view. The US-APWR design is very similar to existing PWR plants 
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and therefore no new phenomena or configurations are considered to be introduced. 
Accordingly the conclusion of the study is applicable to the US-APWR. Thus, no 
mitigation features for in-vessel steam explosion are provided. 

Ex-vessel steam explosion is one of the key issues to be resolved for the US-APWR 
design since the fundamental design concept for severe accident termination is to cool 
down molten core by reactor cavity coolant water. Therefore it is carefully reviewed 
and analytically demonstrated that the containment structure has sufficient capability 
to withstand the pressure load of an ex-vessel steam explosion. No mitigation features 
for ex-vessel steam explosion are provided for the US-APWR. 

(High pressure melt ejection) 

Mitigation features provided for the US-APWR to address high pressure melt ejection 
(HPME) are: 

• Depressurization valve 
- Reduces RCS pressure after core damage 

• Core debris trap 
- Enhances capturing of ejected molten core in the reactor cavity 

• Diverse reactor cavity flooding system 
- Provides reliable flooding of the reactor cavity 

High pressure melt ejection (HPME) accident occurs when reactor vessel fails at high 
reactor coolant system (RCS) pressure. This physical phenomenon may lead to 
containment failure through two accidental events, direct containment heating (DCH) 
and rocket-mode reactor vessel failure. DCH is a phenomenon in which molten core is 
ejected into the reactor cavity driven by high reactor vessel pressure, followed by a 
rapid blowdown of primary system inventory. In the reactor cavity, the high speed 
steam stream entrains part of the discharged molten core into containment 
atmosphere in a form of fine aerosol particles, which may greatly enhance chemical 
reactions. Consequently the containment atmosphere is heated and pressurized. If not 
recovered or abated eventually this will cause containment failure. Rocket-mode 
reactor vessel failure is a phenomenon that may occur for reactor vessel without 
bottom penetrations when the vessel fails in a circumferential manner at the vessel 
periphery. An upward force is exerted on the upper portion of the vessel that is equal 
to the vessel pressure multiplied by the vessel cross-section. This force is postulated 
to fail the vessel holddown and accelerate the upper portion of the vessel up and 
through the containment dome, similar to an alpha-mode containment failure. Or this 
force may lift the whole reactor vessel body together with primary system loops, and 
this displacement of primary system loops could cause fall down of steam generators, 
and the consequent secondary system loop displacement could damage containment 
penetrations. 

As HPME is a specific phenomenon for high RCS pressure scenario, the probability of 
HPME is significantly reduced by incorporation in the design of reliable RCS 
depressurization features. The US-APWR provides safety depressurization valves 
(SDV) as well as severe accident dedicated depressurization valves, which are 
independent of SDVs, and hence the high pressure scenario is very unlikely to happen 
for the USAPWR. 
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Even if the depressurization of RCS fails, the consequences of postulated DCH are 
mitigated by the reactor cavity geometry and containment layout. The debris trap in the 
reactor cavity as well as no direct pathway to the upper compartment is provided for 
prevention of the impingement of debris on the containment shell. Complete 
prevention of debris dispersion from reactor cavity to upper compartment cannot be 
expected to be achieved as long as there is a drain line pathway as the reactor cavity 
flooding system.  

However, since this pathway passes through SG loop compartment (between upper 
compartment and reactor cavity) which is not a straight path, and thus it is expected 
that a very limited amount of debris in a form of aerosol would reach the upper 
compartment. Accordingly the containment atmosphere temperature rise by the limited 
amount of core debris is not very significant. 

As long as the debris dispersion to upper compartment due to HPME is very limited, 
the potential for deposition and accumulation of fine debris particulates in the 
recirculation suction line is also very limited. The potential plugging of the suction line 
caused by CSS recirculation can be considered negligibly small. 

For rocket-mode reactor vessel failure, it is considered that this event is highly remote 
to happen. The percentage of high-pressure accident scenario contribution to the total 
CDF is evaluated very small. In addition, the potential failure mode for high-pressure 
scenario is a competence with RV breach, hot leg rupture or SGTR. Thus, no 
additional mitigation features are provided for this failure mode, instead probabilistic 
consideration is thoroughly performed through the Level 2 PRA. 

(Temperature-induced SGTR) 

Mitigation features provided for US-APWR to address temperature-induced SGTR are: 

• Depressurization valve 
- Reduces RCS pressure after core damage 

 
Temperature-induced SGTR is a postulated high primary system pressure accident. In 
high primary system pressure accident scenarios, temperature-induced SGTR 
competes with creep rupture induced failures of RCS piping at hot leg nozzles, surge 
line, or RV failure that leads to high pressure melt ejection. The severe accident 
dedicated depressurization valve contributes to prevention of temperature-induced 
SGTR as well as high pressure melt ejection. 

(Long-term containment overpressure) 

Mitigation features provided for the US-APWR to address long-term containment 
overpressure are: 

• Large volume containment 
- Provides sufficient capability to withstand overpressure 

• Containment spray 
- Provides primary function to mitigate containment overpressure 

• Alternate containment cooling by containment fan cooler system 
- Enhances condensation of surrounding steam by natural convection 

• Firewater injection to spray header 
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- Delays containment failure (no heat removal) 

The US-APWR containment is cooled and depressurized primarily by the containment 
spray system (CSS) during a postulated severe accident. The CSS which supplies 
coolant water from the RWSP is automatically activated upon detecting high 3 
containment pressure. Accordingly, the containment pressure is limited to less than 
the design pressure during a severe accident. In case the CSS is not functional, the 
US-APWR provides diverse mitigation features against challenges by containment 
overpressure. One is the alternate containment cooling by containment fan cooler 
system. This is a system to depressurize containment by promoting natural circulation 
in containment. The containment fan cooler system is a system provided to stabilize 
the containment environmental condition during normal operation through forced air 
circulation by fan. However, the electrical power of fan may not be available during a 
severe accident. Natural circulation is instead credited to adequately mix the 
containment atmosphere. The containment fan cooler system employs non-essential 
chilled water as the coolant under normal operation. Since this non-essential chilled 
water cannot be available under severe accident conditions, the system line-up is 
switched from the chilled water system to the CCW system which supplies CCW to the 
containment fan cooler units as coolant. Although CCW is not as cold as chilled water, 
it is sufficiently colder than the containment atmosphere under severe accident 
conditions. This temperature difference between the containment fan cooler units and 
containment atmosphere causes condensation of surrounding steam. 

This condensation mechanism promotes more natural circulation flow because of the 
pressure difference due to condensation of steam. This enhances continuous 
containment depressurization. 

The firewater system is also utilized to promote condensation of steam. The firewater 
system is lined up to the containment spray header when the CSS is not functional, 
and provides water droplet from top of containment. This temporarily depressurizes 
containment. However, the firewater system does not contain a heat exchanger, and 
thus has no ability to remove heat from containment to terminate the containment 
pressurization. Instead, this design feature can be expected to temporarily increase 
the heat sink in containment and extend the critical time of containment failure. 
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SSuupppplleemmeenntt  55    DDeessiiggnn  FFeeaattuurreess  ooff  IInntteeggrraatteedd  DDiiggiittaall  II  &&  CC  SSyysstteemm  aanndd  HHuummaann--SSyysstteemm  
IInntteerrffaaccee  

 
1. Overall I&C system architecture 

Digital technologies such as a touch panel operation, data bus, digital controller and so 
on are thoroughly employed for the I&C system in the US-APWR. General 
specifications and the overall architecture of the I&C system are shown in Table 1 and 
Fig. 1 respectively.  

Fig. 1 US-APWR overall I&C system architecture 

Table 1 US-APWR I&C system general specifications 
System Specifications 

Main control 
board 

・Fully computerized 
・Visual Display Units (VDU) for safety and non-safety channels 
・Limited number of conventional switches and indicators only for 
regulatory compliance 

Safety I&C ・Fully digitalized with Mitsubishi digital controllers 
・Four-train redundant Reactor Trip System, ESF Actuation System 
and Safety Logic System for component control 

Non-safety 
I&C 

・Fully digitalized with Mitsubishi digital controllers 
・Duplex digital architecture for each control and process monitoring 
sub-system 

Data 
communication 

・Fully multiplexed, including class 1E signals 
・Multi-drop data bus and serial data link 
・Fiber optics communication networks for noise immunity and 
required isolation 
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The structure in the Fig.1 is grouped into the following four echelons. 

・Human System Interface (HSI) System, including HSI portions of the Protection 
and Safety Monitoring System, the Plant Control and Monitoring System and the 
Diverse Actuation System 

・Protection and Safety Monitoring System (PSMS) 
・Plant Control and Monitoring System (PCMS) 
・Diverse Actuation System (DAS) 

 
Figure 2 and Figure 3 show the example of the HSI system architecture in Main 
Control Room (MCR) and the layout of MCR respectively. The Operator Console is 
located in front of the Large Display Panel (LDP), and the Operator Console consists 
of the Safety VDU, the Operation VDU (Non-Safety VDU), the Alarm VDU and the 
Conventional HSI. 

 
Fig. 2 US-APWR computerized main control room 

 
Fig.3 Layout of the US-APWR main control room 
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2. Design Basis and Features 

2.1 Design Basis 

Applying digital based system brings more attractive advantages which enhance the 
safety performance, and they provide economic efficiency of the maintenance as well. 

• Lower potential for human error and reduce workload on operators by less human 
interaction and improved user interface for remaining manual tests, calibrations 
and repair 

• Higher availability and reliability based on continuous self-testing and additional 
redundancy 

• Higher accuracy by non-drift nature and self-compensation function 
• Better performance based on advanced algorithms and to increased automation 

and improved user interface 
• Reduction of maintenance workload and resources by standardized design 

 
In addition, following two requirements were applied to the US-APWR. 

First the system should be ensured compliance with Regulatory Guide (RG) and 
Standard Review Plan (SRP), and relevant U.S. codes and standards such as the 
following criterion; single failure criterion, redundancy, independence, testability, 
control and indication of bypass operation, countermeasure for common cause failure 
(CCF), life cycle management for digital component, electromagnetic compatibility 
(EMC) and so on. 

Second the system should have a consideration for the specific operation and 
maintenance requests in U.S. plants such as the maintenance during the operation. 

2.2 Features in the US-APWR 

(Multi-channel operator station design) 

Multi-channel operator station design, which allows operators to control and monitor 
for all safety and non-safety components and systems by touch operation from the 
same screen was used. 

The multi-channel operator station brought operators in the benefit of HSI as follow. 

・ Single operator executes procedures, simplifying task coordination 
・ Computer-based procedures with embedded soft controls 

Acceptable interfaces between non-safety and safety systems were completely 
considered and well designed for independence of electrical and data processing in 
order to prevent unforeseen incidents to transfer unplanned data and to alter safety 
software, which included additional protection against cyber threats. Besides all non-
safety failures were bounded by safety analysis. 

(Diverse Actuation System design) 



©Mitsubishi Heavy Industries, Ltd. All Rights Reserved. 7799      IAEA/INPRO 7th DF (November, 2013)  

Diverse Actuation System (DAS) is installed to provide back-up actuations for safety 
and non-safety components as countermeasures against CCF in the software of the 
digital safety I&C systems.  

The DAS was designed for beyond design basis CCF incidents according to 
requirements of NRC Standard Review Plan. The DAS was classified as a non-safety 
system. The DAS consists of diverse devices from the digital safety system so that a 
CCF in the digital safety system doesn’t impair the DAS functions. 

Spurious actuation of the DAS functions might adversely affect plant availability. 
Therefore the design ensures the DAS can sustain one random component failure 
without spurious actuation. Safety or non-safety sensors selected by the plant design 
are connected to the DAS so that a postulated CCF within the digital safety or non-
safety I&C system will not affect the DAS function. 

The DAS initiates safety functions independent of the output from the digital safety 
system. Manual actuation is provided for all functions. Automatic actuation is also 
provided for functions if the time for manual operator action is inadequate. 

3. Detailed Description for I&C System 
3.1 Protection and Safety Monitoring System 

(Reactor Protection System) 

The Reactor Protection System (RPS) has a configuration of four redundant train sets, 
with each train set located in a separate I&C equipment room. Each train set receives 
process signals, including Nuclear Instrumentation System (NIS) and safety plant 
Radiation Monitoring System (RMS), from safety-related field sensors, and performs 
bi-stable calculations for reactor trip and engineered safety features (ESF) actuation 
after the analog-to-digital conversion within RPS. 

Each train set carries out two-out-of-four voting logic for like sensor coincidence to 
actuate trip signals to the reactor trip breaker and actuate ESF signals to the ESF 
Actuation Systems (ESFAS). 

This is a microprocessor based digital platform that achieves high reliability through 
segmentation of primary and back-up trip/actuation functions, redundancy within each 
train set and segment, failed equipment bypass functions, and microprocessor self-
diagnostics, including data communications. 

The system also includes features to allow manual periodic testing of functions that 
are not automatically tested by the self-diagnostics, such as actuation of reactor trip 
breakers. Manual periodic tests can be conducted with the plant on-line and without 
jeopardy of spurious trips due to single failure during testing. 

(ESF Actuation System) 

The ESFAS has four redundant train sets, with each train set located in a separate 
I&C equipment room. 

Each train set receives the output of the ESF actuation signals from the RPS and 
manual system level actuation signals from redundant hardwired switches on the 
operator console. Each ESF Actuation System train set performs two-out-of-four voting 
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logic for system level coincidence or manual actuation signal coincidence to actuate 
system level ESF actuation signals to the Safety Logic System for its respective train. 
The ESF Actuation Systems also provides automatic load sequencing for the safety 
generators to accommodate the Loss of Offsite Power (LOOP) accident. 

(Safety Logic System) 

The Safety Logic System receives automatic ESF system level actuation demand 
signals and LOOP load sequencing signals for the safety components from each 
redundancy within one train set of the ESF Actuation System. The Safety Logic 
System also receives manual component level control signals from the operator 
console, and manual components level control signals from the hardwired back-up 
switches on the Diverse Control Panel.  

This system performs the component-level control logic for safety actuators. 

This system, which is a microprocessor based system, has a configuration of four 
redundant train sets. To minimize field cabling, the I/O for each train set is remotely 
distributed throughout the plant in close proximity to safety actuators. The system has 
conventional I/O portions and these I/O portions with priority logic to accommodate 
signals from the Diverse Actuation System (DAS). 

3.2 Plant Control and Monitoring System Overview 

(Reactor Control System) 

The RCS receives field sensor signals, including non-safety In-Core Temperature 
System (ICTS). This system also receives status signals from the component and 
manual operation signals from the operator console to control and monitor the Nuclear 
Steam Supply System (NSSS) process components. This system provides 
component-level actuation logics and controls continuous control components, such as 
modulating air operated valves, and discrete state components such as motor-
operated valves, solenoid-operated valves, pumps and so on. 

This is a microprocessor based system that achieves high reliability through 
segmentation of process system groups (e.g. pressurizer pressure control, feedwater 
control, rod control), redundancy within each segment, and microprocessor self-
diagnostics, including data communications. 

(Radiation Monitoring System) 

The Radiation Monitoring System is a microprocessor based system that monitors 
plant process radio-activity and area radiation level. 

(Rod Position Indication System) 

The Rod Position Indication (RPI) System is a microprocessor based system that 
monitors control rod position. It detects dropped rods and misalignment of control rods. 
The system consist of processing equipment located in the I&C equipment room and 
remote I/O located inside the containment vessel. 

(Control Rod Drive Mechanism Control System) 

The Control Rod Drive Mechanism (CRDM) Control System is a microprocessor based 
system that receives control rod direction and speed demand signals from the Reactor 
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Control System and manual operation signals from the Operator Console. This system 
outputs signals to control the electro-magnetic coil sequencing within the CRDMs. 

(In-Core Neutron Instrumentation System) 

The In-core Neutron Instrumentation System is a microprocessor based system that 
provides remote data acquisition for in-core detector signal monitoring. 

The In-core Neutron Instrumentation is top-mounted. In-core detectors are inserted 
into the core through detector guide thimbles which lead to the fuel assemblies and 
cover the effective axial fuel length. The In-core detectors are horizontally distributed 
over the entire core at approximately 40 locations. The In-core detectors provide 
signals for the measurement of core power distribution. 

(Turbine Protection System) 

The Turbine Protection System receives signals regarding the turbine-generator and 
provides appropriate trip actions when it detects undesirable operating conditions of 
the turbine-generator. 

This is a microprocessor based system that achieves high reliability through 
redundancy within the system and microprocessor self-diagnostics. 

(Turbine EH Governor Control System) 

The Turbine Electro Hydraulic (EH) Governor System consists of redundant 
microprocessors and several hardwired logic parts such as servo controllers. The 
cabinet has a speed control unit, a load control unit, an over-speed protection unit and 
an automatic turbine control unit. This system is used, either for control or for 
supervisory purposes. 

This is a microprocessor based system that achieves high reliability through 
redundancy and microprocessor self-diagnostics. 

(Turbine Generator Control System) 

The Turbine Generator (TG) Control System receives process signals from the field. 
This system also receives manual operation signals from the Operator Console to 
control and monitor the TG system. The Turbine Generator Control System outputs 
signals to control modulating control valves, and discrete state components such as 
motor-operated valves, solenoid-operated valves, pumps and so on. 

This is a microprocessor based system that achieves high reliability through 
segmentation of process systems groups, redundancy within each segment, and 
microprocessor self-diagnostics, including data communications. 

(Turbine Supervisory Instrument System) 

The Turbine Supervisory Instrument system monitors important parameters of the 
turbine such as vibration, rotor position and so on. This is a microprocessor based 
system that achieves high reliability through microprocessor self-diagnostics.  

(Electrical System Logic System) 
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The Electrical System Logic System controls, monitors the electrical system and 
components and so on. This is a microprocessor based system that achieves high 
reliability through redundancy within the system and microprocessor self-diagnostics. 

(Generator Transformer Protection System) 

The Generator Transformer Protection System provides a generator trip in case of 
receiving a turbine trip signal. This system also controls related components (breaker) 
in case of undesirable operating conditions of the generator and transformer. 

(AVR/ALR System) 

The Auto Voltage Regulator (AVR) / Automatic Load Regulator (ALR) System provides 
regulation of generator voltage and so on. 

(Auxiliary Equipment Control Console) 

The Auxiliary Equipment Control Console provides the operator interface for auxiliary 
equipment that is not controlled from the MCR or may be normally controlled from 
MCR, but also requires occasional local control (e.g. waste disposal, water treatment 
and so on.). 

(Auxiliary Equipment Control System) 

The Auxiliary Equipment Control System controls and monitors auxiliary systems (e.g. 
waste disposal system, water treatment and so on.) This is a microprocessor based 
system that achieves high reliability through redundancy within the system and 
microprocessor self-diagnostics. 

3.3 Diverse Actuation System Overview 

For coping with CCF in the software of the digital safety I&C systems, the DAS 
provides back-up actuation of the safety and non-safety components required to 
mitigate anticipated operational occurrences and accidents. 

The DAS is classified as a non-safety system. 

Interfaces to safety process inputs and the Safety Logic System outputs are 
electrically and physically isolated within the safety systems. 

The DAS initiates selected safety functions manually based on the availability of time 
for manual operator action. If the time is insufficient for the manual operator action, 
automatic actuation of DAS functions is provided. 

4. Human-System Interface 

4.1 Applicable Facilities of Human Factor Engineering Program 

The human factor engineering (HFE) program addresses the following facilities: 

• Main control room (MCR) 
• Remote shutdown room (RSR) 
• Technical support center (TSC) 
• Local control stations (LCSs) - consideration of HFE activities for LCSs are limited to 

those LCSs that support: 
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- On-line testing, radiological protection activities, and required chemical monitoring 
supporting technical specifications 

- Maintenance required by technical specifications 

- Emergency and abnormal conditions response 

• Emergency operations facilities (EOFs) (communications and information 
requirements only) 

The EOF is designed for each site. The site specific HFE team is to design the EOF, in 
accordance with the HFE program. The HSI displays at the EOF include the following: 

- Safety parameter display system (SPDS) 

- Meteorological displays 

- Off-site radiation monitoring 

- Post accident monitoring 

The HFE design team is responsible (with respect to the scope of the HFE program) 
for the following: 

- The development of all HFE plans and procedures 

- The oversight and review of all HFE design, development, test, and evaluation 
activities 

- The initiation, recommendation, and provision of solutions for problems identified 
in the implementation of the HFE activities 

- The verification of implementation of team recommendations 

- The assurance that all HFE activities comply with the HFE plans and procedures 

- The scheduling of activities and milestones 

The HFE design team conducts all design activities for HSIs. The HFE design team 
consists of a multi-disciplinary technical staff. The team is under the leadership of an 
individual experienced in the management of the design and operation of complex 
control technologies. The technical disciplines of the HFE design team include the 
following: 

- HFE 

- Technical project management 

- Systems engineering 

- Nuclear engineering 

- Instrumentation and control (I&C) engineering 

- Architect engineering 

- Plant operations 

- Computer system engineering 

- Plant procedure development 

- Personnel training 
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- Systems safety engineering 

- Maintainability/inspectability engineering 

- Reliability/availability engineering 

4.2 Human-System Interface Design 

The Japanese APWR HFE design underwent a V&V process conducted in accordance 
with Japanese requirements. This control room and HSI configuration are the basis for 
the US-APWR design. However, the US-APWR control room configurations and HSIs 
are to be demonstrated to comply with all NRC regulations. 

(Operator Console) 

Plant information and controls (i.e. for all safety and non-safety divisions) are 
displayed and accessed on the non-safety VDU screens of the operator console. All 
operations from the operator console are available using touch screen on the non-
safety VDUs. In addition, Safety VDUs on the operator console provide back-up 
access to information and controls for safety systems. All operations are available from 
the VDUs with touch screens or other pointing device. 

Some conventional hardwired switches for system level-related operations, such as 
reactor trip, ESF actuation and so on, are also installed on the operator console. 

(Large Display Panel) 

The Large Display Panel (LDP) includes the necessary information, so that the total 
status of the plant can be easily accessed without requesting VDU screens on the 
operator console. Important information for normal operation and for emergency or 
accident conditions is displayed on the LDP. (i.e. LDP displays the plant overview with 
representative process information and alarms, and summary resulted from the 
operator supporting function.) 

Thus LDP also enables to share the important plant information displayed on the LDP 
with operator crews and a supervisor. 

(Diverse HSI Panel) 

The Diverse HSI Panel consists of some hardwired back-up switches and indicators. 
The Diverse HSI Panel provides for countermeasures against common mode failure of 
the safety digital I&C systems. 

(Supervisor Console) 

The Supervisor Console was designed for use by the main control room supervisor. 
The Supervisor Console has the same operational capability as the Operator Console. 
However, it is supposed that normally the Supervisor Console is used only for 
monitoring plant conditions. 

(Shift Technical Advisor Console) 

The Shift Technical Advisor (STA) Console is for the safety engineer. The Shift 
Technical Advisor Console has the same operational capability as the Operator 
Console. However, it is supposed that normally the Supervisor Console is used only 
for monitoring plant conditions. 
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4.3 Operation Supporting Functions 

(Alarm Logic) 

When a complicate incident occurs, it is thought that there appear many unexpected 
conditions in plant parameters, systems and components. That results in a situation 
that many alarms are produced. The digital I&C system is equipped with alarm control 
function. The Alarm Logic Processor receives the alarm signals from the I&C 
equipment and executes alarm filtering logic, classifies these alarms according to their 
priority and their acknowledgement status, and transmits alarm status information to 
the Alarm VDU Processor and Large Display Panel Processor. 

(Operating Procedures) 

Operators shall refer and follow instructions of operating procedures. However, the 
operating procedures book has a huge volume and has a complicated structure. The 
operating procedures are electronically filed so as to be able to easily be referred in 
the US-APWR. The Operating Procedures VDU Processor manages the displays for 
the Operating Procedures VDU located on the Operator, STA and Supervisor Console. 
It also receives operator commands such as procedure navigation, from the Operating 
Procedure VDU. 

(Remote Shutdown Console) 

The US-APWR is equipped with a Remote Shutdown Console (RSC) which has a 
function to achieve and keep the reactor in a safe shutdown condition. The RSC 
includes non-safety Remote Shutdown VDUs, which provide monitoring and control of 
process equipment in all safety and non-safety divisions. The RSC also provides 
Safety VDUs as a back-up which provide control and monitoring measures for only 
safety systems. 

4.4 Verification and Validation Program of Human-System Interface System 

(Introduction) 

Conventional hard-wired controls are limited to safety system level manual actions and 
a Diverse Actuation System for use under conditions of common cause failure of the 
digital control system. The basic design philosophy was based on the concept that 
operator performance was enhanced and operator staffing was reduced in comparison 
with current staffing levels utilizing a conventional HSI system, through multi-divisional 
integrated screen control (i.e., the integration of safety and non-safety monitoring and 
control on the non-safety VDU). The goals of the US-APWR Human Factors 
Engineering (HFE) program were to achieve that an adequate HFE program was 
developed and implemented. 

To meet the HFE goals, a V&V program was designed and begun with the objective of 
supplying HFE guidance to the design team in order to facilitate the successful 
transition from the Japanese Standard HSI design to the final US-APWR and US site 
specific HSI. The US-APWR digital HSI system V&V was conducted by Mitsubishi 
Heavy Industries (MHI) and Mitsubishi Electric Corporations (MELCO). This design 
includes computer-based operating procedures, alarm prioritization, touch-operation, 
large display panel with variable display and consoles for shift supervisor and shift 
technical advisor.  
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The goals of this V&V testing was to evaluate the digital HSI design and the 
performance of US crews when using the HSI design, resulting in a number of design 
and operational performance conclusions. Since the early introduction of digital HSI 
designs into nuclear power plants, various concerns have been expressed regarding 
the digital HSI design and the crew performance. These include issues of negative 
knowledge transfers, loss of situation awareness, increased mental and physical 
workloads, applicability of training methods, and acceptability of experienced crews to 
new interfaces.  

The overall V&V program was divided into three phases. The objective of Phase 1 is to 
define the US basic HSI system based upon the Japanese Standard HSI system. After 
this phase 1, the US-APWR basic HSI design was completed. The Basic HSI System 
was common to all US nuclear power plants (e.g., the US-APWR, and US operating 
plant HSI upgrades) and was not plant or site specific and is based on the Japanese 
Standard HSI design modified for application in the US. Initial modifications in Phase 1 
have included translation to the English language and to American engineering units, 
along with anthropometric changes to the consoles to fit American body types, and the 
adoption of US style prescriptive operating procedures.  

To support Phase 1 V&V testing, a main control room dynamic simulator facility shown 
in Fig.1 was designed and installed by MELCO at the Mitsubishi Electric Power 
Products Inc. (MEPPI) facility in Warrendale, USA. Additionally, a static HSI screen 
analysis tool, implemented on a PC platform, was developed to support display screen 
and design verification was implemented. Phase 1 V&V was further divided into two 
parts. Phase 1a identified any changes needed from the Japanese Standard HSI 
System due to US cultural or operating method differences. Phase 1a used a high 
fidelity simulation model for a conventional 4 loop PWR plant. Phase 1a also included 
completion of the Operating Experience Review program element. This program 
element expands the OER originally done for the Japanese Standard HSI System to 
encompass operating experience at US nuclear plants and to encompass additional 
generic digital HSI technology experience. Data collected included objective 
performance data, subjective observations by plant operations and HFE experts, and 
operator feedback via questionnaires, verbal debriefs, and Human Engineering 
Discrepancy (HED) input forms. These multiple sources of information were integrated 
and entered into an electronic HED tracking database. The phase 1b designed, 
verified and validate any changes needed from Phase 1a due to any HEDs identified 
from Phase 1a. The HSI system simulator of Phase 1a was modified, as necessary, 
for Phase 1b. Completion of Phase 1b marks the completion of the Basic HSI System. 
This is the Basic HSI System that will be applied to all US new plant and operating 
plant upgrade applications. 

As per the recommendations of Section 11.4.4.1 of NUREG- 0711, a multidisciplinary 
expert review panel composed of the V&V team and designer representatives was 
convened to review the HEDs and related Phase 1a and 1b activity results and to 
recommend possible resolution paths for all HEDs. This included recommending 
design changes to the US Basic HSI system. Phase 1a testing was undertaken during 
the second half of 2008 and focused only on the MCR HSI. The Phase 1b V&V during 
first half of 2009, continued the V&V process by evaluating the design changes to the 
US Basic HSI system design, resulting from Phase 1a. Phase 1b used the same 
testing and analysis methods, tools and experts as described in Phase 1a. Phase 1b 
test scenarios was focused to test those parts of the main control room not tested in 
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phase 1a and on exercising the changes to the design based on HEDs resulting from 
Phase1a. The results from the Phase 1b testing was also entered into the HED 
database and assessed by an Expert Panel, with the end objective of refining the US 
Basic HSI system. 

The objectives of Phase 2 were to develop, then verify and validate, through additional 
static and dynamic testing, the HSI inventory for the generic US-APWR. Phase 3 then 
identified and mad any final changes to that inventory and HSI which might be 
required for a site-specific application, and ultimately to perform a final site-specific 
validation. At this point the design process assumed that minor, or no, site-specific 
changes would be needed in early plants and that the Phase 3 testing effort would 
therefore be limited. 

(Methodology) 

The methodology chosen was based on the V&V testing to support the HSI design as 
generally described in NUREG- 0711. As in the case of Phase 1a, Phase 1b testing 
employed: 

・Experienced plant crews as test participants 

・Realistic normal and emergency scenarios 

・Collection of objective data of operator performance as well as subjective 
operator feedback collected via questionnaires and verbal debrief sessions. 

As in Phase 1a crews were tested over a four day period. Operators were provided 
approximately 6.5 - 8 hours of training. All two person crews then participated in 8 test 
scenarios (5 with the Operational VDU; 1 with the Diverse HSI Panel (DHP), and 2 
with the Safety VDU). 

Phase 1b utilized a similar test methodology as was used in Phase 1a testing. The 
methodology was slightly modified to address the specific goals of Phase 1b: 

・Test Phase 1a HED resolutions implemented on the MEPPI simulator. 

・Test new HSI features not tested in Phase 1a. 

・Continue to test the full HSI. 

(Verification and validation test) 

A V&V facility has been built at the MEPPI offices for the principal purpose of 
supporting the V&V activities for the US-APWR HSI. The layout of the facility is shown 
in Fig. 2. 

The Phase 1a and 1b verification consisted of a design verification effort. As the V&V 
program progressed such as task analysis through Phases 2a, 2b and 3, the 
verification effort was expanded to include task support verification, as per NUREG-
0711. The objective of the Phase 1a and 1b verification was to meet, 

• “The design verification confirms that the characteristics of the HSI, and the 
environment in which it is used, conform to HFE guidelines, as defined in the HSI 
Design Style Guide.” 
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• “The design verification identifies any inventory or characterization non-
conformance. Non-conformances that are accepted are documented with 
appropriate evaluation criteria and the basis for those criteria.” 

The objective of the Phase 1a and 1b validation was to evaluate the Japanese 
Standard HSI with respect to U.S. operating practices and to identify HEDs in this 
design that had the potential to negatively impact operator individual and team 
performance. Phase 1a validation testing included eight Crews, phase 1b utilized five 
crews. During the phase 1 V&V, dynamic scenarios including, normal, abnormal, and 
accident scenarios were used. In the validation, a multiple converging method was 
used to prove the impact on the HSI. The multiple types of objective and subjective 
data that were collected and analyzed provided converging evidence with respect to 
the areas of the Japanese Standard HSI that need to be improved. 

(Verification and validation test result) 

As a result of the Phase 1a and 1b V&V, the HEDs of VDU screens, alarm, computer-
based procedure, console layout and DHP design were large portion. At the 
completion of the Phase 1b, the number of HEDs was reduced in comparison with the 
Phase 1a V&V, most part of the HEDs from the Phase 1a V&V has been resolved and 
validated. Crew performance with the modified Japanese Standard HSI System was 
generally good and the operators were able to adequately handle the set of scenarios 
presented. Operator feedback on the overall HSI system design was positive. 

One of the important generic issues to all designs was operating practices and cultural 
differences that should be considered in order to realize a successful transition from 
conventional analog HSI to a digital HSI. Results from the crew beliefs indicated a high 
level of acceptance of the design that this HSI represented a significant improvement 
over the conventional HSI designs. Analysis result data found no indication of negative 
knowledge or training transfer. Many of the issues that the analysis identified with the 
original design are attributable to the fact that the Japanese design vision is not totally 
synchronized with the US operating philosophy. This differences help to explain those 
results that identified the need for more display screens and support functions such as 
task screen and computer-based procedures. The application of the large display 
panel along with the smaller touch screen console VDU for drill-down, performed well 
in the test environment. Operator and shift supervisor VDUs also helped to support the 
crew to monitor the progressing events in the plant. The area of maximizing situation 
awareness remained an important issue for digital HSI systems in general. 

When the design was statically verified to US standards, NUREG-0700 [5], it was 
found to have excellent compliance. No significant changes were identified to support 
the transition from the MHI/MELCO design to the US-APWR. 

As conclusions, the V&V program found no major negative impact on US licensed 
crew performance from the introduction of the digital HSI. Crews adapted to new 
environmental changes from analog to digital system comfortably and given the level 
of training and lack of familiarity with the plant and the HSI, performed well on most 
accident scenarios when using a full-scope simulator. 

 


