
  
 International Conference  

 Nuclear Energy for New Europe 2003 
 Portorož, Slovenia, September 8-11, 2003 

 http://www.drustvo-js.si/port2003 
  
 

415.1 

Determination of an Optimum 
Reactor Coolant System Average 

Temperature within the Licensed Operating Window 
 

Francis Thaulez 
Westinghouse Electric Europe S.A 

Rue de l'Industrie 
1400 Nivelles, Belgium 

thaulez-f@notes.westinghouse.com 

Ivica Bašić, Ivan Vrbanić 
Nuclear Power Plant Krško 

Vrbina 12, SI- 8270 Krško, Slovenia 
ivica.basic@nek.si, ivan.vrbanic@nek.si 

 
 

ABSTRACT 

The Krško modernization power uprate analyses have been performed in such a way as to cover 
plant operation in a range of average reactor coolant temperatures (Tavg) of 301.7°C to 
307.4°C, with steam generator tube plugging levels of up to 5%. The upper bound is 
temporarily restricted to 305.7°C, as long as Zirc-4 fuel is present in the core. (It is, however, 
acceptable to operate at 307.4°C with a few Zirc-4 assemblies, if meeting certain conditions 
and subjected to a corrosion and rod internal pressure evaluation in the frame of the cycle-
specific nuclear core design.) The Tavg optimization method takes into account two effects, 
that are opposed to each other: the impact of steam pressure on the electrical power output 
versus the impact of Tavg on the cost of reactor fuel. The positive economical impact of a 
Tavg increase through the increase in MWe output is around 6 to 8 times higher than the 
corresponding negative impact on the fuel cost. From this perspective, it is desirable to have 
Tavg as high as possible. This statement is not affected by a change in the relationship 
between steam pressure and Tavg level. However, there are also other considerations 
intervening in the definition of the optimum.  

This paper discusses the procedure for selection of optimal Tavg for the forthcoming 
cycle in relation to the impacts of change in Tavg level and/or variations of the steam pressure 
versus Tavg relationship. 

 

1 INTRODUCTION 

The method for determination of the optimum point in the Tavg range of 301.7°C to 
307.4°C for the next fuel cycle, has been first addressed in the work report SSR-NEK-16 [6]. 
The subreport SSR-NEK-16.1 provides the fuel cost sensitivity versus Tavg. As long as no 
major fuel upgrading will be undertaken and as long as the operating conditions will remain 
per the modernization-UPR analyses (e.g. reactor power 1994 MWt, Tavg range 301.7°C-
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307.4°C, maximum FNdH= 1.62, maximum FQ = 2.34), the technical data of [6] will remain 
applicable. The economical data will also remain applicable as long as the assumptions on 
$/Lb, $/kg-SWU and $/kgU-nat remain valid and, if it is no longer the case, will have to be 
adapted accordingly. 

On November 11, 2000, a test was performed on the plant, entitled "Tavg (Thot) 
reduction and automatic steam generator level control system with wide open FCBVs test". 
The purpose of this test was to determine the complement of inputs, with respect to the above 
described data, necessary for the operating point optimization, namely the actual turbine limit, 
the sensitivity of secondary side efficiency versus steam pressure, the sensitivity of the main 
feedwater control versus steam pressure and the capability of the feedwater bypass control 
valves to provide additional feedwater flow. The test was performed per procedure [7] and the 
results are provided in report [8]. It was found that the whole analysed window is basically 
available for operation as far as the turbine limit is concerned. The sensitivity of the MWe 
versus steam pressure was determined (in fact the sensitivity in the report is expressed versus 
Tavg, but the MWe is really governed by the steam pressure). The test has also permitted to 
determine an upper limit for Tavg (more exactly for the steam pressure based on the same 
reasoning as above) from the standpoint of FW capacity, limit that was already apparent from 
[6] and from plant operation.  

The subreport SSR-NEK-16.2 attempts to cross-correlate the fuel cost sensitivity versus 
Tavg determined in the subreport SSR-NEK-16.1, and fitted by a quadratic interpolation, with 
the sensitivity of MWe revenue versus Tavg (more exactly versus steam pressure as above 
discussed) determined by test and the other elements of the optimization.  

Data from [6] (Table 2-1) is applicable for 12-month cycles with the conditions which 
existed during the Tavg reduction test ([9] and [10]), i.e. an average steam line pressure of 
about 64.8 kp/cm² for a Tavg of 305.7°C based on test initial values [1/6 * (65.202 + 64.310 + 
63.853 + 64.845 + 64.568 + 65.193) = 64.66 kp/cm² at highest loop Tavg of 305.59°C, 
normalized to 305.7°C and 64.8 kp/cm²]. The values used are from pages 3 and 5 of appendix 
9.3B to [9], enclosed in technical report [1] as Attachment 6. A Tavg of 305.7°C is taken as 
reference value. Second column provides the reduction in electricity revenue based on 
sensitivity of 1.2 MWe/°C observed during the test, a cycle of 332 EFP days and an electricity 
price of 0.035 €/kwh [9] ([9] is as old as July 1997 but, based on Feb.2002 exchange rates, the 
290 kUSD per °C is almost unaffected). The third column gives the reduction in fuel cost 
versus Tavg according to quadratic interpolation y12 = 47.14x – 2.5x² (with x = 305.7 – 
Tavg) of the 12-month cycle values. Fourth column identifies the cost of running the third 
feedwater pump if desired, in order to overcome the 3 CP + 2 FP FW limit with slight control 
margin (which is identified in column six). The fifth column is the algebraic sum of the 
revenue and cost delta's into global net reduction in revenue. The sixth column comments on 
the different parameters that restrict Tavg selection. It can be seen that, economically 
speaking, the best choice is the highest possible Tavg within the following restrictions. As 
long as Zirc-4 is present in the fuel, Tavg must be restricted to 305.7°C (however, as indicated 
above, this restriction could be waived for a few Zirc-4 assemblies meeting certain conditions 
and subject to a corrosion and rod internal pressure evaluation in the frame of the cycle 
specific nuclear core design). Further, the Tavg reduction test has indicated that, with the 
configuration of cycle 17, i.e. 3 CP + 2 FP operation, Tavg = 305.7°C, steam pressure versus 
Tavg relationship at the time of the test and feedwater bypass control valve closed, the FW 
was close to its limit of capability. This was particularly true during summer months when the 
condensate temperature is high. Moreover, an increase in steam pressure at constant Tavg was 
conceivable due to change of SGs fouling as already experienced from previous operation of 
replaced steam generators (see page 46 in [1]). So high condensate temperature in 
combination with reduction of SG tubes fouling could even further limit FW capability. Also 
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it has to be taken into account that the standby FP exhibited the lowest pressure improvement 
after impellers replacement. Furthermore, a transitory excursion of the power above 100% or 
of the temperature above 305.7°C could lead to full opening of the feedwater control valves 
and to loss of feedwater control. Even when operating close to 100% power and 305.7°C 
Tavg, the control was sloppy because the delta p across the valve was so small that the control 
gain was extremely small. The 2.7°C control margin was very far from being achieved.  
During the Thot (Tavg) reduction test, it was observed that the control behaviour clearly 
improves as Tavg decreases. Opening of the feedwater bypass control valves could provide 
some overflow capacity to overcome minor power or temperature transients, but does not help 
from the standpoint of control behavior. For these reasons, a Tavg of 305°C was considered 
as a maximum at the time of the test and was selected for cycle 18. 

For the 18-month fuel cycles, a cycle of 471 EFP days is assumed and the quadratic 
interpolation of the fuel cost variation is y18 = 55.876x – 0.63504x² with x = 305.7 – Tavg. 

In line with the above, it was initially considered to base the Tavg optimization on the 
observation of normalized steam line pressure trends. However, the comparison of the 
operating parameters of cycle 18 with those of cycle 17 indicated an increase in measured 
RCS delta T, a decrease in RCS calorimetric flow calculation, a decrease in steam line 
pressure beyond what can be attributed to the 0.7°C Tavg reduction, a decrease in FP head, a 
decrease in FW header pressure and similar lifts for FCV 551 and FCV 552, despite the steam 
pressure decrease. Potential reasons may be actual power being higher during cycle 18 than 
during cycle 17 and /or increase in hot leg streaming and/or increase in SG tubes fouling 
and/or decrease in FP performance and/or decrease in reactor coolant system (RCS) flow. 
Because of the FCV lifts, a further decrease in Tavg  was proposed for cycle 19 (for which the 
305.7°C Zirc-4 fuel corrosion restriction was applied) but was not retained because of timing 
of the cycle specific nuclear core design. The differences between cycle 18 and cycle 17 
parameters made it desirable to revisit the approach to optimization.  

Indeed, the positive economical impact of a Tavg increase being  about 6 to 8 times 
higher than the corresponding negative impact on the fuel cost, Tavg should be as high as 
possible within any applicable restrictions, regardless of any change in the operating regime 
as observed or by any other form of change in the steam pressure versus Tavg relationship 
and regardless of reference point. Besides this general statement, the selection must be 
governed by application or non application of the 305.7°C Tavg restriction in relation with 
fuel corrosion, and by the FW limit and its potential elimination plus possibly considerations 
in relation with preservation of the reactor vessel head penetrations. To be noted also that the 
shift as was made in Table 2-3 is not valid for the FW limit and for the turbine limit in case of 
variations of other parameters than the relationship steam pressure versus Tavg. 

 

2 DETERMINATION OF OPTIMUM TAVG FOR NEXT CYCLE 

Optimization Elements 
 

MWe Impact 
First element is the sensitivity of MWe revenue versus Tavg based on 1.2 MWe/°C 

(which could have to be revisited in case of turbine upgrade by a repeat of the Thot (Tavg) 
reduction test) and on a kWh price of 0.035 € [6] (in case this price or its conversion in kUSD 
changes, the conversion of the MWe sensitivity into revenue sensitivity should be adjusted 
accordingly), yielding 290 kUSD/°C per 12 month cycle and 412 kUSD/°C per 18 month 
cycle. 
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Fuel Cost Impact 
Second element is the impact of Tavg on fuel cost which is approximated (in kUSD) by: 

y12 = 47.14 x – 2.5 x² with x = 305.7 – Tavg for 12 month cycles 
y18 = 55.876 x – 0.63504 x² with x = 305.7 – Tavg for 18 month cycles 
These equations remain valid as long as no major fuel upgrading is undertaken, as long 

as the operating conditions remain per the modernization - UPR analyses (e.g. reactor power 
1994 MWt, Tavg range 301.7°C – 307.4°C, maximum FNdH  = 1.62, maximum FQ = 2.34) 
and as long as the assumptions on $/Lb, $/kg-SWU and $/kgU- nat remain valid. When 
determining the impact of a delta in temperature, the differential cost reduction is y(T2) – 
y(T1). 

 
Cross-Correlating MWe and Fuel Cost Impacts 

When cross-correlating the two above elements, this should be done in principle starting 
from the current conditions, unless there is a specific reason to do otherwise. Owing to the 
fact that the positive economical impact of a Tavg increase on the MWe is about 6 to 8 times 
higher than the corresponding negative impact on the fuel cost, the conclusion is expected to 
always be that Tavg should be as high as possible within the other considerations intervening 
in the definition of the optimum, hereafter. To be noted  that a high Tavg also maximizes the 
margin to the low compensated steam line pressure setpoint. 

 
Zirc-4 Restriction 

The third element is whether the temporary 305.7°C Zirc-4 restriction is applied or not 
applied to the cycle under optimization. It can be waived for a few Zirc-4 assemblies meeting 
certain conditions and subject to a corrosion and rod internal pressure evaluation in the frame 
of the cycle specific nuclear core design. It obviously disappears when there remains no Zirc-
4 fuel. 

 
FW Limit 

The fourth element is the FW limit under the current system configuration with 3 CP + 
2 FP operation. The FW limit, expressed in terms of Tavg, depends upon the FW header 
pressure, the calorimetric reactor power uncertainty and other effects which may affect the 
steam pressure versus Tavg relationship such as a change in the hot leg stratification regime, a 
change in RCS flow, a change in SG tubes fouling factor or a change in SG tubes plugging 
level. A method for determination of the FW limit with 3 CP + 2 FP in operation, which 
generalizes the calculations made in [6], is provided hereafter. The method uses FCV lift 
demand. It is a good indicator of the FW limit because it encompasses all the listed effects. It 
is not perfect due to a slight variation versus condenser pressure, but it is reasonably good, 
particularly if reference FCV lift is taken during a period of high lift.  
Determination of FW limit with 3 CP + 2 FP operation and FCBV closed 
- With 3 CP + 2 FP running and FCBV closed, take minute averaged in one hour 

coordinated values for : 
- Calorimetric reactor thermal power determination 
- Auctioneered Tavg 
- FCV lift demand. 

- Convert FCV lift demand into actual FCV lift using Figure 1 for both loops. Use the 
highest of the FCV551 or FCV552 actual lift for next step. 

- Convert actual FCV lift into CV using Figure 2. 
- Determine FCV delta p as follows : 

FCV delta p (kp/cm2) = 
234.14
1

4.62
567.52

CV
10372poweroffraction 2

∗∗





 ×  
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- Compare FCV delta p to FCV delta p with FCV wide open at 10372 gpm, i.e., 4.1 
kp/cm2 [6]: 
Margin (kp/cm2) = FCV delta p – 4.1 

Margin (°C) = 
6.2
4.2  margin (kp/cm2) 

The ratio 
6.2
4.2 is calculated from Attachment 5 [1], more specifically from 

64.0566.65
305.0307.4

−

− . 

 
- FW limit is auctioneered Tavg increased by the margin and normalized to 100% 

calorimetric reactor thermal power, possibly including correction from ultrasonic FW 
flow measurement if applied. FCV delta p decreases by 27.6 psi (1.9 kp/cm2) 
conservatively converted to 1.9°C between 100% and 103% FW flow, hence : 

FW limit = auctioneered Tavg + margin - 
3
9.1  (100 – power (%)). 

- Predicted FW limit for next cycle should take into account anticipated changes such as 
removal of the flow elements downstream FW heaters 1A and 1B before cycle 20, 
which will increase FW limit by more than 0.6 °C (0.55kp/cm²). 

- Based on [6], 3% overflow capability is part of the normal Westinghouse requirements. 
FCV delta p decreases by 27.6 psi (1.9 kp/cm²) between 100% and 103% feedwater 
flow. There is thus about 1.8°C difference between the conditions “FW at its limit with 
no margin” and “Westinghouse FW control margin strictly fulfilled”. The Tavg 
deadband of 0.83°C must also be taken into account. In total, strict application of the 
Westinghouse requirements implies to operate 2.7 °C below the FW limit. 

- Conscious decision has to be taken on selection of control performance, operation close 
to the FW limit meaning higher MWe but reduced control performance. 
 
If during the cycle preceding the cycle for which FW limit is being determined, an 

anomaly has prompted operation with FCBV open or with 3 CP + 3 FP, while operation with 
3CP + 2FP had first been decided, FW limit with 3 CP + 2 FP can be obtained by a test at 
reduced power with 3 CP + 2 FP and FCBV closed. 
 
Normalized Tavg versus FCV552 Lift Demand 

Table 1 provides a cross-correlation of the results of [8] and [9] with previous, present 
and anticipated FW limits. The data in columns 1, 2 and 3, except two first lines and the line 
"Westinghouse requirements fulfilled with FCBV closed", are from Attachment 6 in [1] (with 
Tavg normalized to 100% power). The 93% lift demand for FCV 552 corresponds to full 
opening per Figure 1. The FW limit values for cycles 17 and 18 are calculated in [3], both 
with FCBV open and with FCBV closed. The values for Westinghouse requirements fulfilled 
with FCBV closed are FW limit minus 0.8°C for Tavg deadband and minus 1.9°C for 3% 
overflow capacity. The values in Column 4 are the values of cycle 19, the values in Column 5 
are the expected values of cycle 20, if the only change between cycle 19 and cycle 20 is the 
removal of the flow elements downstream FW heaters 1A and 1B, both based on Attachment 
9 [1] and last column shows the FW limit with FCBV open and closed and the threshold of 
fulfillment of Westinghouse requirements with FCBV closed. 

To be noted that Table 1 can be used as a simplified way to determine position with 
respect to FW limit based on FCV 552 lift cross-correlated to Tavg, particularly at power very 
close to 100%. It is also noted that fulfillment of Westinghouse requirements (3% overflow 
capacity plus coverage of Tavg deadband) corresponds to a FCV 552 lift demand of 
approximately 76%. 
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Use of FW Limit in Selection of Optimum Tavg 

The FW limit, currently cutting the analysis window, can conceivably be eliminated by 
operation with 3 FP running. However, this change has a cost which must be compared to the 
gain which can be obtained. 3 FP operation implies a power consumption increase of 2 MWe 
thus a cost of 484 kUSD per cycle for 12 month cycles and 687 kUSD per cycle for 18 month 
cycles (numbers to be revisited if the 0.068 DEM (0.035 €) per kWh or its conversion in 
kUSD, changes). As long as the 305.7°C Tavg restriction in relation with Zirc-4 fuel is 
applied, the optimum Tavg can be selected based on economical comparison between Tavg 
limit (with selected control quality) for 2 FP running and 305.7°C with 3 FP running. With the 
305.7°C Zirc-4 restriction no longer applied, the optimum Tavg can be selected based on 
economical comparison between Tavg limit (with selected control quality) for 2 FP running 
and 307.4°C with 3 FP running. 
 
Consideration of Reactor Vessel Head Temperature 

In either of the two cases above, as long as the reactor vessel configuration is such that 
the water temperature in the reactor vessel head is close to Thot, preservation of the head 
penetrations may be a reason to voluntarily limit Tavg according to NRC Bulletin 2001-01. 
 
Unrestricted Configuration 

For the first cycle, with the Zirc-4 restriction not applied and with the reactor vessel 
converted such that the water temperature in the reactor vessel head is close to Tcold, the 
recommendation is operation at 307.4°C with 3 FP running. Switching from 2 FP operation to 
3 FP operation increases the FCV delta p by about 6.5 kp/cm² [3]. This permits to increase 
Tavg to 307.4°C in an economical way while improving the control margin beyond the 
minimum Westinghouse requirement. Once operation at 307.4°C has been initiated, it is 
expected to remain the optimum except in the unlikely event that, because of drift in operating 
conditions, FCV lift demand starts again to exceed about 76%. Anyhow, it is always possible 
to recheck by test the FW limit with 3CP + 2 FP running, and to repeat the economical 
comparison.  It is demonstrated in [3], that operation with 3 FP has the additional advantage 
to enable mini-uprating, as far as FW is concerned. This other report [3], also determines the 
necessary power reduction associated with the loss of CP or a FP, for use in the abnormal 
operating procedures. 

 
Turbine Limit 

In the unlikely event of decision for a Tavg reduction, the position with respect to the 
turbine limit should be verified. The turbine limit, expressed in terms of Tavg limit, depends 
upon the calorimetric reactor power calculation uncertainty and upon other effects which may 
affect the steam pressure versus Tavg relationship such as a change in the hot leg stratification 
regime, a change in the RCS flow, a change in SG tubes fouling factor or a change in SG 
tubes plugging level. The current turbine governor No.4 position can be compared to Fig.10 
in Attachment 7 [1], and from there can be deducted a maximum decrease in Tavg which can 
be accommodated by the turbine. The turbine limit can be affected by a turbine upgrade thus, 
following such  an upgrade, the Thot (Tavg) reduction test should be repeated.  
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Figure 1: FCVs travel versus demand 

 

 
 

Figure 2: Characteristic CV versus travel for FCV 
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FCV552 
LIFT 
DEMAND 

CYCLE 
17 
TAVG 

CYCLE 
18 
TAVG 

CYCLE 
19 
TAVG 

EXPECTED 
CYCLE 20 
TAVG 

% °C °C °C °C 

COMMENTS 

93 307.3 306.1 306.4 307.0 FW limit with FCBV open 

93 306.5 305.3 305.8 306.4 FW limit with FCBV closed 

86 305.6 304.4 304.9 305.5  

83 305.2 304.0 304.5 305.1  

80 304.8 303.6 304.1 304.7  

77.6 304.3 303.1 303.6 304.2  

75.9 303.7 302.5 303.0 303.6  

Table 1: Normalized Tavg Versus FCV552 Lift Demand 

3 CONCLUSION 

The present technical paper provides summary of applied methodology for the 
determination of optimum Tavg. It is recommended to abandon the Zirc-4 Tavg restriction of 
305.7°C as soon as possible and, preferably, already for cycle 20. For the cycles for which the 
restriction is not applied, the recommendation is 307.4°C with 3 FP running 
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