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ABSTRACT

In 1995 Imatran Voima Ltd (IVO) started a project for modernisation and power upgrading of
the Loviisa NPP. This included gradual increase of the reactor thermal power up to 1500 MW
(109 %) and renovation of the steam turbines. Loviisa NPP Final Safety Analysis Report has
been revised in connection with the licensing process of the reactor power upgrading. The
project also included certain improvements in the primary and safety systems to ensure plant
safety. Trial runs at different power levels up to 109 % have been successfully performed during
1997 on both units. The power upgrading has now been completed and a new operating li-
cense for 1500 MW power was granted in April 1998 by the Finnish Government. The reno-
vation of the steam turbines will continue up to the year 2000.

In this paper, the experience gained in upgrading the power at Loviisa NPP is discussed. The
core limitations and the changes in reactor protection system settings are briefly reviewed.
Information is provided concerning observed steady state core thermal margins, trial run tran-
sient observations and licensing aspects.

1. INTRODUCTION

In 1995 Imatran Voima Ltd (IVO) started a project for modernisation and power upgrading of
the Loviisa NPP /3/ . This included gradual increase of the reactor thermal power up to 1500
MW (109 %) and renovation of the steam turbines. No major system or equipment modifica-
tions were required to reach 1500 MW power. The project, however, included certain im-
provements in the primary and safety systems to ensure plant safety.

All transient and accident analyses and the Loviisa NPP Final Safety Analysis Report have
been revised in connection with the licensing process of the reactor power upgrading. Latest
state of the art analysis tools and experience were utilised. The planned trial run program at
different power levels up to 109 %, including steady state operation and transient experiments,
has been successfully performed during 1997 on both units.
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Power upgrading has given rise to the change of the core loading strategy /!/. At first stage the
power upgrading to 1500 MW was realised within the current basic core thermal and hydraulic
limitations. Extra margin for increased reactor power was gained by flattening the core power
distribution, which required a change from the current low leakage loading pattern back towards
the old out-in-in loading pattern. A partly low leakage loading pattern is currently used in the
reduced cores (313 assemblies) of both units. The most strict core limitations are hot subchannel
outlet boiling and fuel assembly bumup.

The power upgrading project has now been completed and a new operating license for 1500"
MW power was granted in April 1998 by the Finnish Government. The renovation of the
steam turbines will continue up to the year 2000. It is expected that some improvement in tur-
bine efficiency can be achieved.

In this paper the experience gained in upgrading the power at Loviisa NPP is discussed. The
core limitations and the changes in reactor protection system settings are briefly reviewed.
Information is provided concerning observed steady state core thermal margins, trial run tran-
sient observations and licensing aspects.

2. CHANGES IN REACTOR PROTECTION SYSTEM SETTINGS

The main principle was to keep the reactor protection signals and trip limits unchanged. This
is also true for the reactor power in relative units. The trip limit 110 % now corresponds to
absolute reactor power of 1650 MW.

Some adjustments were made on the lower level protection system temperature limits. Reac-
tor outlet temperature limit for control rod blocking (AZ4) was raised from 305 °C to 308 °C
in accordance with the increase in reactor temperature rise. Reactor outlet temperature limit
for slow (AZ3) and fast (AZ2 with 20 s delay) set-back was raised from 310 °C to 312 °C.
This was done to avoid unnecessary activation of fast set-back during the trip of three main
coolant pumps, when the core power limitation system (ROM) and natural reactivity feedback
from decreasing flow limit the core power. ROM was adjusted so that the relative limitation
levels corresponding to different number of operating main coolant pumps remain unchanged.
This means 9 % higher absolute power levels, although core flow characteristics remain un-
changed. However, conditions in maximum powered fuel assemblies remain nearly un-
changed.

3. REVIEW OF CORE LIMITATIONS

Review of core limitations was presented in Ref. III. The updated status is described here.

Fuel burnup

The current burnup limit imposed by the safety authority STUK is 40 MWd/kgU for assembly
average burnup.
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Our current target equilibrium cycle using standard 3.6 % enrichment is a 2.6-batch scheme
where 120 assemblies are removed annually; 48 fuel assemblies are removed already after
two cycles. The average discharge burnup is 34 MWd/kgU and the burnup limitations are
met. At 1500 MW power and an equilibrium cycle length of 325 FPD in the Loviisa reduced
core (313 assemblies) the average 3-batch discharge burnup of about 40 MWd/kgU would be
reached. It is evident that the above burnup limitations can not be met.

An application has been made to the safety authority for the approval of assembly burnup
limit of 45 MWd/kgU, corresponding to maximum rod average burnup of 53 MWd/kgU.
STUK has not yet made any decision on this matter.

Linear heat rate

The equilibrium cycle calculations demonstrate that it is possible to design the loading pattern
such that the requirement of 325 W/cm set for the maximum linear heat generation rate can be
met. In the beginning of cycle there is only a few percent margin to this limit, when the
control rods are fully out of the core. Towards the end of cycle the margin is somewhat
increased. A safety factor of 1.12 is included in the calculated values. The upper limit of 325
W/cm was used in the transient and accident analyses, including large break LOCA.

An application has been sent to the safety authority for the approval of a new burnup
dependent linear heat rate limit III. The burnup dependent part has been increased by 8 % as
compared to the current limit. STUK has accepted the new limitation.

Use of lower enrichment for the assembly peripheral rods (profiling) would also give some
extra linear heat rate margin. Six profiled lead test assemblies having average enrichment 3.82
% have been loaded into Loviisa-1 in August 1998.

Subchannel outlet temperature

The subchannel outlet temperature limit of 325 °C (bulk boiling limit) is difficult to fulfil with
1500 MW power especially for Loviisa-1, where the core flow is 4 % less than in the case of
Loviisa-2. The subchannel outlet temperature limit is the most severe limitation with respect
to 1500 MW power, which requires also somewhat higher steam pressure and
correspondingly 2 to 3 °C higher core inlet temperature.

A safety factor of 1.16 for the enthalpy rise is included in the calculated values. Taking into
account mixing between wall subchannels and the adjacent regular subchannels has the
potential of reducing the hot subchannel enthalpy rise by 6 %. In November 1997 STUK
accepted the use of this mixing credit, which is based on the application of the FLUENT code
for analysis of mixing in the WER-440 fuel assembly 111. This gives about 3 °C extra margin
to the boiling limit of 325 °C. The alarm limit of the fuel assembly outlet temperature
measurements (YQ30T) was consequently raised from 312 °C to 315 °C.

In spite of utilizing the mixing effect the subchannel boiling limit is now the most strict limit
on core design and operation in Loviisa NPP.
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Assembly power

The calculated equilibrium cycle BOC KQ-value of 1.28 is equivalent to 6.13 MW assembly
power with reduced core and 1500 MW reactor power. Still, when assuming 4 % uncertainty
the limit of 6.4 MW used up to now for Loviisa can be met. In the equilibrium cycle a partly
low leakage Idading pattern is used. Using the traditional fully low leakage loading it is
possible to design the power distribution so that BOC KQ is 1.32. Assuming 4 % uncertainty
this is equivalent with 6.6 MW assembly power.

Some additional large break LOCA-analyses have been performed to clarify the sensitivity of
maximum cladding temperatures on assembly power in the reflood phase. It turned out that
this sensitivity is totally eliminated when somewhat fine tuned parameters (pressure, water
volume) for the hydroaccumulators are used. It was concluded that assembly power is not a
key factor in this respect. Maximum rod linear heat rate determines the peak caldding
temperature, which occurs in the blow-down phase.

Negative reactivity feedback

The equilibrium cycle calculations demonstrate that the coolant temperature coefficient of
reactivity is negative over the whole power operating range of the reactor. The calculated
value of isothermal temperature coefficient at BOC hot zero power conditions is about -4
pcm/°C. The corresponding measured value for the Loviisa-1 latest new long cycle was -4.2
pcm/°C.

Reactivity control by control rods

The equilibrium cycle calculations demonstrate that the minimum requirement of 1 % shut
down margin in 260 °C with the most reactive control rod stuck in the upper position is well
met and the recriticality temperature does not exceed 200 °C even when assuming the scram
worth to be 20 % weaker than the calculated value.

The lowest allowed position of the regulating group in critical state was changed from 50 cm
to 100 cm. This was done to avoid heat transfer crisis (DNB) in control rod withdrawal
transient without scram (ATWS) from low power initial state.

Reactivity control by soluble boron

The equilibrium cycle calculations demonstrate that with boron concentration of 2100 ppm
(12 g/kg boric acid) the subcriticality of the reactor is always at least 1 % negative reactivity if
all control rods are fully removed from the core. The 5 % subcriticality requirement during
refuelling with any of the control rod fuel followers in the active core region can also be met.
To rule out any subcriticality problems even with extra long cycles the full boric acid
concentration was raised to 13 g/kg.
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4. STEADY STATE CORE THERMAL MARGINS

On both units trial runs began at 103 % power level in the beginning of 1997. The second step
was 105 %, third step 107 % and finally 109 % was reached in November 1997.

The main core and primary circuit characteristics of Loviisa-1 cycle 20 and 21 and Loviisa-2
cycle 17 and cycle 18 at 100 % and 109 % power are given in Table 1.

Table 1. Main core parameters at 100 % and 109 % power for Loviisa-1 and Loviisa-2.

CORE OPERATING STATE
core thermal power MW

primary circuit flowrate(gross) kg/s
average core inlet T °C
pressure bar
regulating group position cm
cycle energy FPD

MACROSCOPIC POWER DISTRIBUTION
PEAKING FACTORS
radial power distribution
aver, axial power distribution
3 redistribution

FUEL LOADING STATE
max. assembly power MW
max linear heat rate W/cm

FUEL COOLING STATE
core net flowrate kg/s
core aver, outlet T °C
core aver, inlet T °C
core aver, temperature rise °C
max. assembly outlet T °C
max subchannel outlet T °C
min. DNB-ratio

LOVIISA-1
97/01/07
100%
1374

8463
264.1
121.7
250
107

1.32
1.17
1.54

5.78
276

7429
299.7
264.1
35.6
310.0
322.9
3.61

97/11/04
109%
1500

8443
265.5
121.8
250
63

1.31
1.21
1.58

6.26
302

7471
303.8
265.5
38.2
314.3
324.3
3.17

LOVIISA-2
97/01/02
100%
1373

8827
264.3
121.8
250
79

1.33
1.19
1.58

5.85
283

7700
298.7
264.3
34.4
309.2
321.9
3.67

97/12/05
109 %
1490

8794
267.3
121.8
250
77

1.31
1.21
1.59

6.23
296

7694
304.0
267.3
36.7
314.3
324.1
3.28

It can be observed from Table 1 that the changes in core parameters are as expected.
Temperature rise in the loops was as expected and changes in loop flowrates were negligible.
The hot subchannel enthalpy rise mixing credit of 6 % is included in the 109 % state. Higher
inlet temperature for Loviisa-2 is caused by higher steam pressure, because the turbine inlet
orifices were not yet modified. Loviisa-1 has 107 % orifices, which seem to be sufficiently
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large also at 109 % power. Higher inlet temperature is reflected in the hot subchannel outlet
temperature. It was also confirmed that steam moisture and vibrations in the secondary side
pipings did not exceed the corresponding limit values due to power uprating.

Loviisa-1 cycle 21 core operational parameters and thermal margins are given in figures 1 to
8. Permanent operation at 1500 MW power began in April 1998 after the license was granted.
No unexpected consequences have appeared during the operation with uprated power.

The gradual power increase up to 109 % in the beginning of cycle can be seen in Fig. 1.
Thereafter the reactor was operated at 107 % power until April 1998. Thereafter 109 % power
was maintained. A particularly long stretch-out period was included in the end of the cycle to
compensate for the better than expected load factor. The reactor was operated with all the
control rods out of the core practically throughout the cycle (Fig. 2). Higher power also means
higher steam pressure and core inlet temperature. During the stretch-out period inlet tem-
perature was reduced to 257 C (Fig. 3).
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Even at 109 % power the maximum linear heat rate values are reasonably low (Fig. 7). In the
beginning of cycle the limit 325 W/cm might be exceeded by inserting control rods into the
core. Hot subchannel outlet temperature is very close to the limit 325 C. The mixing credit of
-6 % in the hot subchannel enthalpy rise is taken into account after 60 FPD (Fig. 8).

5. TRIAL RUN TRANSIENT OBSERVATIONS

Detailed steady state measurements were performed at each power level. Typical transient
experiments were performed only at selected power levels and for Loviisa-1 or Loviisa-2. The
goal was to minimise the number of transient experiments in order not to give rise to unneces-
sary stress on the plant. Plant training simulator LOKS and plant simulator APROS were used
in selecting the representative transients. The program and experiment procedures were sent
to STUK for approval. The following transient experiments were perfbrmed:

stop of one primary coolant pump
stop of one feedwater pump without reserve pump available
stop of one turbine to house load

Stop of one primary coolant pump demonstrated that the plant behaves as expected after the
changes in power setpoints and in reactor power limitation system (ROM). It was observed
that primary circuit pressure and pressurizer level increase was somewhat more rapid than
previously, but both parameters remained well within the limits of normal regulation.

Stop of one feedwater pump and one turbine were also performed successfully. These tran-
sients are not critical with respect to reactor core and fuel. In the first feedwater pump ex-
periment it was recognised that sufficient regulating margin should be kept available in the
turbine control valves to avoid unnecessary delays in the power regulation. This means that
the control valves should not be kept fully open.

During these experiments a malfunction in the Loviisa-1 reactor power limitation system
(ROM) was revealed as a by-product, which caused unnecessary switch-off of the reactor
power controller. This was due to a logical malfunction during automatic calibration of neu-
tronic power against reactor temperature difference inside ROM. The calibration took place
during the transients due to changes in position of control rods, steam pressure and core inlet
temperature giving rise to decalibration of out of core neutronic power measurements. Other-
wise ROM has no role in these transients because all six coolant pumps are running.

6. LICENSING ASPECTS

The operating license for 1500 MW power required fulfillment of the following:

• acceptable results of trial runs (see previous chapter)
• updated safety analysis report (FSAR)
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• updated plant technical specifications
• updated emergency operating procedures
• assessment of documents with respect to being up to date
• assessment of environmental impact
• evaluation of fulfilment of STUK YVL-guides
<» assessment of sustaining plant safety
• plan for plant ageing management.

No major system or equipment modifications were necessary for 1500 MW power.

The updated FSAR required in practice that all the transient and accident analyses were renewed.
The codes APROS, HEXTRAN/SMABRE and RALOC (containment analyses) were used.
APROS was used for the first time for licensing analyses. That is why a substantial amount of
validation material was also required.

A separate subproject was established to perform the transient and accident analyses. The work
began in June 1995 and it took about 30 months and produced 75 separate topical reports (totally
5300 pages). These reports served as a basis for updating the FSAJR. The analyses included care-
ful screening of initial data and wide spectrum of sensitivity studies. STUK was kept informed
already in an early phase of the analyses being performed and preliminary results. In this way it
was possible to keep the tight time schedule and minimise the additional requirements on the fi-
nal analyses. Previous experience of IVO Power Engineering and VTT helped to reach the goal
AH essential safety analyses were submitted to STUK already before submitting the application
of trial run license.

The new operating license for 1500 MW power was granted 2 April 1998 for the next ten years.

7. CONCLUSIONS

The power upgrading project of Loviisa NPP has now been completed and a new operating
license for 1500 MW power was granted in April 1998 by the Finnish Government. The li-
censing procedure required substantial amount of analysis work. The latest state of the art
tools and experience were utilised.

The operating experience from steady states and transients has shown favourable results. No
fundamental obstacles are foreseen to prevent future operation at 1500 MW power. On the
reactor side the subchannel outlet temperature limit is the most strict limitation with respect to
1500 MW power, even when taking into account the effect of mixing between subchannels.
Another obstacle in improving fuel cycle economy is the present fuel assembly burnup limit
of only 40 MWd/kgU. Possible long term effects on secondary side due to higher mass flow
rates and somewhat increased steam moisture can not yet be observed. The renovation of the
steam turbines will continue up to the year 2000.
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