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Ukrainian nuclear power plants (NPPs) generate approximately 55 % of all the country’s electricity production
in the basic mode. The Ukrainian energy system faces power shortage for load-following mode (LFM). Hence, it is
advisable to consider possibility to opperate Ukrainian NPPs in LFM. The second stage of LFM pilot operation has

been completed at Khmelnitsky NPP Unit 2 to date.

Following the above, the research of LFM implementation key aspects at Ukrainian NPPs is urgent and relevant.
One of the key aspects is the definition of the appropriate mode for reactor power change in LFM for common type

of the Ukrainian reactors (WWER-1000/V-320).

Power density field and thermal power in WWER-1000 are controlled by means of boron control and control rods.
The paper provides investigation of the standard power change modes and power density field control in accordance
with the safety requirements in the context of the boric acid volume used to decrease the power level, the axial offset
stability, maximum values of the power peaking factor and fuel utilization performance (parameters).

The computer data of the parameters are obtained in SE «<NNEGC «Energoatom» during neutron-physical
calculations of WWER-1000 cores by means of the «BIPR-7A» program, that uses a mathematical model of WWER

reactors. The calculation was conducted for three modes:

Mode 1: CRs of group 10 and boron control. The mode is being operated for LFM in Ukraine. Group 10 and boric
acid/distillate water (BC) are used for power change and power density field control.

Mode 2: Only CRs of group 10. Only group 10 is used for power change and power density field control.

Mode 3: Only CRs of groups 10, 9 and 8. All the A-algorithm control groups are used for power change and power

density field control.

Compensation of the slow reactivity variations due to the xenon poisoning and fuel burn up before/after power

change was provided by boric acid for all modes.

The research define the appropriate mode in the context of the parameters.
Theresearch determine the advantages and drawbacks of the considered modes in the context of the parameters,
as well as ways to improve the power density field control and power change system of WWER-1000 core.

Keywords: WWER-1000, load-following mode, boron control, axial offset, Kq, fuel utilization performance.

Introduction

A load following power plant is a power plant that
adjusts its power output as demand for electricity
fluctuates throughout the day [1]. NPPs are usually
operated as a base-load source of electricity. The
main reason is that operating an NPP at rated power
is usually more economically and simpler. The share of
nuclear power in the most countries’ energy mixes is
small, thus, there is no need to operate them in LFM.
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However, the situation is different in several countries.
The share of nuclear power in the national energy mix of
some of them had become so important (e.g., France and
Ukraine), that the nuclear operators had to implement or
improve the load-following capabilities at their NPPs.

Ukrainian NPPs currently generate approximately
55 % of all the country electricity production in the
basic mode. Nuclear power generation in Ukraine is
based on the WWER reactors (water-cooled and water-
moderated power reactor). WWER-1000 (V-320) is
common type of the reactors in Ukraine (11 from 15).
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The hydro power plants (HPP) in the Ukrainian
energy system are operated in LFM, and the thermal
power plants (TPP) are operated to meet the power
demand, which HPPs cannot satisfy. The Ukrainian
TPPs are characterized by high-cost electricity
generation, high level of equipment deterioration
and environmental stress [2]. The energy system in
the current political and economic situation faces
the power shortage for LFM. Hence, it is advisable
to consider possibility to opperate Ukrainian NPPs
in LFM.

Following the above, the research of the key
aspects in LFM implementation at Ukrainian NPPs is
urgent and actual. One of the key aspects is definition
of the optimum reactor power change mode for LFM
for the common type reactors in Ukraine.
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Analysis of Published Data and Problem
Definition

The Swedish, Finnish, France and German
experience of LFM implementation in the light
water reactors was analyzed [3] - [6], as well as the
requirements for LFM [7], [8]. Some reactors in
France and Germany are being currently operated
in the load-following mode with large daily power
variations of about 50 % of rated power. The change
of the reactors’ power level could be performed
by control rod movement and by changing the
boric acid concentration (neutron absorber) in the
primary coolant. [9] The same approaches are used
to control power density field and thermal power in
WWER-1000/V-320 reactors.

LFM tests and experiments at WWER reactors
have been performed since 1980. For example, an
operation mode with sinusoidal power changes (with
a period of 20-30 h) was tested in the early 1980s
with WWER-440 reactors in Germany (Reinsberg
and Greifswald NPPs) [9]. To date, the second stage
of the pilot operation (21 cycles of power change) of
WWER-1000 LFM has been completed at Khmelnitsky
NPP unit 2 [10]. In addition, the experience of the
maneuverability of a recent WWER design was
analyzed considering the Russian AES-2006 Project
with WWER-1200 [11], [12].

One of the key aspects for all the types of light
water reactors is definition of the optimum mode
of reactor power change for LFM. Several important
physical effects limit the possibilities of power
variations in a light water nuclear reactor such as
WWER:

counter-reactions: moderator effect (change
in primary coolant temperature), Doppler Effect
(change in fuel temperature) and change in the axial
distribution of coolant temperature in the core;

fuel burnup: boron concentration decreases with
time, thus, boron concentration is almost equal to
zero at the end of the fuel cycle, and the control rods
are in the upper position;

fission product poisoning: change in reactor power
causes the transient process of xenon oscillation with
a change in the total number of 135Xe nucleus in the
core and the corresponding change of reactivity.

Following the reactor operating requirements (the
safety analysis report and technical specifications
for operation), several modes/approaches could be
used for the control in the power density field and
thermal power in the core operated with four-year
fuel campaigns for power changes.

Hence, the main issue for definition of the
optimum power change mode for LFM is the most
effective approach to control power density field
and thermal power in the reactor. Another important
issue is the analysis of additional costs to operate the
mode based on the approach.
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WWER-1000 reactors are not being operated in
LFM. In that case, publications of the topic are focused
on analyzing the possibilities to operate them in this
mode and/or their maneuvering capabilities [11],
[12]. Some publications analyze specific approaches
to improve the effectiveness of the balance in the
primary and the secondary loops [13] - [16]. The
publications do not include combined analyzes and
research of the modes.

The modes could be analyzed in accordance with
the safety requirements in the context of the boric
acid volume used to decrease the power level, the
axial and radial offset stability and the fuel utilization
performance (the parameters).

Power Density Field and Thermal Power
Control

Power density field and thermal power in
WWER-1000/V-320 are controlled by BC and CRs.

BC in the reactor is not automatized for LFM and
is @ major component of some radioactive waste
streams arising at NPPs and, as long as it is present,
it dominates the chemistry of the waste streams. The
approach used to deal with boric acid in radioactive
waste streams is particularly important and has
significant financial, technical and environmental
impact [17].

Nevertheless, it is still very popular. The analyzed
approaches [10] - [16] consider BC for power drop
and power density control during LFM. Boron control
does not cause local power peaking and impact on
the power density field is predictable.

Advanced algorithms to control power density in
the core (A-algorithms) were implemented in the in-
core control system at Ukrainian NPPs in the context
of improving effectiveness of power and xenon
oscillation control with minimum water exchange.
The feature of A-algorithms is a new approach to CR
application and implementation of the new module

‘ - Group 10 O - Group 9 ‘ - Group 8

Figure 1 - Location of control groups for A-algorithms
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of information support. Three CR groups (No. 10,
9 and 8) in A-algorithms are operated to control
the core (Figure 1). Group 10 (6 control banks) is
partially positioned in the core all the time. Groups 9
(7 control banks) and 8 (9 control banks) can be
inserted into the core during reactor unloading and/
or suppression of xenon oscillations [18].

Calculation of Power change Modes for LFM

Calculation was made for three modes with
standard operation procedures.

Mode 1: CRs of group 10 and boron control. The
mode is being operated for LFM in Ukraine. Group
10 and boric acid/distillate water (BC) are used for
power change and power density field control.

Mode 2: Only CRs of group 10. Only group 10
is used for power change and power density field
control.

Mode 3: Only CRs of groups 10, 9 and 8. All the
A-algorithm control groups are used for power
change and power density field control.

Compensation of slow reactivity variations due to
xenon poisoning and fuel burnup before/after power
change was provided by boric acid for all modes.

The calculation data of the parameters are
obtained in SE «NNEGC «Energoatom» during
neutron-physical  calculations of WWER-1000
cores by the «BIPR-7A» program, that uses
mathematical model of WWER reactors. «BIPR-7A» is
a program from the «KKASKAD» calculation complex.
The BIPR-7A uses a three-dimensional mathematic
model of WWER reactors and provides neutron-
physical characteristics of the core. It simulates
the core state during burnup, xenon oscillation
in accordance with the parameters such as
CR positions, power level, temperature etc.

The BIPR-7A neutron-physical model is similar
to the «Imitator reactora» program. The «Imitator
reactora» program was operated in the core control
system software at unit 2 of the Hmelnytska NPP for
the LFM [10]. The program was developed for fuel
cycles and reactor control algorithms improvement
in the design and scientific calculations, as well as
information support tool of the reactor operator [19].

Requirements for LFM at Ukrainian NPPs are set
in accordance to the safety analysis report [20]. The
calculation was performed in accordance with the
following requirements:

not over 200 cycles of power variations during a
fuel campaign;

power variation between 80 % and 100 % Nrt per
cycle;

compliance with the AO and Kq requirements
(320.00.00.00.000.D61 Part 42.11).

LFM starts from the 5™ effective day (96" hour)
from the beginning of the campaign. Load following
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Figure 2 - Energy consumption in Ukraine as of 29 November 2018

during the calculation in accordance with energy
consumption in Ukraine during a day (Figure 2):
power drop from 100 to 80 % N_ (75 % of electric
power) with acceptable speed during an hour;
operation ata power level of 80 % N _ during 7 hours;
power increase from 80 to 100 % N with acceptable
speed during 2 hours;

operation at a power level of 100 % N_ during
14 hours.

Calculation was made for WWER-1000/V-320
reactor loaded by FA-A fuel produced by the TVEL Fuel
Company. Fuel campaign was made in accordance
with the nuclear operator’s standard [21].

Calculation of the Parameters

The boric acid volume used to decrease power
level. The boric acid volume used to decrease power
level was calculated according to the formula [22]:

where: V= 372 m?, p,= 727 kg/m?, p_= 1000 kg/m?
and c_= 16 kg/m’.

The boric acid volume for compensation of the
slow reactivity variations due to the xenon poisoning
and fuel burnup has not been considered.

The axial offset stability. Various safety
constraints on the maximal local fuel heating
rate (with regard to different accidental scenarios
like LOCA) determine the operational domain
depending on the reactor power and the AO [9].
The AO corresponds to the current xenon allocation.
Therefore, the AO stability characterizes possibility
to avoid the xenon oscillations and local power
peaking.

In the paper, the AO stability was characterized
by indicative index - the instantaneous axial offset
(IAO) variation. IAO characterizes the power density
field relation of upper and lower part of the core and
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corresponds to the current xenon allocation. The IAO
variations is the ratio between the instantaneous
axial offset in the beginning and in the end of the
power reduction.

AO restrictions are provided in the form of the
offset-power diagram (Figure 3) that demonstrates
an optimum process path and boundaries of the
acceptable area. The diagram is a part of the module
of information support in the in-core control
system [18].

20
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esss - boundaries of the acceptable area
— — - optimal process path
—— - process path

Figure 3 - AO-power diagram for A-algorithms

The axial offset stability was calculated for LFM
third and 101st cycles.

The maximum values of the power peaking
factor. Kq provides limitation for FA local power in
the core [18]. Hence, Kg maximum value was chosen
as a parameter that characterizes maximum radial
deformation of the power density.
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Kq is a relation of power in FA and average power
of all FAs in the core. Kq characterizes maximum
radial deformation of the power density. Kq_=1.35is
an acceptable value for Kq at rated thermal power of
the reactor (3000 MWH1). If Nc<Nrt Kqac is calculated
according to the formula (320.00.00.00.000.D61
Part 42.11):

1,35

: v
0,83-N¢ /Ny +0,17)

Kqgc = (

Kq was characterized in the paper by a maximum
value during the fuel campaign.

The fuel utilization performance. The fuel
utilization performance (FUP) is a technical-and-
economic parameter, which characterizes the efficiency
of the fuel utilization for thermal energy production in
the core. FUP in the paper is based on the calculated
parameters, which are described in the calculation
methodology of the Ukrainian nuclear operator: the
coefficient of the fuel energy potential utilization
(FEPU) and the natural uranium rate (NUR) [23].

The FEPU is a dimensionless coefficient that is a
ratio of produced thermal energy in the core to the
energetic potential of operating fuel assemblies (FA)
during the fuel campaign. The energetic potential of
FA is thermal energy, which FA can produce during
operation in achieving the regulated burnup. The
FEPU is calculated according to the formula [23]:

TNrt

15
E.= (E"k-(1
¢ ko B,

B
_Ck 2y, (5)

The NUR is the natural uranium rate for producing
thermal energy in the core. The NUR is calculated
according to the formula [23]:

A
NUR=—,kgV,/ MWt- day, (6)
14
where:
_Xy
A= =1 (7)

The comparison of the modes is based on the
coefficients of FEPU decrease and NUR increase.
Those coefficients were calculated as the ratio of
the fuel utilization parameters in LFM to those
parameters in the basic mode.

Calculation

The Table 1 provides the calculation results of
the parameters. These results define that there are
no significant differences between the modes and
the basic mode in terms of FUP. All the modes are
characterized by acceptable Kq values during the
fuel campaign. Hence, it is advisable to consider the

FEPU = - 3) modes in the context of the boric acid volume used
b—Fe to decrease the power level and AO stability.
The currently operated mode (Mode 1) is
where: characterized by high AO stability. When makeup
is inserted into the coolant, it reduces power and
. 1%”“50 - Bp 2) @ increases AO. Insertion of the group reduces power
b~ k=1 k B ' too, but decreases AO. This combined impact on AO
Table 1 - Calculation results of parameters
Parameter Mode 1 Mode 2 Mode 3
Boric ac;d volume used to decrease the power 47489 0 0
level, m
Instantaneous axial offset variation for the 3d 1.53/1.12; 10.90/9.26; 12.37/9.75;
and 101st cycle*, % 3.46/1.81 15.99/9.48 15.02/9.98
Kq maximum value (anc) 1.297 (1.35) 1.298 (1.35) 1.302 (1.35)
Coefficient of fuel energy potential utilization 1.0025 10015 10013
decrease
Coefficient of natural uranium rate increase 0.9977 0.9961 0.9959
* — for power drop/for power increase.
S
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provides for the opportunity to control the power
density field. IAO deviation during the cycle is
insignificant. According to the diagram in Figure 4,
IAO values area in the acceptable area.

Nevertheless, the mode requires boron control for
operation. It increases the amount of radioactive waste,
personal radiation exposure and expenses for purchase
of boric solution, distillate water, filters etc. Upon this,
boron control is not automatized and requires additional
time for core interaction starting (transport time). One
of the fundamental principles of the Ukrainian nuclear
operator’s activity is the ALARA principle. In that case,
the mode is acceptable for an insignificant number of
LFM cycles (pilot operation), but undesirable for LFM
industrial operation.

Modes 2 and 3 do not require boron control for power
change during LFM. Nevertheless, they are characterized
by high AO deviations. According to the diagram in
Figure 5, IAO values are under the boundaries. It is
acceptable only for power reducing, if the IAO returns to
the boundaries in twelve hours [18]. Hence, the diagram
demonstrates the compliance with the AO requirement.

The insertion of the group (groups) moves the
power density field in the lower part of the core. Hence,

Figure 4 - Offset-power diagram for mode 1 during 24
hours of the 3d cycle

the reactor operator shall suppress xenon oscillations
every cycle. It increases the probability of local power
peaking and/or uncontrolled xenon oscillations. The
mode is undesirable for LFM industrial operation. BC
was implemented for compensation of slow reactivity
variations due to xenon poisoning, compensation of
group withdrawal and fuel burnup.

Conclusions

The research of the optimum mode for reactor power
change in LFM for a common type of Ukrainian reactors
is urgent and relevant.

The paper contains the calculation of different load-
following modes in the context of the boric acid volume
used to decrease power level, axial offset stability, Kq
maximum values and fuel utilization performance.

There are no significant differences between the
modes in the context of fuel utilization performance, and
they are characterized by acceptable Kq values.

Mode 1 currently operated for LFM is characterized
by high axial offset stability, but it requires boron
control for operation. Hence, mode 1 is not desirable for
LFM industrial operation in the context of radioactive
waste management. Upon this, boron control is not
automatized for power changes and power density field
control, requires additional time for core interaction
starting (transport time).

Modes 2 and 3 do not require boron control for LFM
power changes. Nevertheless, they are characterized
by high axial offset deviations. Hence, the reactor
operator shall suppress xenon oscillations every cycle.
It increases the probability for local power peaking and/
or uncontrolled xenon oscillations. The mode is not
desirable for LFM industrial operation.

Following the above, the currently operated
modes are acceptable for pilot operation of LFM, but
not desirable for industrial operation, especially at
several units. It is reasonable to develop some specific
approaches for industrial operation that do not

b)

Figure 5 - Offset-power diagram for modes 2 (a) and 3 (b) during 24 hours of the 3d cycle
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require boron control for LFM power changes and are
characterized by high axial and radial offset stability.
Following the above, it is reasonable to develop and
implement a special mode for CR group operation
during LFM.
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Research of WWER-1000 Power Change Modes for Operation in the Load-Following Mode

YKpaiHCbKa eHeprocncTeMa CTMKaeTbCA 3 aediuntom
eneKTpOoeHeprii Ana pexxunmy JOH60BOro perynoBaHHA
notyxHocTi (JPI). OTxe, AouUinbHO po3rnagaTvi MOX-
NIMBICTb BUKOPUCTAHHA pobotn AEC B pexumi Pr1.
Ha uewn yac Ha eHepro6noui N2 2 XmenbHuubkoi AEC
3aBepLUeHO Apyruin eTan 4oCnigHol ekcnyaTauii pe-
Xumy OPr1.

Buxopgaum 3 BuUlLeHaBeOEeHOro, AOCHigKeHHA
KNMIOYoBUX acnekTiB BnpoBagxeHHA Pl Ha ykpa-
THcbKux AEC € HaranbHUM Ta akTyanbHUM. OgHMUM 3
KJTIOUOBMX ACMEKTIB € BU3HAYEHHA HaWbinbl onTu-
ManbHOIrO PeXnMy 3MiHU NOTY>KHOCTI peakTopa nig
yac PN pgna Hanbinbll pPO3NOBCIOOMKEHOIO TUMY
yKpaiHCbKnx peakTopis (BBEP-1000 Tun B-320).

Ha BBEP-1000 none eHeproBugineHHa Ta Tenso-
Ba MOTYKHICTb PErYMOIOTbCA CTPVIXKHAMU Ta BOpPHUM
perynoBaHHAM. Y CTaTTi ONMCAaHO JOCNIAXKEHHA CTaH-
JAPTHUX PEXMMIB 3MiHWU MOTYXKHOCTI Ta KOHTPOSIO
NosiA eHepProBuAINEHHs BiANoOBiAHO A0 BUMOT 6e3neKkun
B KOHTEKCTi 06'eMy BOPHOT KNCSIOTU, AKUIA BUKOPUCTO-
BYETbCA [/ 3HVKEHHS PIBHA MOTYXKHOCTI, CTabinb-
HOCTi aKcianbHOro odceTy, MakCMasibHOTO 3HaYeHHs
KoediljieHTa HepPiBHOMIPHOCTI PO3MoAiny eHeproBuai-
neHHA no TB3 (Kq) Ta edpeKTMBHOCTI NannBoBUKOPU-
CTaHHA (NapameTpwn).

Po3paxyHKoBi pe3ynbraTn napameTpis oTpuma-
Hi y AN «<HAEK «EHeproatom» nig 4yac npoBefeHHA
HENTPOHHO-DI3NYHMX PO3PaXyHKIB aKTMBHUX 30H
BBEP-1000 3 BukopuctaHHam nporpamu «bIMP-7A»,
B AKi BAKOPUCTOBYETbCA MaTeMaTNYHa MOAENb pe-
aktopiB BBEP. Po3paxyHOK npoBoanBCcA Ana Tpbox
pexXnmis:

Pexnm 1 — opraHu peryntoBaHHA CUCTEM YNpaB-
niHHA | 3axucTty (OP CY3) rpynn 10 Ta 6opHe pe-
ry/IOBaHHA: came uell pexum 6yno obpaHo ans
jocnigHol ekcnnyaTauii. BukopucrtaHHa ogHiei pe-

S

) [DEPXABHE MIANPUEMCTBO
[EPKABHUM HAYKOBO-TEXHIYHUI
s BE3MEKN

N R LEHTP 3 SAEPHOI TA PALIALIAHOI

rynolouoi rpynn T1a OOpPHOT KUCAOTW/AUCTUNATY
[03BONAIOTb KOHTPOMIOBATU MOTYXHICTb Ta Hepis-
HOMIpPHICTb NONA €eHEeProBUAINEHHA.

Pexum 2 — Tinbku OP CY3 rpynun 10: TinbKn ofHa
peryniowya rpyna BUKOPUCTOBYETbCA ANA 3MiHU
NOTY>XHOCTi Ta KOHTPOJIO HepPiBHOMIPHOCTI nons
eHeproBunaineHHs.

Pexum 3 - Tinbkn OP CY3 rpyn 10, 9 i 8: BCi pery-
NIIOI0MI TPYNY BUKOPUCTOBYIOTLCA A1 3MiHU NOTYX-
HOCTi Ta KOHTPOJIIO HEPIBHOMIPHOCTI NONA eHepro-
BUAINEHHSA.

KomneHcauis NOBiNbHUX KONMMBAHb pPeaKkTUB-
HOCTi BHaC/NifJOK OTPYEHHA KCEHOHOM Ta BUrOPAHHA
nanvBa Ao/nicna 3MiHW MOTY»KHOCTI NpoBoAunaca
GOPHOI KMUCOTO ANA BCiX PEXUMIB.

Pe3ynbrat gocnigxeHHA BM3HayaloTb nepesa-
MM Ta HeJONIKW PO3MMAHYTUX PEXNMIB Y KOHTEKCTI
napameTpiB, a TAKOX LUMAXN BOOCKOHANEHHA CMCTe-
MW perystoBaHHA MOTY>KHICTIO Ta NONEM eHeprosu-
hineHHs akTneHOI 30Hi BBEP-1000.

KniouoBi cnoBa: akcianbHuin odcet, bopHe pery-
noBaHHs, BBEP-1000, edeKTUBHICTb MannMBOBUKO-
PVCTaHHA, peXxum oOOBOro perynioBaHHA MNOTYX-
HocTi, Kq.
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