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Abstract 

Trend of continuous development of nuclear fuel 
and fuel cycle can be observed from the very be-
ginning of Dukovany NPP operation. The results 
of this development are documented on the one 
hand by extending the length of the cycle and on 
the other by signifi cant reduction in the number of 
fresh FA’s which are loaded into reactor cores. As 
a continuation of this trend introduces Dukovany 
NPP evolutional change of nuclear fuel from the 
fuel Gd-2M to the Gd-2M+. 

Keywords: Gd-2M+, fuel assembly, operation-
al experience. 

1. Introduction

Modifi ed fuel assemblies marked Gd-2M+ with 
burnable absorbers (Gd2O3) and modern 2nd gen-
eration fuel pins were for the fi rst time loaded in 
09/2014 at fi rst unit of Dukovany NPP. The Gd-
2M+ fuel is improved by using fuel pellets with 
larger diameter without central hole, larger grain 
size of UO2 and thinner fuel cladding. These 
changes led to increase amount of uranium in fuel 
assembly from 126 to 135 kg, while average en-
richment 4.38 % is preserved. The Gd-2M+ fuel 
assembly design is improved by using anti-debris 
fi lter in bottom head.

This modifi ed type of fuel should ensure safe 
and reliable operation with these benefi ts:

 ● extending fuel campaigns with preserving fi ve 
year fuel cycle,

 ● preserving low leakage loading patterns,
 ● creating conditions for long term operation,
 ● better effi ciency of fuel cycle,
 ● possible power uprate up to 108 % with fi ve 

year fuel cycle (enrichment 4,76 %).
To license new fuel ČEZ, a. s. submitted a set of 
documentation prepared by fuel vendor JSC TVEL 
and its subcontractors, Czech organizations UJV, 
EGP and SKODA JS. State offi ce for nuclear safe-
ty approved this type of fuel in 08/2014 with sev-
eral conditions, for instance: 

 ● verifi cation of fuel campaign every 20 FPD
 ● additional tests during physical start up: 

 ○ Symmetry of power distribution in the core 
during increase of power

 ○ Fuel temp. coeffi cient of reactivity mea-
surement at nominal power

 ○ Moderator temp. coeffi cient of reactivity 
measurement at nominal power

Then Gd-2M+ was loaded in 09/2014 (72 FA + 
6 CFA). First cycle ended after 330.5 FPD in 
08/2015. During this cycle measured data were 
continuously compared with computations.

2. Main Parameters of Gd-2M+

Fuel pellets innovations

The difference between Gd-2M and Gd-2M+ lies in 
the use of innovated fuel pellets (with the excep-
tion of TVEG - fuel pellets with gadolinium burn-
able absorber). Outside diameter was increased 
from 7.60 to 7.80 mm; moreover there is no central 
hole. The end faces of these fuel pellets are made 
with excavation (0.1 - 0.15 mm depth) and bevel 
profi le to reduce the effect of PCI.

Use of fuel pellets without central hole and en-
largement of their diameter leads to increase of 
weight of fuel, so that the resulting mass of fuel 
in the fuel assembly is 135.5 kg, which is about 
9.2 kg higher than in Gd-2M. In the control fuel 
assembly is a fuel mass 129.0 and is higher by 
8.7 kg.

The grain size of uranium dioxide is now mini-
mally 25 μm, while it used to be 8-20 μm, and 
compensate absence of central hole in. This leads 
to a reduction in FGR, pressure increment and 
reduction of gaseous fi ssion products within the 
fuel rod and a positive impact on the release of 
radioisotopes in connection with radiological con-
sequences. 

Fuel pellets of previous type without the cen-
tral hole are used only in fuel pins with integrated 
gadolinium absorber (six pins in FA, Figure 3).
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Param eters
TVEL TVEG

   FA CFA FA CFA
UO2 mass in FA / CFA: 135.5 / 129.0
    Cladding tube (E110):
Outside diameter [mm]     9.1 ± 0.04
Inside diameter [mm] 7.93+0.06

7.73
+0.06

Tube thickness [mm] 0.57 0.65
    Fuel pellets:

Outside diameter [mm] 7.80-0.03 7.60-0.03

Inside diameter [mm] - 1.2
+0.3

Grain size (μm)              ≥ 25 6 – 25

 

3. Anti-debris Filter

Construction of fuel assembly 
is improved by using anti-de-
bris fi lter (Figure 1). This fi lter 
is designed to capture loose 
mechanical particles larger 
than 2 mm, which can occur 
in the primary coolant. Anti-
debris fi lter is located in the 
bottom head of fuel assembly 
(Figure 2). Lead working fuel 
assemblies equipped with anti-
debris fi lters have been loaded 
in the core of Kola NPP since 
2010. The 12 FA worked 3 
cycles without leakage, which 
was confi rmed by sipping test. 
The inspections did not indi-
cate any damage to the ADF. 

4. Enrichment

Gd-2M+ has the same aver-
age enrichment as previous 
type Gd-2M 4.38 %. Figure 3 
shows layout of enrichment in 
fuel assembly. Assembly con-
tains pins with 4 various types 
of enrichment and 6 pins with 
burnable absorbers in second 
row. Maximal enrichment of 
pin is 4.6 %. Minimum enrich-
ment of pins (3.6 %) is in the 
corner to reduce power peak. 
Gd-2M+ allows preserving fi ve 
year fuel cycle, with reduction 
in number of fresh fuel assem-

Table 1. Gd-2M+  main parameters

Figure 1. Anti-debris fi lter

Figure 2. Bottom head of fuel assembly with anti-debris fi lter
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blies loaded into core and operat-
ing on 1444 MWt (105 % of origi-
nal power).

Control fuel assemblies have 
as well enrichment 4.38 % and 
contain pins with gadolinium.

Fuel vendor TVEL prepared 
documentation and analysis also 
for higher enrichment 4.76 % 
(Fig. 4). Fuel with this enrichment 
has not yet been licensed. This 
fuel will be licensed after receiv-
ing a license for further operation 
(LTO) and the decision to increase 
the reactor power. It allows power 
uprate up to 108 % with preserv-
ing fi ve year fuel cycle.

5. New Operational Limits

Together with introduction of Gd-
2M+ some operational limits con-
cerning fuel assemblies had to be 
changed. 

Increase of relative pin power 
(Kr) for all types of fuel assemblies 
was done on the basis of increase 
maximum allowed pin power from 
56 to 59 kW and usage of new en-
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Figure 3. Gd-2M+ fuel assembly - enrichment 4.38 %
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Figure 4. Gd-2M+ fuel assembly - enrichment 4.76 %
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Table 2. Fuel types in loading pattern U1C30

Figure 6. Loading pattern U1C30 (60° symetry)
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Fuel assembly /
control fuel assembly

fresh 2nd year 3rd year 4th year 5th year 6th year

Gd–2M+
4,38 % 72 / 6 - / - - / - - / - - / - - / -

Gd–2M
4,38 % - / - 66 / - 60 / - 54 / - 54 / - - / -

Gd-2+
4,25 % - / - - / 12 - / 6 - / 6 6 / - - / -

Profiled
3,82 % - / - - / - - / - - / 1 - / 6 - / -

- FA/CFA from Spent Fuel Pool
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gineering coeffi cients (uncertainty in determining 
the power distribution coeffi cients). Relative pin 
power is controlled in SCORPIO monitoring sys-
tem.

Maximal temperature at the fuel outlet is 
321°C. This temperature is by 3°C higher than for 
other types of fuel used at Dukovany NPP.

Maximal burn-up is 62 MWd/kgU per fuel as-
sembly.

Limits for maximal linear power of pins are de-
pendent on burn-up. Limitation curve is shown at 

Figure 6. Maximal linear power for:
 ●  fresh FA is 298.3 W/cm
 ● FA with BU 60 MWd/kgU is 197.4 W/cm.

6. Loading Pattern

For 30th cycle at unit 1 was prepared loading pat-
tern with 72 fresh fuel assemblies and 6 fresh con-
trol rod fuel assemblies (Gd-2M+). Computational 
length of fuel campaign was 301.2 FPD till EOB 
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Figure 7. Temperature rise at reactor during U1C30

Table 3. The time course of the main stages of core operation

Stage Date Time

First critical state 30. 9. 2014 5:48

End of physical start-up tests 30. 9. 2014 19:52

Achieving level 98 % Nnom 3. 10. 2014 9:00

Achieving level 100 % Nnom 4. 10. 2014 15:38

EOB 9. 8. 2015 20:50

EOR 13. 8. 2015 12:06

Unit shut-down for reload 28. 8. 2015 17:54
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Boric acid concentration during U1C30 (meassured values, MOBY-DICK computation)  

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320

FPD

0,0

1,0

2,0

3,0

4,0

5,0

6,0

7,0

8,0

9,0
c B

 [g
/k

g]

Cb_measured
Cb_MOBY
Cb-crit_meas.
Cb-crit_MOBY

First criticality
Cb measured= 8.75
Cb MOBY-DICK= 8.60

Figure 8. Boric acid concentration during U1C30
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Figure 9. Power peaking factor during U1C30
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(strech-out 309.9 FPD). This loading pattern as 
others used at Dukovany NPP is Low Leakage 
Loading pattern. As can be found in Figure 6, fresh 
fuel assemblies are loaded into third row. First row 
consists of fi ve-year fuel assemblies.

7. Operational Data Evaluation

Fuel and core performance was evaluated during 
U1C30 every 20 FPD and documented to State 
offi ce for nuclear safety. Evaluation includes com-
parison of computational and operational data. 
Computational data were obtained using MOBY-
DICK code. Operational data were obtained via 
SCORPIO monitoring and surveillance system. 
Unless otherwise stated all date were recorded 
during reactor power > 90 % of nominal power. 
Nominal power 100 % is equal to 1444 MWt.

Average differences of measured and compu-
tational values (in fuel assembly with minimal re-
serve to limit):

 ● relative assembly power in core centre - 2.18 %
 ● relative assembly power in core pheriphery - 

1.07 %
 ● power peaking factor - 0.33 %

Reactor was during 30th cycle operated most of 
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Figure 10. Linear pin power during U1C30

the time on nominal power 1444 MWt (Figure 7). 
Equivalent temperature rise at reactor is 30.2°C. 
Reactor power was several times decreased due 
to regulation in electricity grid. This decrease in 
power wasn’t higher than 10 % of nominal power. 
The length of campaign was 308.5 FPD till EOB, 
316.5 FPD till EOR. Reactor was 14 days oper-
ated on thermal and power effect. After 329.7 FPD 
was unit shut-down for outage.

Time behaviour of boric acid concentration is 
shown in fi gure 8. Boric acid concentration meas-
ured after reaching fi rst criticality (hot zero power 
during physical tests) was 8.75 g/kg, which was 
by 0.15 g/kg more than computational value. This 
difference against computational values was pre-
served during the whole campaign. EOB was by 
7.3 FPD longer than computational value. This can 
be caused by uncertainties in material compound. 
New material libraries for MOBY-DICK code are 
prepared and we hope in better agreement in next 
fuel campaigns.

Power distribution in reactor core is monitored 
via SCORPIO-VVER system (monitoring and sur-
veillance system). Power peaking factor for pin 
with lowest reserve to limit is shown in fi gure 9. 
Power peaking factor is in very good agreement 
with computations, with average difference of 
measured and computational values 0.33 %. Step 
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around 60 FPD is caused by power redistribution 
in core. Until 60 FPD was lowest reserve to limit in 
two-year assemblies (limit 1.61), while in the rest 
of campaign it was fresh assemblies (limit 1.68) 
due to gadolinium was burning-up.

8. Conclusion

Fuel assemblies Gd-2M+ were operated in 30th 
cycle of U1 in Dukovany NPP. We operated 72 
FA and 6 CFA of this new fuel type. The length 
of boric campaign was 300.5 FPD, overall length 
of cycle was 329.7 FPD. Measured data are in 
good agreement with computational values. We 
didn’t register any leakage or fuel failure during 
this campaign.

Second load with Gd-2M+ will contain 48 
fresh FA and 12 fresh CFA, so the core will con-
tain more than 1/3 of Gd-2M+. In next two years 
it will be introduced also at other three units of 
Dukovany NPP.

Together with new fuel type was introduced 
6th upgrade of SCORPIO-VVER in-core monitor-
ing system.

Gd-2M+ fuel is prepared also with higher en-
richment (4.76 %). This isn’t licensed yet, but 
analyses for licensing process are prepared. 
Higher enrichment allows power uprate up to 
108 % of original power (1485 MWt).
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