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In pur su ance of suf fi cient, sta ble and clean en ergy to solve the ever-loom ing power cri sis in
Ghana, the Nu clear Power In sti tute of the Ghana Atomic En ergy Com mis sion has on the
agenda to ad vise the gov ern ment on the nu clear power to in clude in the coun try's en ergy mix.
Af ter con sid er ation of sev eral pro posed nu clear re ac tor tech nol o gies, the Nu clear Power In -
sti tute con sid ered a high pres sure re ac tor or vodo-vodyanoi energetichesky re ac tor as the nu -
clear power tech nol o gies for Ghana's first nu clear power plant. As part of tech nol ogy as sess -
ments, neutronic safety pa ram e ters of both re ac tors are in ves ti gated. The MCNP neutronic
code was em ployed as a com pu ta tional tool to an a lyze the re ac tiv ity tem per a ture co ef fi cients,
mod er a tor void co ef fi cient, crit i cal ity and neu tron be hav ior at var i ous op er at ing con di tions.
The high pres sure re ac tor which is still un der con struc tion and the o ret i cal safety anal y sis,
showed good in her ent safety fea tures which are com pa ra ble to the al ready ex ist ing Eu ro pean
pres sur ized re ac tor tech nol ogy.
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IN TRO DUC TION

In the midst of two cru cial global chal lenges, cli -
mate change and the grow ing de mand for en ergy,
many coun tries around the world are work ing to wards
meet ing the en ergy de mands with next to zero car bon
emis sions. Nu clear en ergy of fers a very sig nif i cant
path way out of the chal lenges. Nu clear en ergy tech -
nol o gies are ca pa ble of pro duc ing larger amounts of
en ergy which con trib utes im mensely to meet ing the
high en ergy de mands.

Ghana is one coun try look ing to add nu clear en -
ergy to its en ergy mix. The nu clear power pro gram un -
der the Nu clear Power In sti tute of the Ghana Atomic
En ergy Com mis sion has made sig nif i cant in roads in
that re gard, pro pos ing two-re ac tor tech nol o gies. The
high pres sure re ac tor (HPR) and the vodo-vodyanoi
energetichesky re ac tor (VVER) are the two-re ac tor
tech nol o gies pro posed for Ghana's first nu clear power
plant.

As part of a tech nol ogy as sess ment, the neutronic
safety pa ram e ters of both re ac tor tech nol o gies are in ves -
ti gated and com pared. Safety anal y sis is also cru cial in
aid ing coun tries to make de ci sions on the type of re ac tor

sys tems to build and also to in cor po rate the les sons
learned from nu clear ac ci dents into safety anal y sis for
added safety as sur ance [1]. Knowl edge of changes in re -
ac tiv ity caused by changes in void con tent and tem per a -
ture are nec es sary. Re ac tiv ity co ef fi cients are im por tant
for re ac tiv ity and power ex cur sion tran sient anal y sis.
The sign, rate of the change, re sponse time, and mag ni -
tude of re ac tiv ity co ef fi cients are of great im por tance [2].

DE SCRIP TION AND COM PAR I SON
OF RE AC TORS TECH NOL O GIES

Neutronic safety in re ac tor op er a tion is af fected by
the con fig u ra tion and dis tri bu tion of fuel as sem blies and
the fuel en rich ment in the re ac tor core. The con fig u ra tion 
of the re ac tor core de pends on the ge om e try, di men sions
and ma te rial com po si tion of the re ac tor core.

The HPR-1000 was de signed by the China
Zhongyuan  En gi neer ing  Cor po ra tion  un der the su per -
vi sion of the China Na tional Nu clear Cor po ra tion [3].
The  HPR1000  re ac tor  core  gen er ates 3050 MW of
ther mal power with an av er age lin ear power den sity of
173.8 Wcm–1[4]. The re ac tor core is loaded with 177
China fuel se ries (CF3) fuel as sem blies, en sur ing suf fi -
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cient ther mal mar gin while in creas ing out put power. The
CF3 fuel as sem bly (FA) is com posed of 264 fuel rods ar -
ranged within a 17 × 17 sup port ing struc ture. The fuel
rods con tain UO2 pel lets or Gd2O3-UO2 pel let [4].
Zircalloy is used as a clad ding ma te rial for the fuel pins.
The CF3 has ex cel lent per for mance and is ap pli ca ble for
a long re fu el ing cy cle. Three in de pend ent means ex ist for 
core re ac tiv ity and power dis tri bu tion con trol: burnable
ab sorber of gad o lin ium (Gd2O3) poi sons, rod clus ter
con trol as sem blies (RCCA), and sol u ble bo ron ab sorber.
The RCCA is com prised of 24 con trol rods fas tened to a
spi der con nec tor. The ab sorber ma te rial used in the con -
trol rod is Ag-In-Cd al loy or stain less steel. The
HPR1000 is de signed with a ther mal mar gin greater than
15 % to im prove safety and op er a tional per for mance [4].
The HPR is still un der con struc tion.

The VVER re ac tor was de vel oped by ROSATOM
sub sid iary OKB Gidropress, while the nu clear power
sta tions em ploy ing the VVER have been de vel oped by
the power plant de sign or ga ni za tions within
ROSATOM: Mos cow Atomenergoproekt, Saint-Pe ters -
burg Atomenergoproekt (a branch of VNIPIET), and
Nizhniy Novgorod Atomenergoproekt [5]. The
VVER-1000 re ac tor core is com prised of an ar ray of 163
hex ag o nal fuel as sem blies with an ac tive core height of
3.53 m. The fuel as sem blies are iden ti cal in geo met ri cal
de sign but are dif fer ent in fuel en rich ment, based on the
po si tion of each as sem bly within the re ac tor core. The
lat tice pitch is 23.6 cm. The fuel rods are ar ranged in a
hex ag o nal struc ture in side FA. The ad vanced nu clear
fuel for re ac tors of Rus sian de sign (TVSA) FA is con sid -
ered as a base ver sion of FA de sign and as an al ter na tive
ver sion to the TVS-2. Both ver sions of FA are in ter -
change able and are of ref er ence char ac ter. The core de -
sign is de vel oped for the gen er al ized ver sion of FA de -
sign (both base and the al ter na tive) pro vid ing its
operability in us ing sev eral FA types. Bun dles of fuel
rods, fuel rods, and gad o lin ium (Gd) fuel rods, con sist of
a skel e ton that houses 312 fuel rods (Gd fuel  rods).  The 
VVER-1000 re ac tor core gen er ates 3000 MW of ther mal 
power. The rod con trol clus ter as sem bly (RCCA) con -
sists of 18 ab sorb ing el e ments (AE), with Bo ron car bide
and Dys pro sium ti tan ate (B4C and Dy2O3 TiO2) used as
ab sorb ing ma te rial. Dys pro sium ti tan ate in the AE lower
part en ables to ex tend RCCA ser vice life un der main te -
nance of suf fi cient worth of emer gency pro tec tion.

THE ORY 

Void co ef fi cient of re ac tiv ity

In wa ter-mod er ated re ac tors, changes in mod er -
a tor den sity sig nif i cantly af fect the re ac tiv ity. Changes 
in mod er a tor den sity can be due to ther mal ex pan sion,
void for ma tion or loss of cool ant. A change in the mod -
er a tor void con tent leads to a change in mul ti pli ca tion
fac tor, k, and al ters the re ac tiv ity of the sys tem. The

void co ef fi cient of re ac tiv ity is there fore de fined as the 
rate of change in the re ac tiv ity of a wa ter-mod er ated
re ac tor re sult ing from any mod i fi ca tion of the mod er a -
tor/cool ant as the power level and tem per a ture
changes. The prin ci pal ef fect is the loss of mod er a tion
that ac com pa nies a de crease in mod er a tor den sity and
causes a cor re spond ing in crease in res o nance [6]. For
pres sur ized wa ter re ac tors, about 80 % of neu tron
mod er a tion oc curs in the light wa ter mod er a tor.

For a given value of k4, the re ac tiv ity, r, in the
core is de ter mined by the ex pres sion

r =
-k k

k
0

0

4 (1)

Dr r r= -0 1 (2)

where k4 is the mul ti pli ca tion fac tor at the pres ent re ac -
tor op er at ing con di tion and k0 is the mul ti pli ca tion fac -
tor at the nor mal re ac tor op er a tion con di tion. From the
def i ni tion of the void co ef fi cient of re ac tiv ity given in
eq. (1), the void co ef fi cient of re ac tiv ity, gx, is math e -
mat i cally given as

gx
r

x
=

D

D
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The x rep re sents the re ac tor pa ram e ter af fect ing
the re ac tiv ity and Dr rep re sent ing the cor re spond ing
change in re ac tiv ity. If the x rep re sents void, then the
change in the void is Dx and the void co ef fi cient of re -
ac tiv ity is de fined by gx.

TEM PER A TURE CO EF FI CIENT
OF RE AC TIV ITY

The in flu ence of tem per a ture on the neu tron
trans port is caused by the ther mal move ment of nu clei
in flu enc ing the scat ter ing of ther mal neu trons and the
Dopp ler broad en ing of res o nances which is due to vari -
a tion in neu tron cross-sec tion with tem per a ture and by
the ther mal ex pan sion of dif fer ent ma te ri als within the
core. Two main tem per a ture co ef fi cients are de fined in
re spect to which tem per a ture change is con sid ered: fuel
tem per a ture re ac tiv ity co ef fi cient, mod er a tor tem per a -
ture re ac tiv ity co ef fi cient. Re ac tiv ity changes as so ci -
ated with a de gree change in the mod er a tor tem per a ture
is re ferred to as the mod er a tor tem per a ture co ef fi cient
of re ac tiv ity [7]. The value of the tem per a ture co ef fi -
cient is de ter mined by sim ply di vid ing the change in re -
ac tiv ity dr due to change in tem per a ture by the cor re -
spond ing change in tem per a ture dT [8]

a
dr

d
=

T
(4)

The tem per a ture co ef fi cient of re ac tiv ity, a, has
dif fer ent ef fects on re ac tiv ity in the core:
– a nu clear tem per a ture co ef fi cient aris ing from a

change in cross-sec tion with chang ing neu tron
tem per a ture,

– a den sity tem per a ture co ef fi cient aris ing from a
change in tem per a ture, and
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– vol ume tem per a ture co ef fi cient aris ing from a
change in geo met ric buck ling when the tem per a -
ture changes.

The to tal tem per a ture co ef fi cient of re ac tiv ity is
given by the sum of the mod er a tor tem per a ture co ef fi -
cient and fuel tem per a ture co ef fi cient

a
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= af + am (6)

The re ac tiv ity change is given by eq. (1) and (2). 

MOD EL LING AND RE AC TIV ITY
CO EF FI CIENT CAL CU LA TIONS

To cal cu late the re ac tiv ity co ef fi cients of the
core of the re ac tors, a de tailed 3-D com pu ta tional
model of the HPR and VVER cores were orig i nally de -
vel oped us ing the Monte Carlo neutronics be hav ior
sim u lat ing code MCNP5. The code uti lized the
ENDF-VI as a cross-sec tion li brary for the ma te ri als in 
these com pu ta tions. The fuel as sem blies (figs. 1 and 2) 
were mod elled to in clude all fuel pins in their re spec -
tive lat tice and the mod er a tor/cool ant for each re ac tor
core. Ma te ri als and their var i ous com po si tions were
spec i fied in the code. The sig nif i cant dif fer ence in the
HPR and the VVER MCNP model is the ge om e try, lat -
tice, num ber of pins and mod er a tor fuel ra tio.

In cal cu lat ing the ef fects of void on the re ac tiv ity
in the re ac tor core, the de vel oped MCNP in put model
was mod i fied to have dif fer ent mod er a tor den si ties to
de pict in creas ing void con tent whiles other con di tions
in the core were kept con stant. The core tem per a ture
was also var ied whiles other con di tions were kept con -
stant in other to de ter mine the ef fect of the chang ing
tem per a ture on the re ac tiv ity in the core of the re ac tors.

These cal cu la tions were car ried out with a to tal
num ber of 550 cy cles of it er a tion on a source size of
500.000 par ti cles per cy cle. The first 50 cy cles were
skipped to de crease sta tis ti cal er rors in the es ti mates. The 
keff was ob tained for each run from the re spec tive out put
to cal cu late the cor re spond ing change in re ac tiv ity.

The MCNP neu tron en ergy spec trum was per -
formed for 20484 en ergy grids com bined for all three
cat e go ries of the en ergy dis tri bu tion: ther mal, slow ing
down,  and  fast.  The  fol low ing  en ergy  bins were used
in the MCNP tally for the var i ous en ergy groups:
1.89×10–08 MeV en ergy bin for 0 to 6.25×10–07 MeV ther -
mal  en ergy  range,  1.89×10–03  MeV  en ergy  bin for
0.821 to 6.94 MeV slow ing-down en ergy range, and
1.89×10–03 MeV en ergy bin for 6.96 to 20 MeV fast en -
ergy range.

RE SULTS AND DIS CUS SIONS 

In creas ing void in the re ac tor core causes the
mod er a tor to ex pand, in creas ing the space within the
wa ter mol e cules and ef fec tively re duc ing the prob a -
bil ity of in ter ac tion be tween the fis sion neu trons and
the at oms of the mod er a tor. When this hap pens,
thermalization of fast fis sion neu trons re duces and the
rate of the fis sion re ac tion also re duces thereby re duc -
ing the re ac tiv ity in the core. The neg a tive void co ef fi -
cient of re ac tiv ity is shown by both re ac tors in fig. 3
[9]. This is a safety de sign fea ture of all pres sur ized
wa ter re ac tors. Hower, the neu tron spec tra of dif fer ent
per cent age of loss of cool ant for the HPR and EPR
assamblies are shown in figs. 4 and 5.
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Fig ure 1. The MCNP plot of
HPR fuel as sem bly

Fig ure 2. The MCNP plot of VVER fuel as sem bly



The mod er a tor tem per a ture co ef fi cient of all the
re ac tor as sem blies un der study is de sir able since the
re ac tiv ity de creases with in creas ing mod er a tor tem -
per a ture as shown in fig. 6. An in crease in the mod er a -
tor tem per a ture makes the core un der mod er ated due
to the in crease in en ergy of the lighter nuclides that can 
cause mod er a tion. Nu clei cross-sec tions are en -
ergy-spe cific hence a change in the en ergy of the nu -

clei changes the prob a bil ity of in ter ac tion. In this case,
the in creas ing tem per a ture does not nec es sar ily re duce 
the prob a bil ity of nu clei in ter ac tion since the de crease
in the res o nance peak height is com pen sated for by the
broad ened width. An un der mod er ated re ac tor gives a
neg a tive mod er a tor tem per a ture co ef fi cient whiles an
over mod er ated re ac tor will give a pos i tive mod er a tor
tem per a ture co ef fi cient.

CON CLU SION

 The crit i cal ity and the re ac tiv ity changes of the
HPR and VVER at var i ous op er a tion con di tions were
an a lyzed and com pared. The ef fects of in creas ing void 
frac tion and in creas ing core tem per a ture on the re ac -
tiv ity of the re ac tors and the as so ci ated co ef fi cients of
re ac tiv ity were also cal cu lated. Mod el ling and sim u la -
tion of the fuel as sem blies of the re ac tors were car ried
out us ing the MCNP5 neutronics code. The MCNP
code was used to de ter mine the keff of the cores at the
dif fer ent op er at ing con di tions. Both the HPR and
VVER showed good in her ent safety of –0.0126 and
–0.0134 for tem per a ture, re spec tively. The mod er a tor
void co ef fi cient was also neg a tive for both re ac tors at
all times which is a de sired de sign safety fea ture for
pres sur ized wa ter re ac tors. 
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Fig ure 3. Mod er a tor void co ef fi cient for the HPR and
VVER, com pa ra ble to Sogbadji [9]

Fig ure 4. Neu tron spec tra of dif fer ent per cent age of loss
of cool ant for the HPR as sem bly, com pa ra ble to Sogbadji 
[9]

Fig ure 5. Neu tron spec tra of dif fer ent per cent age of loss
of cool ant for the EPR as sem bly, com pa ra ble to Sogbadji
[9]

Fig ure 6. Mod er a tor tem per a ture co ef fi cient of the two
re ac tor as sem blies, com pa ra ble to Sogbadji [9]



the fig ures were pre pared by P. M. Atsu and were re -
vised by R. B. Sogbadji. All the au thors con trib uted to
the de vel op ment and the use of MCNP code, in clud ing 
anal y ses and dis cus sion of the re sults.
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ANALIZA  NEUTRONSKE  SIGURNOSTI  PREDLO@ENIH
REAKTORSKIH  TEHNOLOGIJA  ZA  NUKLEARNU  ELEKTRANU

U  GANI  PRIMENOM  MCNP  PROGRAMSKOG  PAKETA

U potrazi za dovoqnom, stabilnom i ~istom energijom, kojom bi se re{ila postoje}a
energetska kriza u Gani, Institut za nuklearnu energiju Komisije za atomsku energiju Gane ima
du`nost da savetuje Vladu u ukqu~ivawu nuklearne energije u postoje}e energente. Nakon
razmatrawa nekoliko predlo`enih tehnologija nuklearnih reaktora, Institut za nuklearnu
energiju ustanovio je da su reaktor sa vodom pod pritiskom, ili VVER reaktor, izbori nuklearnih
tehnologija snage za prvu nuklearnu elektranu u  Gani. Kao deo procena tehnologije, ispitani su
parametri neutronske sigurnosti oba tipa reaktora. MCNP programski paket primewen je kao alat 
za prora~un i analizu temperaturnog koeficijenta reaktivnosti, void koeficijenta moderatora,
kriti~nosti i pona{awa neutrona pri razli~itim re`imima rada. Reaktor sa vodom pod
pritiskom, koji je jo{ uvek u izgradwi, i teorijska analiza sigurnosti ukazuju na dobra inherentna
svojstva sigurnosti koja su uporediva sa ve} postoje}om evropskom tehnologijom reaktora pod
pritiskom.

Kqu~ne re~i: temperaturni koeficijent reaktivnost, void koeficijent moderatora,
..........................kriti~nost, pona{awe neutrona


