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Abstract

In a repository containing low-level waste, gas generation will occur principally by the coupled
processes of metal corrosion and microbial degradation of cellulosic waste. This paper describes a
mathematical model designed to address gas generation by these mechanisms and assesses the po-
tential effects of gas generation on the performance of a radioactive waste repository. The metal cor
rosion model incorporates a three-stage process encompassing aerobic and anaerobic corrosion reg-
imes ; the microbial degradation model simulates the activities of eight different microbial popula-
tions, which are maintained as functions both of pH and of the concentrations of particular cherni-
cal species. A prediction is made for gas concentrations and generation rates over an assessment
period of ten thousand years in a radioactive waste repository. The results suggest that He will be
the principal gas generated within the radioactive waste cavern.
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1. Introduction

In assessing the safety of a repository for low-level
waste(LLW) in a geological struchire, important is-
sues to be considered are the generation of gas wit-
hin the repository and the potential impact of such
gas generation on the transport of radioactivity to the
biosphere. This paper describes how the volumes
and generation rates of gases within the repository

may be reliably predicted over tens of thousands years -

that are of interest in the assessment of post-clos-
ure radiological safety.

In order to assess the implications of gas gener-
ation for the safety of a deep repository for LLW, it
is important to gain an understanding of the princi-
pal mechanisms of gas generation. This understand-
ing can then be used to assist in the prediction of
the likely cumulative volumes of gas generated within
the repository, and of the variation of the rate of gas
generation with time. Given an understanding of the
physical and chemical properties of the repository
and host rock, the predicted gas generation rates can
be used to determine whether there is likely to be a
pressure build-up within the repository environment,
or whether gas will migrate out of the repository eas-
ily.

The dominant source of gas generation within a
repository is likely to be anaerobic corrosion of met-
als, resulting in evolution of Hz. The principal source
of microbiological gas generation in LLW is expected
to be the degradation of cellulosic wastes such as
wood, cardboard, paper and tissues. The principal
gases generated by this process are CO; and CH,
although small amounts of Hz, N2 and H.S will also
be generated. The assessment of gas generation in
this study is carried out for LLW repository using the
GAMMON program(1, 2] developed by AEA Tech-
nology of the UK.

2. Model Description
2.1. Metal Corrosion Model

The dominant source of gas generation within a
repository is likely to be anaerobic corrosion of met-
als, resulting in the evolution of hydrogen. The prin-
cipal metal within a radioactive waste repository will
be steel, either as waste or as associated packaging.
As iron is the major component of steel, it is the cor-
rosion of iron that is assumed to be the major con-
tributor to gas generation by this mechanism, and
this is incorporated in the model. Because the re-
pository environment will initially be aerobic, cor-
rosion is considered to proceed by means of
three-stage process encompassing both the aerobic
and anaerobic regimes. The various possible reactions
in the three stages are given in Fig. 1.

The first stage inwolves the corrosion of iron metal.
When oxygen is used up, the oxide film on the iron
metal is reduced to FesOs(magnetite) under anaer-
obic environment. In the second stage, magnetite is
assumed to be formed clear of the metal surface,
thus exposing bare iron metal and allowing the third
stage, that of anaerobic corrosion, to occur.

Two independent models are employed, both bas-
ed on this chemical process, but exploiting the differ-
ences in geometry between plates and spheres. This
allows differentiation of metal packaging(modelled as

(a) oxidation('rusting’) of iron:
4Fe+30, — 2Fe,0;

(b) after Oz is depleted, oxide-film reduction:
4Fe0;+Fe — 3Fej0O,

(c) anaerobic corrosion of iron:

3Fe +4H2() - FCQOA +4H2

Fig. 1. Chemical Reactions in the Metal Corrosion Pro-
cess
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thin plates) and bulk waste(modelled, in general, as
spheres}. For any initial quantity of metal, plates and
spheres represent the two extremes with regard to
rate of loss of metal, and thus the two models cover
the likely limits of gas generation. There are also in-
dependent models for mild and stainless steel as the
corrosion rates of these two types of steel are differ-
ent.

2.2. Microbial degradation model

The principal source of microbiological gas gener-
ation in LLW is expected to be the degradation of
cellulosic wastes such as wood, cardboard, paper,
and tissues. Although in reality this degradation is lik-
ely to be mediated by several different microbial pop-
ulations{2], it is most convenient to describe the deg-
radation by a series of representative chemical reac-
tions mediated by eight different microbes[1]. This
series of reactions is given in Fig. 2.

Initially, the model simulates the physical degra-
dation of bulk cellulose to soluble cellulose or pol-
ysaccharide, followed by the hydrolysis of this soluble

(a) Physical degradation of bulk cellulose
Bulk cellulose — Soluble celiulose/polysaccharide
{b) Hydrolysis of soluble cellulose/polysaccharide
[ CeHOs] » + nHLO — nCeH ;05
(c) Further microbially-mediated degradation
(i) aerobic degradation of organic matenal (Microbe type 1)
CsH 06 +60;, — 6CO,+6H0
(ii) nitrate reduction (Microbe type 2)
Ce¢H ;06 +4.8HNO; — 6CO;+2.4N;, +8.4H,0
(iii) anaerobic acidogenesis (Microbe type 3)
CeH ;0 +H,0 — 2C0,+2H,+C,H,0H +CH;COOH

{iv} anaerobic acetogenesis (Microbe type 4)
C,H,OH +H,0 — CH;COOH +2H,

(v) acetoclastic methanogenesis (Microbe type 91
CH;COOH — CO,+CH,

(vi) hydrogen-utilizing methanogenesis (Microbe type 6)
CO;+4H,; — CH,+2H0

(vii) acetoclastic sulphate reduction (Microbe type 7)
CH,COOH +H,; S0, — H,;S+2C0,+2HLO

(viii} hydrogen-utilizing sulphate reduction (Microbe type 8)

| B YHSO, - HS MO

Fig. 2. Chemical Reactions in the Microbial Degra-
dation Model

form to a glucose-type monomer. This hydrolysis is
likely to occur both naturally and by microbial me-
diation[3], and the relative rates of these two proces-
ses are determined by the pH of the repository en-
vironment. The resulting glucose-type monomer then
acts as the initial substrate for further degradation
mediated by eight different microbial populations, as
shown in Fig. 2. The microbial populations are them-
selves maintained at levels that are dependent on the
pH of the repository environment, as well as on the
availability of metabolic nitrogen(NH.4*), water and
particular substrates or inhibitors,

This degradation scheme encompasses both aer-
obic and anaerobic regimes. While the repository en-
vironment is aerobic, the dominant microbially-med-
jated reaction is the aerobic decomposition of the
glucose-type monomer by microbe type 1. Once the
environment has become sufficiently anaerobic, the
other microbial populations begin to grow. These
populations consist of nitrate reducers(microbe type
2), acidogens(microbe type 3), acetogens (microbe
type 4), methanogens(microbe types 5 and 6) and
sulphate reducers(microbe types 7 and 8).

Acidogenesis of the glucose-type monomer is med-
jated by microbe type 3, resulting in the formation of
intermediate organic acids, with the liberation of car-
bon dioxide and hydrogen. Microbe type 4 mediates
the acetogenesis reaction in which the intermediate
acids(represented conveniently in the model by etha-
nol) are hydrolysed to acetate. if there are substantial
quantities of nitrate and sulphate ions aveilable, eit-
her in the groundwater or within the waste, the ni-
trate- and sulphate-reducing microbial populations
{microbe types 2, 7 and 8) will grow in preference to
the methanogens(microbe types 5 and 6), generating
nitrogen and hydrogen sulphide as product gases.
Once all of the nitrate and sulphate ions have been
consumed, microbe types 5 and 6 will begin to grow
more rapidly and a fully anaerobic methanogenic reg:

ime will become established.
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2.3. Model Reaction Rates

The chemical reactions in the metal corrosion mod-
el and the microbial degradation model are govemed
by suitable rate equations. For example, in the mi-
crobial degradation model the rate of change of con-
centration of a particular microbial population, 1, is
given by

%’;’— = Gm—Dm, (1)
where G is the grouth rate and D the death rate of
the population. The growth and death rates are both
conditioned by the chemical environment. The chem-
ical conditioning of the growth rate is effectively mod-
elled using the Monod equation[3]. For example, if
an aerobic microbial population is being considered
{e. g. microbe type 1), then the growth rate is modi-
fied so that

_ 104
#[ OZ ] + Ks
where p is a constant growth rate that applies under

G (2)

optimal conditions, { O; ] is the concentration of oxy-
gen and K, is a constant saturation coefficient. If there
is a significant concentration of oxygen in the sys-
tem, the fraction [ O, J/([ O; ]+ K.) is approximately
unity and the growth rate is not significantly altered.
On the other hand, if the concentration of oxygen is
low, that is the system is almost anaerobic, the frac-
tion tends to be zero and the growth rate is greatly
reduced.

The growth rate for an anaerobic microbial popu-
lation is conversely given by

(O]

G=wl1"157+ K

1 (3)
where K is an inhibition coefficient. In this case, if
there is a significant concentration of oxygen in the
system, the quantity (1—[ O, }/l O, 1+ K))) tends to
be zero and the growth rate is greatly reduced. On
the other hand, if the concentration of oxygen is low,
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the same quantity is approximately unity, and the
growth rate is not significantly altered.

The modelling of the chemical conditioning is
achieved by the use of such saturation and inhibition
terms for each of the microbes. Monod kinetics have
been applied extensively for dynamic modelling
systems such as this. The application of Monod kin-
etics to a dynamic system assumes that sequential
reactions of digestion can be represented by calculat-
ing population growth rates and mass balances over
each step independently. The equation is empirically
based and has been used extensively for dynamic
modelling work requiring a computer solution[4, 5,
6, 7]. The model therefore comprises a set of coup-
led first-order differential equations, one for each
component of the system. The values of the rate con:
stants governing some of the equations differ by sev-
eral orders of magnitude, and as a result the system
is numerically somewhat stiff. The equations are sol-
ved in the GAMMON program using an appropriate
routine[8]. The variations of each component of the
system are thus evaluated with respect to time.

Three chemical components of the system(oxygen,
water and hydrogen) are common to both the metal
corrosion and the microbial degradation models, and
this results in the coupling of the two models. For
example, in the aerobic phase the utilization of oxy-
gen by microbe type 1 is competitive with the aerobic
corrosion of iron to produce Fe;0s. Both models are
also dependent on the pH of the repository environ-
ment. The growth rates of the various microbial pop-
ulations are modified according to a pH dependence
function built into GAMMON, and different metal cor-
rosion rates are used for high and neutral pH reposi-
tory environments[9]. The formation of organic acids
in the microbial degradation process will result in a
reduction of pH, and this may in turn affect the local
metal corrosion rate. However, this effect is neglected
in the corrosion model.

The GAMMON program is based on a mathemat-
ical model in which gas generation is modelled by
the coupled processes of metal corrosion and mi-
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crobial degradation of cellulose. For both gas gener-
ation processes, the mathematical model is based on
a set of chemical reactions that are representative of
the likely reactions under this range of conditions,
and that cover the dominant gas-generating mechan-
isms. GAMMON can be used to estimate the quan-
tity, composition and generation rate of gas over the
fimescales of interest in operational and postclosure
safety assessments.

A series of validation experiments using small scale
columns and full size 200 liter drums have been
undertaken for the GAMMON program[1]. Twelve
drums were filled with mixed LLW simulant material
under a variety of moisture and pH environments.
They were then buried underground and the gas
composition and generation rates were monitored
continuously over a three-year period[10]. There is
generally good agreement between the experimental

and predicted gas concentrations. More comprehen-

Table 1. Waste Inventory for Each Cavern

sive model validation program is being proceeded by
the UK Nirex[11].

3. Repository Design Used for Evaluation of Gas
Generation Rates

The repository design considered here consists of
the following five caverns{12] :

(a) LLW(Type I) cavern ;

(b) LLW(Type 11) caverns(two caverns);
(c) LLW(Type Hl) cavern;

(d) LLW(Type IV} cavern.

A summary information for each cavern associated
with each waste type, and of the total volume occu-
pied by the waste form, is provided in Table 1. Also
dimensions of each cavern are given in Table 2. Only
the LLW(Type IV) cavern containing higher radioac-
tivity than other caverns is assumed to be backfilled

Number of drums

Waste type LLW LLW LLW LLW \gg'cl:lgg g

{Type I} {Type 1) (Type 1) (Type V) (m3)
Liquid conc. 10425 - 4996 - 3.08x103
in cement
Liquid conc. - - - 10,273 205x10°
in paraffin
lon exchange 4516 - - - 9.03%x1¢?
resin in
cement
Ion exchange - - - 16,445 329x10°
resin in HIC
Spent filters 4,307 - - 882 1.04x10°
in cement
General trash - 36,288 11,868 - 9.63x10°
Table 2. Dimensions for Each Cavern

LLWI LIW I LIw I LLwN

Dimension(m) 186x10.5x%x140 20.6x10.5x140 20.6x10.5x140 19.1x21.0x140

(w) X (h) x{I)
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in this preliminary design concept.
In order to provide an estimate of the likely cumu-

lative amounts and generation rates of bulk gases wit-

hin the imaginary repository, the GAMMON program
is applied in this assessment. Three independent
source terms are considered in these calculations :

{a) LLW(Type I) cavem;

(b) LLW(Type I/lll) cavemns - 2 Type Il caverns, 1
Type Il cavern;

{c) LLW(Type IV) cavern.

These three source terms were selected on the bas-

is of the backfilling strategies for the varioys caverns.
Given these various backfilling strategies, the key par-
ameter affecting gas generation is likely to be the pH
of the repository porewater. This parameter has a sig-
nificant effect both on the rate of anaerobic metal
corrosion and on the rate of microbial degradation of
cellulosic wastes. A series of calculations is performed

in this assessment as follows :

(a) Case ‘LLWI1A : LLW(Type 1) cavern-pH12(vari-
able);

(b) Case ‘LLWIB : LLW(Type 1) cavern-pH7{vari-
able);

(c) Case ‘LLW2/3A : LLW(Type I/} cavemns-pH7
(variable) ;

(d) Case ‘LLW2/3B’ : LLW(Type 1I/Ill) caverns-pH7
(buffered);

{e) Case ‘LLWAA’ : LLW(Type IV) cavem-pH12{vari-
able);

(f) Case ‘LLWA4B’ : LLW(Type IV) cavern-pH12(buf-
fered) ;

{g) Case ‘LLWAC :LLW(Type IV) cavern-pH{vari-
able);

(h) Case ‘LLWAD’ : LLW(Type IV) cavern-pH7(vari-
able).

For the purpose of this illustrative assessment, it is
assumed that the repository environment is com-
pletely anaerobic at the time of closure of the cav-
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ems. Although there may be some delay in achieving
anaerobic conditions because of the existence of sig-
nificant amounts of oxygen in the caverns at the time
of closure, the assumption made here leads to con-
servative estimates of gas generation rates within the
repository, particularly in the early post-closure per-
jod. Major input data used in these caculations are
given in Table 3.

In Table 3, initial concentration of mild steel(plate),
Comp, is derived from

Cmp = ndmd/vc (4)

where nq is number of mild steel drums in cavem, mqa
is mass of mild steel 200 liter drum, V. is cavern vol-
ume. Initial concentration of mild steel(sphere), C..,
is derived from

Cms = ndfm mw/\/c (5)

where fn is fraction of trash weight that is metal(ap-
proximately 20%) and m, is average mass of all was-
te in one drum(112kg). Similarly, initial concentration
of stainless steel(plate), Cs, is given by

CQ = nhmh/vc (6)

where n;, is number of stainless steel HICs in cavern
and m, is mass of stainless steel HICs. Also, initial
concentration of bulk cellulose, C., is derived from

Ce = ncfc mw/Vc (7)

where n. is number of cellulose-containing drums
(spent filter drums in LLW(Type 1) and LLW(Type
IV} cavemns, all drums in LLW(Type II/Ill} caverns),
and f. is fraction of waste that is cellulosic (assumed
to be 1% in spent filter drums and 29% in trash
drums).

In this study, initial concentrations of SO~ and
NOs~ in wastes are assumed to be zero due to data
limitation. However, for cation spent resin drums, this
assumption may not be adequate.
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Table 3. Major Input Data Used in the GAMMON Calculations

Parameter LLW(Type I) LLW(Type I/  LLW(Type IV)
cavern I} caverns cavern
vault volume(m?) 273x10¢ 9.09x 10* 562x10*
initial concentrations(kg/m?®) of
mild steel (plate) 176 54.4 496
mild steel (sphere) - 119 -
stainless steel (plate) - - 582
bulk cellulose 1.77x107! 17.2 1.76x1072
H;O (in waste) 395 3.27 275
NH;* (in waste) 7.08x10°* 6.88x107? 704x10°°
NOs ™ {in waste) - - -
S04~ (in waste) - - -
initial plate thickness(m) of
mild steel 120%x1073 120x1073 120x1073
stainless steel - - 1.00x107?
initial sphere radius of mild steel(m) - 1.00x1072 -
14C/2C ratio 253x107° 6.14x1071° .584x107°
3H release rate from mild steel - 244 x 107 -
(Bq/m3yr) (for 1110 wrs)
concentrations in groundwater(kg/m?®) :
SOL~ 998x1073 998x1073 998x1073
NOs™ - - -
vault resaturation rate(m3/m°hr) 411x107% 433%x107° 137x10°%
groundwater flow rate through vault 2.79%107¢ 294%107¢ 223x107°
(m3/m>hr)
resaturation HzO concentration(kg/m®) 9.00x 107 9.50% 107 3.00% 102

4. Results and Discussions

4.1. LLW(Type I) cavern

The results in Tables 4 to 6 and Figs. 3 and 4 sug-

gest that Hz will be principal gas generated within the

LLWI(Type 1) cavern, with 4.1 X 10?mol/m® of H: gen-

erated over the lifetime of the repository. In the case
that alkaline conditions prevail within the waste pac-

kages(Case LLW1A), metal surfaces will be predomin-

antly corroded by high-pH groundwater, and the
peak generation rate of Hz (3.7 X 10 'mol/m’yr) is
therefore likely to be about one order of magnitude
less than if the corroding groundwater is not con-
ditioned to a high pH by the cementitious grout(Cas-
e LLWIB). Although the maximum generation rate

is lower in Case LLWIA, H: is generated at this rate
for a longer period of time(possibly up to a few
thousand vyears after closure). By comparison, rela-
tively small quantities of CO= and CH, will be gen-
erated within this cavem;this is a consequence of
the small amount of cellulosic material assumed to
be present within the waste(see Table 3). In the case
that alkaline conditions prevail within the packages
(Case LLW1A), although the cumulative amount of
carbon gases generated is predicted to be some two
orders of magnitude less than that of H,, the peak
generation rate of these gases could be comparable
to (or possible greater than) the maximum gener-
ation rate of He.

The peak generation rates of the microbially gen-
erated gases predicted by GAMMON tend to be rela-
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Fig. 3. (a) Cumulative amounts generated, (b) gener-
ation rates of gases and (c) variation of pH as
functions of time within LLW Type 1) cavern : in-

itial pH 12 (variable)

Fig. 4. (a) Cumulative amounts generated, (b) gener-
ation rates of gases and (c) variation of pH as
functions of time within LLW(Type I) cavern : in-

itial pH 7 (variable)
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tively short-lived ; this is a result of modeliing the cav-
ern as a homogeneous rﬁixture, in which environ-
mental conditions are assumed to be uniform throug-
hout the cavern. In reality, the cavern environment
will be quite heterogeneous, and microbial growth
will probably occur at different rates within different
regions of the cavern. As a consequence, the peaks
in the generation rates of CO; and CHs will tend to
be both broader and lower.

In Figs. 3(c) and 4(c), the predicted variation of
pH as a function of time is illustrated graphically. In
the case that the groundwaters are conditioned by
the grout to a high pH(Fig. 3(c)), the pH is not
expected to be fall much below 10.0. In the case that
poor conditioning occurs(Fig. 4(c})), however, the pH
could be reduced to 4.0 as a result of the build-up of
organic acids resulting from microbial degradation of
cellulose ; this has the effect of delaying the onset of
methanogenesis, as illustrated by the results in Table
6.

4.2. LLW(Type II/II) Caverns

The results in Tables 4 to 6 and Figs. 5 and 6 sug-

gest that Hz is likely to be the principal gas generated
within the LLW(Type II/Il) caverns, although the
amounts of CO; and CHs generated are likely to be
considerably greater than in Type [ cavern. This is a
result of the high cellulosic content of the trash was-
teforms in the Type I/ cavems, compared with
that of the spent filters in the Type I cavern. The
predicted total cumulative amount of Hz generated in
the Type I/ caverns (approximately 10°mol/m®)
is greater that generated in the Type I cavern by a
factor of two or three, which is a result of the higher
concentration of waste drums within these cavems,

‘and the presence of waste metal within the trash was-

teform. By comparison, the predicted total cumulat-
ive amount of CH, generated in the Type I /Il cav-
ems (approximately 2 x 10?mol/m®) is two orders of
magnitude greater than that in the Type I cavern.

It is interesting to note the difference between the

predicted times of peak generation rate of CHs in
Cases LLW2/3A and LLW2/3B (see Table 6). In the
former case, in which the pH within the cavern is al-

Cumutative Amourt Generated (moi m-3)

Generation rate (mol m-3 yr-1)

=100 o

-120 4

-140 3 T Y T T
10! 10° 10! 10? 10? 10!

(c)

2

T

T T T
107" 100 10° 10? 10? 104

Time (yoars)
Fig. 5. (a) Cumulative amounts generated, (b) gener-
ation rates of gases and (c) variation of pH as
functions of time within LLW(Type II/II) cavern

: initial pH 7 (variable)
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Fig. 6. (a) Cumulative amounts generated and (b} gen-
eration rates of gases as functions of time within
LLW(Type 11 /1) cavern : initial pH 7 (buffered)

lowed to vary as a function of time, the peak gener-
ation rate of CH, is predicted to be delayed until
some 200 years after repository closure, whereas in
the latter case, in which the pH is fixed at 7, the
peak rate is predicted to occur after only 30 years.
This is explained by the significant reduction in pH
within the caverns as a result of the build-up of or-
ganic acids resulting from microbial degradation of
cellulosic materials (see Fig. 5{(c)).

4.3. LLW(Type IV) cavern

In the case of the LLW(Type IV) cavern, four
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GAMMON calculations are undertaken : two in which
a cementitious backfill is assumed(Cases LLW4A and
LLWA4B); one in which a bentonite/crushed rock bac-
Kkfill is assumed ;one in which no backfill is assumed
(Case LLWAD). The results in Tables 4 to 6 and
Figs. 7 to 10 indicate that, similarly to the LLW(Type
I) cavern, H: will be the principal gas generated wit-
hin the LLW(Type IV) cavem, although the total
cumulative amount generated (2X10?mol/m?) will
be less than that in the LLW(Type I} cavern. The
of CH: generated (59X
10 'mol/m?) is insignificant by comparison. The max

cumulative amount

imum rate of generation of Hz will be very depen-
dent on the backfilling strategy. The anaerobic steel
corrosion rate tends to decrease with increasing pH;
in these calculations, the anaerobic corrosion rate at
pH 7 was assumed to be one order of magnitude
greater than that at pH 12.

As a consequence, the maximum generation rate
of Hz in Cases LLW4A and LLW4B (approximately
7 % 10~2mol/m’yr) is about one order of magnitude
less than that in LLWA4D (5.9 10 'mol/mdr),
although that rate is likely to endure for a longer per
jod of time(possibly for a few thousand vears, as in
Case LLWIA for the LLW(Type I) cavern). Which-
ever backfill strateqy is adopted, H: is likely to con-
tinue to be generated at a lower rate (82X
10~*mol/m’yr) for several thousand years as a result
of the corrosion of the stainless steel HIC drums,
which is expected to occur at a lower rate than cor-
rosion of the mild steel drums.

As noted above, the rates of generation of CO:
and CH, are likely to be insignificant by comparison
with H: ; this is because of the relatively low cellulosic
content in the wasteforms. However, it is still poésible
that there could be a significant reduction in cavemn
pH resulting from the build-up of organic acids from
microbial degradation of cellulosic materials. In the
case of the cementitious backfill(Case LLWA4B, in-
itially pH 12), this will tend to enhance the onset of
methanogenesis, whereas in the case of no backfill
{Case LLWAD, initially pH 7), the effect is to delay
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Fig. 7. (a) Cumulative amounts generated, (b) gener-
ation rates of gases and (c) variation of pH as
functions of time within LLW(Type V) cavern:
initial pH 12 (variable)
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Fig. 8. (a) Cumulative amounts generated and (b) gen-
eration rates of gases as functions of time within
LLW(Type IV) cavern : initial pH 12 (buffered)

the onket of methanogenesis, as in the LLW(Type 1l
/M) cavern.

In interpreting such a theoretical prediction, it is
important to consider the uncertainties associated
with modelling gas generation on this time-scale. For
example, it is likely that free gas will escape from the
repository environment, or in the case of carbon di-
oxide, be chemisorbed onto the cementitious backfill
to form calcium carbonate. This means that signifi-
cant quantities of hydrogen and carbon dioxide gen-
erated early in the postclosure period will be re-
moved from the gas generation system and thus not
be available for subsequent use by methanogenic mi-
crobial populations. However, keeping such uncertain-
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Table 4. Total Cumulative Amounts Generated, Peak Generation Rates and Times of Peak for Hz

Total Cumulative Peak generation rate Time of Peak
Caverns Amount Generated (mol/m3yr) (years)
{mol/m3)
LLW LLW1A 41x10° 37x107! 18
(Type ) LLWIB 41x 102 2.1 0—-100
LLW LLW2/3A 12x10° 16 25
(Type [ /I) LLW2/3B 87x10? 16 25
LLW4A 200 82x1072 20
LLW LLW4B 200 67x107? 220—790
(Type IV) LLWAC 200 20x107! 0-500
LLW4D 200 59%107! 0-130

Table 5. Peak Generation Rates and Times of Peak for an indication of the maximum rate of gas generation

CO: that could be expected at any particular time.

Caverns Peak generation rate Time of Peak In interpreting these figures, it should be reme-

(mol/m°®yr) {years) mbered that the model assumes a homogeneous sys-

Lw LLW1A 18x107! 18 tem, whereas in reality the repository will be hetero-

(Typel) LLWIB 96x107% 25 geneous. Switches between metal corrosion and met-

LLW  LLW2/3A 89 25 hanogenesis will therefore occur at different times in

(Type II/1) LLW2/3B 48 32 different regions of the repository. As a consequence,

LLWAA 22x107* 20 the sharp peaks that are obserbed in this figure will,

LLW LLW4B 26x 10:2 140 in reality, be both broader and lower.

(Type V) LLWAC 1.1x10 28
LLW4D 1.1x1072 28

Table 6. Total Cumulative Amounts Generated, Peak Generation Rates and Times of Peak for CH,

Total Cumulative Peak generation rate Time of Peak
Caverns Amount Generated (mol/m?yr) (years)
(mol/m?®)
LLW LLWI1A 34 19 20
(Type 1) LLWIB 18 41x1072 89
LLW LLW2/3A 1.3x10% 35 200
(Type 0/ LLW2/3B 34x10° 51 32
LLW4A 59x107! 45x1072 25
LLW LLW4B 58x107! 32x1073 200
(Type V) LLW4C 59x107! 60x1072 32
LLW4D 59x10™" 99x1073 280
ties in mind, the model provides an indication of the 5. Conclusions

likely volumes of gas that will be generated within the
repository over the assessment period. The predic- This study is made for gas concentrations and gen
tion of the variation in gas generation rates provides eration rates over an assessment period of ten thou-
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sand vears in a radioactive waste repository using the
GAMMON computer program. The results suggest
that Hz will be the principal gas generated within the
radioactive waste cavern.

The maximum rate of generation of Hz will be very
dependent on the backfilling strategy. The maximum
generation rate of Hz in a cementitious backfill is
about one order of magnitude less than that in a ben-
tonite/crushed rock backfill or without backfill. The
rates of generation of COz and CH, are likely to be
insignificant by comparison with H: ; this is because
of the low cellulosic content in the wasteforms. The
pH of the repository porewater is found to be the
key parameter in the prediction of gas generation
with a significant effect both on the rate of anaerobic
metal corrosion and on the rate of microbial degra-

dation of cellulosic wastes.
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