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A b s t r a c t  

Due to a lack of available methods and data, the Inventory Analy- 
sis in many Life Cycle Assessments (LCA) often exclude important 
information concerning emissions from landfills. In light of this, a 
method for estimating emission factors for metals from municipal 
solid waste has been developed and is presented herewith. Emission 
factors, expressing the emitted fraction of the landfilled amount of 
the element during a surveyable time period (corresponding to sev- 
eral decades or a century), is suggested for several metals. It is sug- 
gested that these can be used in initial (screening) LCAs where the 
aim is to identify key-issues, i.e. important aspects of the system un- 
der study. 
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1 I n t r o d u c t i o n  

The Inventory Analysis of a Life Cycle Assessment (LCA) 
should include emissions from landfills [1-3]. However, 
this is often not  the case [41, largely due to lack of methods 
and data [5]. There is thus a need for developing methods 
for estimating emissions from landfilling of solid waste that 
can be used in LCAs. There is also a need for generic emis- 
sion factors which can be used in initial (screening) LCAs 
for identifying key-issues, i.e. important  aspects of the sys- 
tem under study. 

In a previous paper  [6], a general approach for estimating 
potential emissions from landfilling of solid waste was dis- 
cussed. As a continuation of this work, the present paper 
deals specifically with metals  in municipal  solid waste 
(MSW) landfills. For an LCA practitioner, emission factors, 
Ei, defined as 

E. - Amount of emitted pollutant j during a certain time period (1) 
amount of landfilled pollutant j 

would be useful. The amount  emitted from a landfill per 
functional unit during a certain time period can then be cal- 
culated as the p roduc t  of  the emission factor and the 
amount  landfilled per functional unit. (The functional unit 
describes the function and the amount  of it that the system 
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under study is providing). The aim of this study has been 
to derive such emission factors and to discuss their applic- 
ability. 

2 M e t h o d  a n d  Resul ts  

2.1 General approach 

Since the general approach for estimating emissions from 
landfills has been discussed in detail in [6], only a few key 
aspects will be mentioned here: 

�9 The landfill is regarded as a part of the technical system. 
The emissions from it should thus be included in the in- 
ventory analysis. 

�9 In connection with LCAs, it is usually not the total emis- 
sions from the landfill that is of interest, but instead the 
specific emissions that can be allocated to the product 
under study. The allocation of the emissions from the 
landfill to the incoming products should be based on 
chemical, physical and biological (in short 'natural ')  cau- 
sation as far as possible. 

�9 In order to be comparable with other data in the inven- 
tory analysis, the emissions from a landfill need to be in- 
tegrated over a time period. Two time perspectives will 
be considered; the surveyable time perspective and the 
hypothetical ,  infinite time perspective. The surveyable 
time perspective is defined as the time it takes to reach a 
pseudo steady-state, after which the changes are slower 
than during the initial phases. In the pseudo steady-state, 
the chemistry is only slowly changing in response to ex- 
ternal changes and concentrations may be controlled by 
equilibrium reactions. The surveyable time perspective 
should correspond to approximate ly  one century but 
needs to be further defined for each specific type of 
waste. The hypothetical, infinite time perspective is de- 
fined by a complete degradation and spreading of all the 
landfilled material. The spreading may occur by leachate, 
gas, erosion or by transformation of the landfill into a 
part  of the environment. 

The surveyable time perspective for municipal solid waste 
landfills is suggested to be the period until the later part  of 
the methane phase when the gas production is diminishing 
[4, 6]. This is a time period which is in the order of magni- 
tude of several decades or perhaps a century [7], largely de- 
pending on the climate. 
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2.2 Metals in municipal solid waste 

2.2.1 Introduction 

Metals in municipal solid waste can be divided into metal- 
lic/materials and metal compounds. The latter may, for ex- 
ample, be present as additives in different materials. Before 
metals can be emitted via leachate they must be released 
from the solid waste matrix into the percolating water. In 
the case of metallic materials, the release process is corro- 
sion. Once released to the water, the metals may be precip- 
itated or sorbed to the solid phase. However, once released 
and dissolved in the leachate, the further fate is indepen- 
dent of the origin of the metal. The process can thus be di- 
vided into two steps; the release and the further fate. Either 
of these steps may be the rate determining step. If the first 
step is rate-determining, the emission rate will depend on 
the matrix in which the metal is landfilled, if the second 
step is rate-determining, the emission rate is independent of 
the origin of the metal. 

(The above is partly a simplification since metals need not 
be truly dissolved to be transported. They can also be trans- 
ported as mobile particles. This, however, does not change 
the reasoning except in one case: If metals are releasea as 
colloidal particles and then transported by the same parti- 
cles, without ever being truly dissolved in the leachate, then 
the transport rate may be the rate determining step and at 
the same time depend on the origin of the metal. This spe- 
cial case will, however, not be further discussed.) 

It has been earlier suggested that mass balance data (e.g. 
from 18-10]) can be used for estimating emission rates [4]. 
Similar approaches have also been devek)ped by others [11, 
121. However, such an approach is based on the assump- 
tion that the emission rate is independent of the origin of 
the metal, i.e. the release from the matrix is not a rate de- 
termining step. In the treatment below, the mass balance 
approach is examined, and then the assumption that the re- 
lease rate is not rate determinant. 

2.2.2 The mass-balance approach 

The emission factor as a function of time, Ei(t), may be cal- 
culated by it 

o Gi(t) dt 
- (2) E i (t) W X. 

I 

where G i is the outflow of the element j from the landfill, 
W is the total amount of landfilled solid waste and X i is the 
concentration of the element in the solid waste. 

Based on field data from landfills with varying age, emis- 
sion factors (called "transfer coefficients") at a mean resi- 
dence time of about 10 years were calculated by BACCINI et 
al. [8, 9]. This time period is rather short as representing 
the surveyable time period, but nevertheless the landfill 
seemed to be in the later part of the methane phase since 
the gas production was declining [8]. The emission factors 
were calculated for emissions by both gas and leachate. As 
far as metal emission is concerned, emission by gas is neg- 
ligible in all cases except for Hg, and possibly Cd. These 
data are presented in Table 1 under column A. 

If it can be assumed that the concentration in the leachate 
is constant during the integration time, equation 2 may be 
simplified to 

Ci A(t) 
Ej(t) -  X - -  (3) 

I 

where C i is the concentration in the leachate and A is the 
amount of leachate produced per amount MSW during the 
time t. If it is assumed that also the leachate production is 
constant, it may be calculated as the product of the amount 
of leachate per year and the number of years. EHRIG [101 
assumed constant concentration in the leachate when cal- 
culating 'transfer rates'. The latter may be recalculated to 
emission factors for the surveyable time period by multi- 
plying with 30 years which is then assumed to be the time 
for significant gas production at these sites. The so calcu- 
lated emission factors are presented in Table 1 under the 
column B. 

A question which arises, however, is whether or not it is 
reasonable to assume constant concentrations during the 
surveyable time period. Since the conditions in the landfill 
are changing during the different degradation phases, it 
may be expected that the concentration in the leachate will 
also change. From a mass balance perspective the first aer- 
obic phases, the initial phase and the oxygen and nitrate re- 
ducing phase, are generally too short to be of any signifi- 
cance. The acid anaerobic phase may, however, prevail for 
years, possibly decades, and the methanogenic phase for 
decades, possibly centuries, and are thus of relevance. Al- 
though many studies of leachate composition have been 
performed, relatively few have attempted to characterise 
the leachates as being acetogenic or methanogenic. Two 
studies are cited in Table 2, however, both being based on 
a number of samples from several landfills [13, 141. It can 
be seen that for Fe, Mn and possibly Hg, the change is 
fairly large between the two phases. For Zn the change is 
approximately one order of magnitude. For the other met- 
als, the change is smaller and the concentration in the two 
phases are within the same order of magnitude. It can thus 
be concluded that the constant concentration assumption 
for the surveyable time period is reasonable for some met- 
als, but not all. 

EGGELS and VAN DER VEN [12] also used a mass balance ap- 
proach assuming constant concentrations during 30 years. 
Based on their data and equation 2, the emission factors 
presented under column C in Table 1 can be calculated. 

The Tellus Institute [11] used a mass balance approach as- 
suming constant concentrations during 55 years. The emis- 
sion factors reported are very low, however, compared to 
other studies cited here, due to the calculated amount of 
leachate, 0,03 mm/yr which is low compared to, for exam- 
ple, the deposition of rain water. The leachate generation is 
typically 20 % of the annual precipitation [10]. If a leachate 
generation of 200 mm/yr is assumed, new emission factors 
can be calculated which are presented in Table 1 under col- 
umn D. It can be noted, however, that in the study it was as- 
sumed that the landfill is active for 25 years followed by 30 
years of post closure where the landfill is closed and capped 
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Table 1: Emission factors [kg emitted/kg landfilled] for the surveyable time period 

Element 

Cd 

Cu 

A (gas) 

4.10-6 

2.10 .7 

A (leach.) 

6.10 .5 

2.10 .4 

B 

7.10 "a 

1.10 .4 

C 

8.10 .5 

D 

2.104 1.104-  
7.10 .4 

1.10 .5 _ 
4.10 s 

5.10 .3 

5.10 .4 

Fe 2.10 .7 1-10 .4 

Hg 4.10 "s 6.10 "s 6.10 .3 2.10 "s 

Pb 1.10 .7 7-10 .5 9-10 "s 5.10 .5 8.10 -6 - 1.10 "4 
2.10-6 

Zn 4.10 .7 2-10 "4 4-104 5-10-6 - 2.10 .3 
1.10 "4 

Cr 1-10 " 3  - -  3.104 3.10 .4 4.10 .5 7.10 .3 
2.10 .2 

Ni 5.10 .3 3.10 .4 1-10 .2 

As 2.10 .3 1.10 .3 

A: Data from Belevi and Baccini [91, corresponding to a mean residence time of 9.4 years. 
B: Calculated from data in Ehrig [10], corresponding to 30 years. 
C: Calculated from data in Eggels and van der Ven [12], corresponding to 30 years. 
D: Calculated from data in the Tellus packaging study [11] and assumptions, see text. 
E: Calculated from data in White et al. [15] corresponding to 30 years. 
F: Calculated from data in Lagerkvist [16] and assumptions, see text. 

to minimise inflow of water, but leachate may still be pro- 
duced. Thus, the leachate generation rate will be different in 

Para- 
the  f i rs t  25  years  r a t h e r  t h a n  the f o l l o w i n g  30  years.  H o w -  

meter 
ever, the leachate generation rate reported in the study is av- 
eraged over the 55 year lifetime. Thus, if this average gen- 
eration rate is compared to the leachate generation rate for 

Fe 
an operating landfill, the average generation rate will ap- 
pear low. Mn 

Based on  da ta  in WHITE et al. [151,  f o r  meta l  c o n c e n t r a -  Zn 

tions in leachate, amount  of leachate produced during 30 
years, and concentrations in MSW, a new set of emission Cd 
factors can be calculated which are presented under col- 
umn E in Table 1. Co 

In another context,  LAGERKVIST [16] calculated "half-lives" Cr 
of some elements based on Swedish data. By assuming a Cu 
surveyable time period of approximately 50 years, emis- Ni 
sion factors can be calculated which are presented under Pb 
column F in Table 1. 

Hg 
By inspection of the data in Table 1, it can be noted that the 
differences between the calculated emission factors are in 
some cases fairly large. This is not unexpected, however, 
since both concentrations in leachate and in the solid waste, 
as well as the amount  of leachate produced per ton of MSW, 
are highly uncertain data. By taking the median of the emis- 
sion factors in Table 1, the "best available data" can be es- 
timated and these are presented in Table 3 for both the sur- 
veyable and the hypothetical, infinite time period. The un- 
certainties and implications are further discussed below. 

(It was noted above that the constant concentration approx- 
imation does not fully hold for Fe, Zn and Hg. The data in 
Table 3 for these elements are, however, the same as the re- 
suits calculated from BELEVl and BACCINI [9], which are not 
based on the constant concentration approximation). 

Table 2: Leachate concentrations ling/l] during different phases 

EHRIG (1983) 

Aceto- Acid and Methano-  
genic met a genic 

920 20 

20 0.6 

ROBINSON and GRONOW 
(1993) 

Aceto- Methano- 
genic genic 

5.6 0.6 6.8 0.8 

As 0.13 0.010 0.009 

0.005 0.01 <0.01 

0.05 

0.28 

0.06 

0.17 

0.09 

0.12 0.07 

0.07 0.07 

0.23 0.14 

0.30 0.13 

0,003 <0.0001 

a No difference between phases could be observed between the acetogenic 
and methanogenic phases. 

2.2.3 Release rates 

It was noted above that the calculation of the emission fac- 
tors is based on the assumption that the release rate is not 
the rate-determining step. If release rates can be estimated, 
these can be compared with the emission factors. If the re- 
lease rate is equal to or lower than the emission factors, the 
release process may be the rate-determining step. Some 
cases will be discussed below. 

I. If the concentration of the element in the leachate is de- 
termined by equilibrium reactions, the release process is not 
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Table 3: "Best available data" for emission factors 
[kg emitted/kg landfilled[ 

Element The surveyable time period The hypothetical, infinite 
time period 

As 2.10 .3 1 

Cd 5.10 -4a 1 

Cu 7.10 .5 1 

Cr 7.10 .4 1 

Fe 1.10 .4 1 

Hg 1.10 "4b 1 

Ni 5-10 "3 1 

Pb 6-10 .5 1 

Zn 2.10 .4 1 

Approximately 10 % by gas, the rest by leachate. 
b Approximately equal amounts by gas and by leachate. 

the rate-determining step. This is the case even if it is not the 
release process that is the equilibrium reaction. In these 
cases, it is the equilibrium concentration and the leachate 
generation rate which determines the emission rate. 

II. Several heavy metals, e.g. Cd and Pb, are used as addi- 
tives in plastics. One of the factors influencing the release 
rate will then be the degradation of the plastic matrix. 
When the matrix degrades, the metals present will be in 
contact with the aqueous phase. If this contact also leads to 
dissolution into the leachate, the release rate will be at least 
as high as the degradation rate. A degradation of 1-5 % 
during the surveyable time period, which can be assumed 
for several plastics [6, 171, will then lead to a release rate 
of 0.01-0.05 [kg released/kg landfilled] which is higher 
than the estimated emission rates. It therefore seems rea- 
sonable to assume that for metals used as additives, the re- 
lease rate will normally not be the rate-determining step. 

III. For metallic materials, the release process is corrosion. 
The release rate thus equals the corrosion rate. Data for cor- 
rosion rates in landfills is, however, very scarce. It has been 
suggested that data for soil corrosion may be used as a 
rough approximation [17] where data for anaerobic soils 
may be especially relevant. Besides general corrosion, mi- 
crobiologically induced corrosion (MIC) is also of interest 
when nearly neutral water (pH 4-9), at 10 ~ to 50 ~ is in 
continuous contact, especially under stagnant conditions, 
with different metals such as carbon steel, stainless steel, 
and alloys of aluminium and copper [18]. In anaerobic soils, 
as well as in landfills, sulphate-reducing bacteria (SRB) will 
generally be present. SRB may, while reducing sulphates to 
sulphides, catalyse the oxidation (corrosion) of metals. Soils 
are therefore generally considered to be more corrosive with 
reducing (anaerobic) redox potentials, which favour the 
presence of SRB [18]. It is therefore suggested that, in gen- 
eral, corrosion rates in soils are lower than corrosion rates 
in landfills. Typical data for soils may thus be used as a low 
estimate of corrosion rates in landfills. 

The most extensive field tests of corrosion in soils are re- 
ported by ROMANOFF [19]. Some of the results are sum- 

marised in Table 4 [20[. Results obtained in other studies 
are similar [20, 21] and these corrosion rates can be com- 
pared to the emission factors. However, since corrosion is 
a surface reaction, a geometry of the corroding product 
must be assumed. The diameter of a sphere can be calcu- 
lated for which the corrosion rate (fi'om Table 4) is equal 
to the emission rate (from Table 3). For structures larger 
than the calculated sphere, corrosion is the rate-determin- 
ing step. For Fe, this diameter corresponds to approxi- 
mately 15 m. For Cu and Pb similar results can be calcu- 
lated. Since such large structures are not landfilled as 
MSW, it may be assumed that for these materials, the re- 
lease process is not the rate-determining step. 

Table 4: Corrosion of different materials for given exposure times in 
soil, t201 based on 1191 

Material Average Corrosion Number of 
(mg/dm 2 day) soils 

Open Hearth Iron (12 year exp) 4.5 44 

Wrought iron (12 year exp) 4.7 44 

Bessemer steel (12 year exp) 4.5 44 

Copper (8 year exp) 0.7 29 

Lead (12 year exp) 0.5 21 

Zinc (12 year exp) 3.0 12 

For low alloy steels, the corrosion rate is somewhat lower, 
but still in the same order of magnitude I 19 I. For high alloy 
steels (Cr more than 18 % and Ni more than 8 '%,) the 
weight losses were, however, significantly smaller, although 
pitting corrosion occurred in most cases [ 19}. This makes 
it difficult to estimate the corrosion rate in MSW landfills. 
The corrosion process may be the rate-determining step for 
high-alloy steels (also depending on the geometry of the 
landfilled product). If so, the emission factors calculated 
above may be over estimates for larger products made in 
high-alloy steels. Stainless steel is the dominant use of Cr 
and Ni in Sweden [221. It would therefore seem reasonable 
to propose that stainless steel is a significant source of Cr 
and Ni in landfills, although this is not in accordance with 
other studies [23]. For Cr and Ni in non-stainless steel 
products (such as plastics and paper), the calculated emis- 
sion factors (-+ Table 1 and 3) may thus be underestimated. 

3 Discussion and Conclus ions  

Based on the discussion above, it seems reasonable to as- 
sume that in general the release process will not be the rate- 
determining step, with the possible exception of Cr and Ni. 
For specific products, constructed in a special way, it may 
of course still be possible that the release process is slow 
enough to be the rate-determining step. In these cases, the 
emission factors will be over estimated and can thus still be 
used for conservative calculations. 

It was noted above that the emission factors are uncertain. 
This is largely due to the variations in the data used for the 

Int. J. LCA 1 (2) 1996 77 



Solid Waste Treatment LCA Case Studies and Projects 

calculation (i.e. concentrations in leachate and in the solid 
waste and the amount of  leachate). Since these data vary 
geographically and temporally, one way of reducing the un- 
certainty may be to define the area and time more precisely. 
By consideration of the range in Table 1, and the uncer- 
tainties in the data used for the calculations, it is suggested 
that the emission factors are uncertain by one or two or- 
ders of  magnitude. This is somewhat larger than the rule of  
thumb suggested by LINDFORS et al. [31, where it is sug- 
gested that if nothing else is known,  differences in emis- 
sions less than one order of  magnitude should not be re- 
garded as significant. 

When calculating the emission factors, the landfill is re- 
garded as a "black box": Nothing needs to be known about 
the processes inside the landfill. The emission factors should 
therefore only be used for small changes in the composition 
of the solid waste. For larger changes, the landfill processes, 
and therefore also the emission factors may change. 

w h e n  calculating the emission factors, only the landfill 
process has been considered. Collection and treatment of 
leachate is therefore not included here. Assumptions on 
collection efficiencies vary in different studies, e.g. 98 % 
1121, or 70 % 1151. 

It is important to note that the emission factors for the sur- 
veyable time period (---> Tables 1 and 3) are quite small 
compared to the emission factors for the hypothetical, infi- 
nite time period. This implies that the major part of  the 
emission will occur after the surveyable time period. It has 
been suggested that after the methane-phase, metal con- 
centrations in the leachate may rise again [16, 24]. This im- 
plies that the environmental impact after the surveyable 
time period may be more severe than those occurring in the 
near future. Both the surveyable time perspective and the 
hypothetical, infinite time perspective are thus of interest. 

Although the emission factors in Table 3 are uncertain, 
they may be useful for estimating emissions from landfills 
in initial ("screening") LCAs, where the aim is to identify 
key issues, i.e. important aspects of  the system under study. 

Acknowledgement 

Financial support from AFR (the Swedish Waste Research Council) is 
gratefully acknowledged. Thanks are due to Jaak BERENDSON (Royal In- 
stitute of Technology), Lars-Gunnar LINDFORS, Viveka PALM and Cecilia 
OMAN (all at IVL) for their useful discussions and to David COOX'ER 
(IVL) for reviewing the English. 

4 References  

[1] CONSOLI, F., ALLEN, D., BOUSTEAD, I., FAVA, J., FRANKLIN, W., 
JENSEN, A.A., DE OUDE, N., PARRISH, R., PERRIMAN, R., POSTLETH- 
WAITE, n., QUAY, B., SI~GUIN, J., VIGON, B. (Eds): Guidelines for Life 
Cycle Assessment: A Code of Practise; SETAC; Brussels, Belgium; 
1993 

[2] HEIJUNGS, R., GU1NI~.E, J.B., HuPPES, G., LANKREIJER, R.M., UDO DE 
HAES, H.A., WEGENER GLEESWIJK, A., ANSEMS, A.M.M., EGGELS, 
P.G., VAN DUIN, R., and DE GOEDE, H.P.: Environmental Life Cycle 
Assessment of Products. Guide and Backgrounds; CML, Leiden 
University, Leiden, The Netherlands; 1992 

[3] DNDFORS, L.-G., CHRIST1ANSEN, K., HOFFMAN, L., VIRTANEN, Y., 
JUNTILLA, V., HANSSEN, O.-J., RONN1NG, A., EKVALL, I". and 

FINNVEDEN, G.: Nordic Guidelines on Life Cycle Assessment. Nord 
1995:20. Nordic Council of Ministers, Copenhagen, Denmark. 
1995 

141 FINNVr.DEN, G.: Landfilling - a forgotten part of Life Cycle As- 
sessments. In: Product Life Cycle Assessment - Principles and 
Methodology; Nord 1992:9; 263-280. Nordic Council of Minis- 
ters; Copenhagen, Denmark. 1992 

151 VIGON, B.W., TOLLE, D.A., CORNABY, B.W., LATHAM, H.C., HAR- 
RISON, C.L., BOGUSKI, T.L., HUNT, R.G., and SELLERS, j.D.: Life Cy- 
cle inventory Guidelines and Principles. EPA/600/R-92/245. 
USEPA; Washington D.C., USA. 1993 

[61 FINNVFDFN, G., ALBERTSSON, A.-C., BERENDSON, J., ERIKSSON, E., 
HOGI.UND, L.O., KARLSSON, S., SUNDQVIST, J.-O.: Solid waste treat- 
ment within the framework of Life Cycle Assessment. Submitted 
to J. Cleaner Production (in press) 

[71 OMAN, C.: Transition phases in a municipal waste landfill; IVL 
Report No B1017; IVL, Stockholm, Sweden; 1991. (In Swedish, 
English version in preparation) 

[81 BA('CINI, P., HENSEI.ER, G., FIGI, R. and BEI.EVI, H.; Water and ele- 
ment balances of municipal solid waste landfills. Waste Manage- 
ment and Research; 5; 483-499. 1987 

J91 BEt.V:vI, H. and BACClNI, P.: Water and Element Fluxes from Sani- 
tary Landfills. In: CHRISTENSEN, T.H., Cossu, R. and STE(;MANN, R. 
(Eds.): Sanitary Landfilling: Process, Technology and Environmen- 
tal Impact, 391-397. Academic Press. 1989 

[10] EImt(;, H.-J.: Water and Element Bala,tces of Landfills. hi: BAC- 
C:~Nt, P. (Ed.): The Landfill, Reactor and Final Storage. Lecture 
Notes in Earth Sciences, 20, 83-115. Springer Verlag. 1989 

[ 1 II The Tetlus Packaging Study; The Tellus Institute, Boston, MA, 
USA; 1992 

[12] Er P.G. and VAN DER VEN, B.I..: Envirunmental effects of 
waste treatment of impregnated wood. Reference number 94-241; 
TNO Environmental and Energy Research; Apeldoorn, The 
Netherlands; 1994 

[ 131 El ml<;, H.-J.: Quality and Quantity of Sanitary Landfill Leachate. 
Waste Management & Research, 1, 53-68. 1983 

[14J ROmNSON, H.D. and GRONOW, J.R.: A review of landfill leachate 
composition in the UK. In Proceedings Sardinia 93, Fourth Inter- 
national Landfill Symposium, Cagliari, Italy, 11-15 October 1993. 
821- 832. 1993 

1151 WHITE, P.R., FRANKE, M. and HtNDt.E, P.: Integrated Solid Waste 
Management. A Life Cycle Inventory; Blackie A&P; Glasgow, 
U.K.; 1995 

[161 LAG~;RKVlST, A.: Anaerobic barriers- A potential strategy for rein- 
troducing waste to nature. Rapport 4051. Naturv~rdsverket, 
Solna, Sweden. 1992. (In Swedish) 

1171 SUNDQWST, J.-O., FJNNVEDEN, G., ALBERTSSON, A.-C., KARLSSON, 
S., BERENDSON, J., ERIKSSON, E., HOGLUND, L.O.: Life Cycle As- 
sessment and Solid Waste. AFR-Report 29; AFR, Stockholm, Swe- 
den; 1994 

[18] JONES, D.A.: Principles and prevention of corrosion. Macmillan. 
1992 

[19] ROMANOFF, M.: Underground corrosion. National Bureau of Stan- 
dards Circular 579. U.S Department of Commerce. 1957 

[20] UHLIG, H.H. and REVlE, R.W.: Corrosion and Corrosion Control, 
an introduction to corrosion science and engineering. 3rd ed. John 
Wiley & Sons. 1985 

[21] MILLEI',, J.D.A. and TXLLER, K.: Microbial Corrosion of Buried and 
Immersed Metal. In Miller, J.D.A. (Ed.): Microbial Aspects of 
Metallurgy, 61-104. MTP, Chiltern House, Aylesbury, England. 
1971 

[22] PALM, V., BERGBACK, B. and OSTLUND, P.: Chromium and Nickel in 
Sweden. Report 14/95. Swedish National Chemicals Inspectorate, 
Solna, Sweden. 1995 

[23] ROUSSEAUX, P.: Les m&aux lourds dans les ordures m6nag~res orig- 
ines, formes chimiques, teneurs. R and D programme on recycling 
and utilization of waste, EEC, General Directorate XII. 1988. As 
cited by White et al. [15] 

[24] LINDFORS, L.-G.: Leaching of metals from waste landfills. Rapport 
3701. Naturv~rdsverket, Solna, Sweden. 1989. (In Swedish) 

78 Int. J. LCA 1 (2) 1996 


