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IGAC to form a new IGAC Focus on Atmospheric Aerosoll (f+A), A booklet (edited by
F. nouur and B. Huebert) describing this new Focus was published in 1996.

Focus 5 of IGAC addresses the topic of trace gas fluxes in temperate ecosystems in the
-ii-f"tltra"r, puttl.uturty ittor" in the Northefr hemisphere which is densely populated

and where the systemi iie subjecr to human disturbance throlgh increapingly inten^sive
ugii"ultore, forest 

"onu"irion, 
ind acid deposition due to induitrial emissions. IGAC's

T"IiriaEx-I;uiiv i."f.r to do"utn"nt coniemporary. fluxes of COr, 9-l{0, \rO qd CO

U"i*""" the soil ina ttre atmosphere, to determine ihe factors controlling these fluxes,

""Ji"-l-pt"ve 
the uUiiity i" p.e'dict.future fluxes. One of the consequ.e"::: 9{9:T:'",1"d

*"i"iy-"iU-, popotutioti in tils region is the. widespreead disposal of refuse in landfills'

ift" a,J"o-potiii.in of which consiitutes a.significint.globalsource of methane to the

;;;rpd;f"unentiy 
"rti-uiJ 

to be_of the"same orddr as those from rice paddies, for

"^"*fif". 
1'ne metnoa's by which landfill emissions are estimated are m^ainly indirect and

roi 
"'.r*-only 

validaidd by direct mesurement. TRAGEX therefore organized a

;;rk;h;t in 6"toU"i o{tg,ie that brought together experts on landfill emissions and

related processes to establish the best mlthodl for mealurement and modeling.and so

imorove the information on emissions needed as inputs to global climate models. This

report summarizes the conclusions of that workshop'

Guy P. Brasseur
Chair,IGAC-SSC

Mav 30. 1997
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Table 1. Historic Global Estimates of Methane Emissions form Landfills.

Estimated Emissions Source Basis
(Tg yr'

33

t9-40

9 -  l 8

30-70

Doorn and Barlaz,
1 995

Orlich. 1990

Richards, 1989

Bingemer and
Crutzen, 1987

Used current estimates for Per
capita refuse generation and
7o disposed in landfills;
developed country-based
estimates for urban, rural
populations. Methane oxidation
not considered.

Used estimates for per capita
refuse generation; assumed net
generation (reduced to allow for
methane oxidation) of either
0.086 kg methane per kg refuse
(developed countries) or 0.030
kg methane per kg refuse
(developing countries).

Used estimates for refuse
generation proportional to GDP
(gross domestic product);
assumed 807o landfilled and
steady-state methane generation
of 0.036 kg CHo per kg refuse.

Used current (mid- 1 980's)
estimates for landfilled refuse;
assumed yield of 0.1 kg
methane per kg refuse with all
vented to atmospherc (20Vo
degradable organic carbon with
conversion rate of 80Vo); steadY-
state methane generation from
historic quantities of refuse
equal to current amounts.
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available to provide these data: enclosure, inert tracer, and micrometeorological
techniques. Each of these methods has inherent advantages and disadvantages and is not
uniformly applicable to the wide range of landfill configurations. The methods described
below are all applicable to methane; additionally, there has been limited experience with
chamber methods to measure emissions of nitrous oxide and nonmethane hydrocarbons
from landfill surfaces.

Enc losure ( Chamber) Methods

Enclosure methods are used to measure fluxes from individual small areas of the
landfill surface (typically <l *'). The data from a number of enclosures at a given site
can be statistically analyzed to determine the whole landfill flux (Czepiel et al., 1996a).
Mean estimates of this flux appear to be unbiased, regardless of the statistical distribution
of the individual measurements, provided that the number of samples is adequately large.
A number in excess of 100 appears to satisfy this requirement for landfill emissions. A
regular gridded sampling pattern is often preferred, although small grid adjustments due
to local topography may be necessary. These measurements should be performed during
a period with minimal change in barometric pressure or soil moisture, preferably over l-2
days.

Both static and dynamic methods are available for enclosure measurements. The
static method is preferable for simple and low cost emission measurements over all
seasons. A correlation coefficient (r) of0.90 or higher is required for the linear regression
dc/dt. Short total sampling times (less than 20-30 min.) are preferred with methane,
which is typically analyzed by gas chromatography (GC/FID). Static enclosure methods
are also capable of measuring net uptake of atmospheric methane by landfill soils in
addition to net fluxes to the atmosphere (Fig. 2). Moreover, fluxes of nitrous oxide and
nonmethane hydrocarbons (Borjesson and Svensson, 1993; Bogner, unpublished) have
been measured from landfills using enclosure techniques. A disadvantage of this method
is that significant time and labor investment is required to perform multiple
measurements to estimate whole landfill emissions.

Tracer Methods

Tracer methods involve the release of an inert tracer gas, most commonly sulfur
hexafluoride (SF6), from the emitting surface to simulate gas emissions. The tracer gas is
released from multiple points along the upwind edge of the emitting surface on a line
perpendicular to the direction of the prevailing wind (Fig. 3). The number of points is
dependent on the areal extent and geometry of the site. If the released tracer is well mixed
in the source plume, then the methane emission rate can be obtained directly by a ratio
method:

Qm = Qt (Cm/C|

where Qm is the methane flux rate, Qt is the tracer release rate, Cm is the measured
methane concentration above background, and Ct is the measured tracer concentration.

atr

Figure 2. Use
upta

Figure 3. Ust
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The plume is located using a continuous analyzer for either methane or the tracer
gas. It is currently cost-effective to use a continuous analyzer for the SF6 tracer. Having
identified the plume, samples are collected at ground level at several locations across the
plume. These samples are analyzed for methane and SF6 to supply the necessary ratio
values above. The required distance from the landfill to downwind sampling points may
be >1 km where landfills are several hundred meters on a given side (Czepiel et al.,
1996a).

Atmospheric tracer methods circumvent the problem of spatial heterogeneity of

the methane source by integrating the whole area flux and are therefore a favored method
for emissions estimates for whole landfills. However, the potentially high cost,
dependence on meteorological conditions, and potential for interfering sources of

methane limits their applicability.

M ic rometeo rolo g ic al M ethods

Micrometeorological methods can also be used to evaluate whole landfill
methane emissions, since they are capable of measuring fluxes across larger areas (1000's

of m') with minimal disturbance to the underlying surface. The specific footprint is
determined at the time of measurement using experimental data. In addition, because
these methods are more automated, they are especially useful for study of diurnal and
seasonal flux variations. These methods require sophisticated instrumentation, more
complex calculations, and surface constraints (relatively level terrain) which may limit
their application.

Only two types of micrometeorological methods have been applied to
measurement of landfill methane fluxes: eddy correlation and gradient techniques. Eddy
correlation is a direct measurement of flux density determined from vertical wind
velocity and concentration fluctuations, requiring concurrent measurement of the surface
energy balance. This method has been used at a Tennessee landfill (USA) using a fast-
response methane sensor (10 s-r) based on the absorption of radiation generated with a
near-infrared InGaAsP laser (Meyers et al., 1992; Hovde et al., 1995). The second
method is an indirect gradient technique used in the Netherlands (Verschut, Oonk, and
Mulder, 1991): flux is equal to the product of the vertical concentration gradient
(obtained with conventional techniques) and a turbulent diffusivity coefficient.

Research Needs

These can be divided into three areas:

1. Effective screening tools. Previous investigations have shown significant spatial
variability in gas flux over a given landfill. Experimental designs benefit from
preliminary screening of the landfill site using a portable gas detector. This assists with

ihe placement of a sampling grid for chambers and the location of release tubes for tracer
studies. There is also a need to develop techniques which can be used in a cost-effective
fashion directly to screen temporal and spatial variability in emissions. These might

6
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3. Establishment of protocols for measurement of soil physical/biochemical variables and

oxidation rates.

Soil Phvsical and Biochemical Variables

Soil type has important effects on moisture, porosity, and tornrosity, all of which

affect gaseoui transport ind control the availability of oxygen, methane, and nutrients to

the soil microbial cbmmunity. Important variables include texture, gas-filled and total

porosity, dynamic water content and moisture-holding capacity, clay mineralogy, nutrient

and organii matter content. The organic matter content also affects the methane-oxidizing

"upu"ily 
of soils. In landfill soils containing organic ma!t9{ with a low CA'{ ratio (<13),

methane oxidation can be suppressed due to increased N-turnover (Boeckx and Van

Cleemput, 1996). Overall, a multidisciplinary approach is needed which combines

complete characterization of different landfill soils with measurements of methane flux

and hethane oxidation. The latter can be studied using microbiological, isotopic, and

direct measurements. Protocols should include standard methods combined with

innovative approaches for multidisciplinary studies with emphasis on critical controlling

variables. In the landfill setting, it is also important to recognize that soil cover design

and management practices affect rates of methane oxidation and net methane emissions.

M ethane Oxidation, I ncludinR I sotopic Approac he s

An important control on net methane emissions is the rate of methane oxidation

in cover soils; this rate is strongly affected by soil type in a given landfill setting. The

physical properties of the cover soil determine available moisture, porosity, and

totirority, ull of which control the transport of oxygen, methang, and nutrients to the soil

microbiil community. Soil biochemical properties, particularly organic matter content

and nutrients, affect the development of microbial populations.
Methane oxidation capacities for landfill cover soils are among the highest

measured for any environment,ln part due to historically high concentrations of methane.

Methane oxidation rates are measured by laboratory or field incubation studies, often in

conjunction with soil gas profile measurements and measurement of controlling variables

lmoisture, temperatuie, organic carbon content). In the case of net oxidation of

atmospheric methane, static enclosure techniques yield negative fluxes which are a

*"ur,r." of the oxidation rate. Discussions addressed optimization of methane oxidation

in cover soils through control of soil type, moisture content, and cover soil management.

Previous rate studies by participants were reviewed (e.g', Fig.4).
Isotopic upprou"h"r'are attractive for quantification of methane oxidation in

landfill settings. Boih carbon and hydrogen isotopes can be e-rploited to reveal processes

affecting meihane oxidation and transport in landfills. The effects of oxidation on

methane stable isotopes have been previously described by Coleman et al. (1981) and

Barker and Fritz (iq8t). As methane is oxidized, the^ lighter isotopes are used

preferentially, leaving residual methane enriched in both ttC and D. The effect of this

Lnrichment is greater for D than for C by a factor of 3 to 10 (Fig. 5). This figure shows

6t'C on the x aiis and 6D on the y axis, indicating the direction and slope of oxidation,

8
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fs = (6s- 6a/ ((o-1X1000))

where f6 is the fraction of methane oxidized, 6s is the isotopic composition of methane
escaping the landfill (as captured in a chamber), 6a is the isotopic composition of

metliane within the anoxic zone of the landfill and a is the isotopic fractionation factor
(Faure, 1986). Thus to calculate oxidation, one need only measure the isotopic
composition of methane within the anaerobic zone and of the gas escaping the landfill (or

within the zone of oxidation). One does not need to measure fluxes, or achieve a mass
balance, although these techniques should be used in tandem to provide additional
constraints on the quantification of oxidation rates. Of course, o must be known, but it
can be measured in a variety of ways, for example closed system incubations where one
monitors both methane concentration and isotopic composition. The isotopic
fractionation effects of different trophic groups of methane-oxidizing bacteria (both H/D
and 'tCl"C) are largely unstudied and may have significance for detailed studies of
methane oxidation in landfill settings. Alternatively, it is als^o possible to derive values
for o from depth profiles for methane, nitrogen, and "'Rn in the landfill cover
(Bergamaschi, 1993)
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Figure 5. The differential effects of methane oxidation on
methane. In this example, the fractionation factor
oxidation is 7 times larger for 6D than for 6"C.
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isotopic studies could be used to quantify methane oxidation. A multidisciplinary

approach should be taken which combines accurate characteization of different landfill

soils with measurements of methane oxidation using microbiological, stable isotopic, and

direct soil measurements. Initial investigations require parallel measurement of soil

physical properties with soil gas profiles in order to identify the depth of maximum

methane oxidization and to assess whether oxygen, methane, or other variables might be

limiting. This will also assist with determination of a minimum thickness and other

properties needed for optimum oxidation. A rough calculatio:r showed that a20 cm layer

bf "bioactive" soil could potentially mitigate methane emissions from 4 m of underlying

waste. The interaction of soil C and N processes, especially with respect to gaseous

emissions of methane and nitrous oxide, also needs to be studied. Finally, a wide variety

of soil studies in tandem with field measurements of nonmethane emissions are needed to

determine whether it might be possible to use landfill cover soils as a biofilter to mitigate

nonmethane emissions of environmental concern.

Isotoplc oomposldon of mcthrnc In rnoxlezono

Isotopic @mpositiotr of
mcthrne oridii*d

sb
Isotopic composldotr of
rccidud rnslhrnc omittcd
to &o etnmphtre

6c = (Eb - 6a) / (( a -l) (1000))

Figure 7. An open system model for isotopic fractionation as methane is

transported and oxidized within landfill soils. Adapted from Blair et

a l . ,  1985.

Specific recommended studies include determination of the oxidizing capacity of

different ioil types incubated in various moisture, temperature, and pressure conditions.

This can be d-one using undisturbed or reconstructed soil cores or batch incubations.

These experiments arJ useful to indicate the effect of soil type and climatolo_gical

conditioni on methane oxidation, suggesting whether there might be latitudinal gradients

or seasonal differences in field rates of methane oxidation. The type of organic matter
(C/N ratio) can also have an important effect on the methane-oxidizing capacity of soils.
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Qr, t=kL te-k (T+)

where Q = mass of methane generated each year T by unit mass of waste

landfilled in year t
Lt = specific methane generation potential of the waste

Uk = becay time (to tE) of the wiste (default k = 0'05 yr')

Type I sites have gas recovery; type II sites do not. Gas extraction efficiency is assumed

toLe 70Vo. Biolofical oxidation is assumed to be 40Vo for type I sites, 20Vo fot type II

sites. The specifii methane potential (L), or the total mass of methane generated by

different types of waste during anaerobic decomposition, is a function of organic content

anO aegraAaUility. L, is recalcilated for each year in order to allow for changes in the mix

of waste. Methane potential values distinguish 3 classes of waste materials: non-

Jegradable organic (NOO), partially degradable organic -(PDO), and readily degradable

"ii"ri" 
(RDO). The'working assumption is that l00vo of degraded carbon is eventually

co"nverted to iO, or CHo. Th-e fraction of degraded carbon emitted as methane in landfill

gas is currently estimated to be 507o, or can be generalized as:

rmc = C in CHa emitted / (C in CO2 produced + C in CH+ p'oduttd)

Therefore, for a particular waste i, the mass of methane generated during anaerobic decay

is :

mass of CHo generated
from unit mass refuse of
given waste category = rr. E. gi,c CMc CCc 06112)

where g1,, is fraction of component c in waste of category I, CMc is carbonaceous matter

UV *"iEiii (Vo), andCC, is cirbon content of carbonaceous matter by welqh1 9o)..\h3 -
,ubr"rllt c represents tie three waste degradability components (NDO, PDO, and RDO)'

3. IPCC (Intergovemmental Panel on Climate Change) approach (IPCC' 1995)'

This approach is being used for country-based estimates for methane emissions

from solid waste disposal sitJs by IPCC. The procedure is as follows: 1) estimate per

laplta waste producti,on; 2) use population to estimate total waste produced; 3) estimate

fraction of waste landfilled specifi^ed by country; 4) assume DOC content (7o) specified

by country; (5) calculate methane generation as follows:

(MSWI * MSWI* MCr* DOC * DOCI* F * 16112- R) * ( l -OX)
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Figure 8. A conceptual model for improved quantific-atio1 of country-based
landfill methane emissions. This model is for developed countries
with available solid waste and landfill management statistics. The
primary criterion is wet vs. dry sites (based on the moisture content of
itt" Uoit landfilled waste), the second tier criterion is the presence or

absence of pumped gas recovery, the third criterion is size (small vs.

large), the iourth criterion is fractional methane oxidation, and the

fifth criterion relates to site construction (above-ground vs. below-
ground at small sites).
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Workshop agenda (continued)

1 1.00-12.30 Report back by rapporteurs

13.30-15.00 Syndicate sessions on protocols:

1) for flux measurement
2) for soil studies
3j for inventories: gathering of waste and landfill statistics/ site classifications

15.20-16.20 Reporting back and discussion

16:20-1 6.40 Introduction to final phase: producing reports

16.40- Beginning of report writing

DAY 4 (Thurs 24 Oct)

08.00- I 0.00 Report writing (cont.)

10.20- I 1.50 Presentations of draft reports

ll.5O-|Z.Z0 General discussion / outline of procedures for finalizing report / CLOSE

A-2
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The moisture content of a soil strongly influences its microbial activity and the
gas diffusion, and therefore controls the methane uptake rate. Third order polynomials
provided the best fit for soil moisture and temperature influences. The optimum moisture
level occurred at about 50Vo water-holding-capacity. The optimum temperature decreased
with increasing moisture levels (27 - 20 "C). Using multiple-linear-regression analysis we
found that the relative importance of the moisture content was higher than that of the
temperature. A Qro value of 1.88 + 0.14 and an activation energy of 83.0 + 4.3 kJ mol-'
were calculated.
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Effects of a Gas Extraction Inte on Emissions of Methane
and dioxide From a Landfill, A on Methane Oxidation

n the Cover Soil

Gunnar Borjesson
Swedish University of Agricultural Sciences-Department of Microbiology
Uppsala Sweden

Methane and carbon dioxide emissions from a 0.37-ha landfill containing
municipal solid waste were measured using a static chamber technique and 11 permanent
frames installed in a transect. Measurements were made for one week during gas

extraction, a second week without gas extraction, and a third week when the sy^stem was
operating again. Methane emissions ranged between -0.91 and 2930 mg CH4 m-'h' when
the extricti,on system was in operation-, and between -0.96 and 14000 mg CH, m-'h-'
during the interruption period. The interruption resulted in enhanced methane
concentrations in the cover-soil profile, especially in the surface soil (0-25 cm depth).
Methane oxidation activity was significantly increased in most parts of the soil cover
during the interruption, thus indicating that the activity and probably growth of methane-
oxidizing bacteria increased in response to elevated methane concentrations. Based on
estimates calculated from the measured emission rates, we concluded that the gas
extraction system with horizontal pipelines, used at the landfill site, was capable of
reducing methane emissions by approximately 90Vo.It was also estimated that about 507o
of the methane available during the gas extraction system interruption period could
become oxidized.

Contrary to methane emissions, carbon dioxide was released from 5 of the I I
chambers at higher rates during the normal extraction periods than during the
interruption. This indicates that oxygen was drawn into the landfill by the extraction
system, promoting increased respiration and methane oxidation processes.
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Quantification of Aggregate Methane Oxidation in a
Temperate Zone Landfill Cover Soil

Peter Czepiel
Harvard University-Division of Applied Sciences
Cambridge, MA USA

Field, laboratory, and computer modeling methods were used to quantitatively
assess the capability of aerobic microorganisms to oxidize landfill-derived methane
(CH+) in cover soils. The investigated municipal landfill, located in Nashua, New
Hampshire, USA, was operating without gas controls of any type at the time of sample
collection. Soil samples from locations of measured CHo flux to the atmosphere were
returned to the laboratory and subjected to incubation experiments to quantify the
response of oxidation to soil temperature, soil moisture, in situ CFf mixing ratio, soil
depth, and oxygen content. The mathematical representations of the observed oxidation
responses were combined with measured and predicted soil characteristics in a computer
model to predict the rate of CHo oxidation in the soils at the locations of 139 measured
fluxes to the atmosphere. The estimated whole landfill oxidation rate at the time of the
flux measurements in October 1994 was 207o.Local air temperature and precipitation
data were then used in conjunction with an existing soil climate model to estimate an
annual whole landfill oxidation rate in 1994 of lj%o.
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aerobic degradation processes in landfill soil covers and adjacent soil layers may have a

significant"effect on the emission of all the organic compounds studied.
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Isotope Studies of Methane Oxidation in Landfill Cover Soils

C. Lubina, P. Bergamaschi, R. Konigstedt, and H. Fischer
Max Planck Institute for Chemistry
Mainz, Germany

A. C. Veltkamp and O.Zwaagstra
Netherlands Energy Research Foundation
Petten, The Netherlands

The stable isotopic signatures (6'tC,6D) of CHo from German and Dutch landfill
sites have been characterized by applying tunable diode laser absorption spectroscopy
and isotope ratio mass spectrometry. Samples taken from the landfill gas collection
systems have isotopic signatures within a small range and are typical biogenic sources
dominated by acetate fermentation. In contrast to the samples from the gas collection
system. soil gas samples from the landfill covers exhibit considerable variability in their
6''C and 6D values for CHr. The main reason for this behavior is the strong influence on
CH+ oxidation of methanotrophic bacteria within the landfill cover, which distinctly shifts
the original 6'3C values (determined by methane production) towards more enrichld, i.".,
more positive values. This isotopic shift (maximum l9%o v-PDB for d 6'3C and 6D)
depends on the oxidation capacity of the soil. Transport parameters (soil porosity and
advective transport velocity) were determined using measured N, mixing ratios and'22Rn
activities. Application of these parameters to the profile of methane mixing ratios allows
calculation of the fraction of CH, oxidized, which is mainly controlled by the depth of
penetration of atmospheric oxygen into the soil. Calculated isotope fractionation factors
are in the ranse:- 

o(6'3C) = 1.008 - 1.02g and s(6D) = 1.031 - 1.078
Chamber sample_s representing the small-scale fluxes into the atmosphere exhibit a very
large 6''C and 6D (CH.) variability, mainly due to the spatially-viriable influence of
methane oxidation. The shift in 6'tC and 6D for the small-sCale methane emissions is well
correlated with the depth of penetration of atmospheric oxygen into the landfill cover
soil. Despite the large 6'tC and 6D variability of the single box samples, the 6'3C values
derived from upwind-downwind measurements (representing the spatially averaged 6t3C
of the CFf, emissions) exhibit a very small temporal and site-to-site variability. The mean
emission is significantly enriched in 6'tC compared to the samples from the gas
collection systems. This isotopic shift can be used to calculate the amount of methane
oxidized in the landfill surface before it is emitted. Assuming 6''C (CHo) fractionation
factors of 1.008 - 1.029 for bacterial oxidation of methane in soil, the amount of methane
oxidized in the landfill surface-before it is emitted can be calculated to be 10-30Vo of the
original methane flux.
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Landfiu Gas Recoverv and Quantification of lVlethane Flux Reduction: Methods
and Preliminary Results

Byard W. Mosher, Peter Czepiell, and R. C' Harriss2
University of New Hampshire-complex systems Research center

Durham, New Hampshire USA

Joanne H. Shorther and Charles E. Kolb
Aerodyne Research Inc.-Center for Chemical Environmental Physics

Billerica. Massachusetts USA

Eugene Allwine and Brian K' Lamb
Wishington State University-Laboratory for Atmospheric Research

Pullman, Washington USA

I now at Harvard University, Cambridge, Massachusetts USA
2 no* at NASA, Mission to Planet Earth, Washington, DC USA

Accurate field measurements are essential to constrain current uncertainties in

global methane emissions from landfills, document emission reductions realized by

l-andfill gas recovery, and test model accuracy. We have evaluated two experimental

techniqu"es (tracer flux technology and chamber flux measurements) at a 24 ha (60 acre)

municipal waste landfill site in ientral New England, USA. Fluxes were measured prior

to installation of a landfill gas recovery system using both chamber and tracer flux

techniques. Chamber flux measurements ranged from th-e de,:^...{on limit (10 mg CHo rn2

d-') to 45 g CHo m-'d-'. When scaled to the entire landfill surface, chamber flux

measurements gave a total flux of 16.4 m3 CHo min-'. When tracer flux methods were

employed at this site, data from eight series of integrating samplers and seven mobile

dati sets gave amean methane fluiof 17.8 m3 CHo min'. The large tracer flux data set

*u. ur"J to examine the relationship between atmospheric pressure and methane

emission. A significant inverse correiation (r2 = 0.84) was observed, consistent in

magnitude withlhat observed by other investigators. When the. mean tracer flux emission

valie was normalized to the ambient pressure at the time of the flux chamber work, we

calculated a mean flux of 16.7 m3 CHo min'. Thus, there appears to be very good

agreement between these two experimental methods of landfill gas emissions

measurement.
Recently, after installation of landfill gas recovery.measures, additional tracer

flux measurements were made. Although the landfill is still active, and has not been

covered with a geotextile membrane, significant reductions in methane emissions of

approximately 40Vo were measured.
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Biogas Flux Measurements from MSW Landfills Vsing Static and
Dynamic Chambers and IR Methods

Raffaello Cossu and Aldo Muntoni
University of Cagliari-DIGITA, Department of Geoengineering and Environmental
Technologies
Cagliari (Sardinia), Italy

During the summer of 1996, DIGITA (Department of Geoengineering and
Environmental Technologies, University of Cagliari) started a research program on field
measurements of biogas emissions from MSW landfills. Dynamic and static flux chamber
were used and the results were compared to contemporaneous IR measurements. Surface
emissions of CHa, CO2, H2S and chlorinated compounds were measured.

Laboratory tests were carried out, and on-site test fields wefe set up in order to
investigate the influence of a layer of MSW compost on the composition and rate of

emissions.

The main results can be summarized as follows:

o Great differences in emissions were found between different points on
the landfill surface; this difference was consistent even between points
characterized by distances of a few meters.

o There was no significant difference between measurements carried out at
different times, probably due to constant atmospheric conditions during
the test period.

o Static chambers seemed to underestimate the emissions compared to
dynamic chambers.

o Measurements of the emission of trace compounds was difficult using
dynamic chambers; in this regard the design and the use of dynamic
chambers needs to be improved.

o The use of a raw MSW compost layer as temporary cover on the landfill
surface seemed to reduce emissions and improve biogas quality (removal

of trace compounds);
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components of interest. Daily calibration checks of random trace components and major
gases are performed. These points are then referenced to the entire calibration library of
the system since its introduction (1993). The system will automatically adjust unless a
calibration point falls outside a *ZVo window, at which time the system notifies the
operator of this QA/QC failure and waits for a complete calibration check.
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emissions. [Note: All gas volumes are given at NTP.] From the field experiment results,
it was possible to obtain a spatial distribution of methane flux and to compute the overall
emission on the basis of multiple local measurerlents. using various interpolation
methods. Average methane emissions were 94 ml m-2 min'l, givlng a nearly 8 m3 min-l
or 1 1500 m' d-' total flow rate. The IPSN chamber method uses an accumulation
chamber which covers an area of 0.25 m2 and is equipped with a semiconductor SnO2
sensor in an atmosphere dried by silicagel. A measurement campaign over 2 days resulted
in 180 measurements on the site and an additional60 in the surrounding ditches. Methane
fluxes varying from 0 to 2700 ml m-2 min-l were measured, again corifirming the highly
heterogeneous nature of emissions. Average emissions were calculated to be between 50
and 90 ml m-'min-', according to the relative weight given to the measurements in the
ditches.

The eddy correlation method (INRA) systematically underestimated methane
flux density, which was attributed to the spatial heterogeneity of the methane emissions.
The mass balance method (INRA) relies on the principle that for a finite surface area
whatever is characteristic for the flux emitted between the surface edge and the point of
measurement is equal to the horizontal turbulent flux integrated over the entire height of
the boundary layer. The methane flux was assessed using measurements of velocities and
methane concentrations at seven altitudes (0.2, 0.4,0.8, 1.5, 3, 6, | 1 m). Wind speed was
measured using anenometers. Methane concentrations were measured with an adjustable
laser diode spectrometer. The measurements were confined to a limited angular sector
and thus did n"ot permit estimation of the overall emission rate. An averaged emission rate
of 30 ml m-' min-' resulted from field measurements. The variability of emissions
relative to wind direction confirmed the highly heterogeneous nature of the methane
fluxes.

The tracer-gas method (IPSN) consisted of measuring the atmospheric dispersion
coefficients with a tracer release combined with the use of an inversion algorithm
(inverse problem) (Berne et al., 1995). Two simultaneous methods were used; all
individual measurements were completed within a single day. The first method, which
proved to be quite efficient, approximates the nonuniform area source as a point source to
provide a total emission rate. The second method enabled us to reconstruct the source
distribution with a theoretically improved accuracy. Mixing ratios were measured using
gas chromatography or by open-path FTIR interferometry. These field studies provided a
70 ml m-' min-' averaged emission rate, which corresponds to a daily rate oi 8000 m3
for the 80000 m' area investigated.

Following this series of on-site experiments, we concluded that both
accumulation chamber and tracer-gas methods can give an estimation of the right order of
magnitude for the total emission rate. The mass-balance method investigated only a
limited sector of the landfill. However, chamber methods enabled us to assess the
pronounced spatial variability of the emission rates. On the other hand, atmospheric
methods, which directly yield the flow-rate of methane, are more dependent on the
meteorological conditions. In all likelihood, no single method will be sufficient to address
the problem of measuring the methane flow rate from a given landfill. The choice of a
measurement method should take into account both the technical (required precision,
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ANNEX D: CURRENTIGAC FOCI, ACTIVITIES, AND ACTIVITY CONVENERS

Marine
Focus

Tropical
Focus

Polar
Focus

Boreal
Focus

Mid-I-atitude
Focus

Globq.l
Focus

Fundamental
Focus

Aerosol
Focus

.North Atlantic Regional Experiment (NARE), F'C' Fehsenfeld, USA &

S.A. Penkett, UK
.Marine Aerosol and Gas Exchange (MAGE), B.J' Huebert, USA
.East AsianA.{orth Pacific Regional Experiment (APARE)' H. Akimoto' Japan

.Biosphere-Atmosphere Trace Gas Exchange in the Tropics: Influence of Land

Use^Change (BATGE), R.A. Delmas, France & M' Keller, USA
.Deposition- of Biogeochemically Important Trace Species (DEBITS)'

J.-P. Lacaux, France
.Biomass Burning Experiment: Impact on the Biosphere and Atmosphere

(BIBEX), M.O. Andreae, GermanY
.Rice Culiivation and Trace Gas Exchange (RICE), H.-U. Neue, Germany &

R.L. Sass, USA

.Polar Atmospheric and Snow Chemistry (PASC), L.A. Banie, Canada &

R.J. Delmas, France

.High Latitude Ecosystems as Sources and Sinks of Trace Gases (HESS)'

W.S. Reeburgh, USA

.Trace Gas Exchange: Mid-Latitude Ecosystems and Atmosphere (TRAGEX)'

G.P. Robertson, USA & K.A. Smith' UK

.Global Tropospheric Ozone Network (GLONET), J.M. Miller, Switzerland &

V.A. Mohnen, USA
.Global Atmospheric Chemistry Survey (GLOCHEM), E'L' Atlas, USA
.Global Tropospheric carbon Dioxide Network (GLOCARB), P. Ciais, France &

N.B.A. Trivett, Canada
.Global Emissions Inventory Activity (GEIA), To be named
.Global Integration and Modeling (GIM), P.S. Kasibhatla, USA & M. Kanakidou'

France

.Nitrous Oxide and Halocarbons Intercalibration Experiment (NOHALICE)'

P.J. Fraser, Australia
.Non-Methane Hydrocarbon Intercomparison Experiment (NOMHICE)'

J.G. Calvert & F.C. Fehsenfeld, USA
.Carbon Dioxide Intercalibration Experiment (CARBICE), P. Ciais, France &

N.B.A. Trivett, Canada
.Atmospheric Chemistry and Environmental Education in Global Change

(ACEED), K.L. Demerjian, USA

.Aerosol Characterization and Process Studies (ACAPS), T.S. Bates, USA &

J.L. Gras, Australia
.Direct Aerosol Radiative Forcing (DARF), T. Nakajima, Japan & J.A. Ogren'

USA
.Aerosol-Cloud Interactions (ACI), T. Choularton, UK, & D'A' Hegg' USA
.stratospheric and upper Tropospheric Aerosols (suTA), A. Ansmann' Germany

and M.P. McCormick, USA
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