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Abstract. Static chamber method is widely used to measure emission of
landfill gas by deploying the chamber at the surface of landfill cover soil.
However, there will be errors between the measured fluxes and the real fluxes
due to the increase of gas pressure in the chamber. A numerical model based on
dust gas model was developed to investigate the factors affecting the errors. It is
found that, height of static chamber is the most sensitive factor. When the height
of chamber increases from 0.12 to 0.5 m, the error decreases from 32% to 10%.
It will be easier for the chambers of smaller sizes to accumulate higher con-
centration and lead to greater errors. The proposed numerical model was suc-
cessfully used in the analysis of the field static chamber tests carried out at the
Xi’an landfill site. The evaluated errors for the field tests can be 30%. The model
would be very useful for the error assessment of the static chamber tests.
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1 Introduction

Methane (CH,) and carbon dioxide (CO,) are the major components of landfill gas
(LFG) generated from degradation of municipal solid waste (MSW). Landfill gas will
transport from the cover layer to atmosphere. Before taking further measurements to
control LFG or analyzing the influence of it on the environment, efforts should be made
to determine actual gas emission flux. The static chamber method is widely used to
measure landfill gas emission flux from the MSWs [1]. It is easy to operate, economic,
and is available for point measurement. The static chamber is placed on the surface of
landfill covers and gas concentration in it is measured at certain time intervals to obtain
the gas emission flux. Many factors such as improper operation, varying gas pressure
and temperature will result in errors of measured flux. Many works is have been
focused on optimal chamber design, including using a fan to mix the gas, using a vent
tube to minimize pressure change in the chamber, selecting a proper size of chamber
and decreasing time interval [2—4]. However, it is assumed that gas concentration at the
soil surface keeps constant after deployment static chamber. In fact, gas concentration
will increase when gas migrates into the chamber. This will lead to a decrease of
vertical concentration gradient and gas transport rate. This is also called “chamber
effect”. Therefore, the error between measured flux and actual flux should be
investigated.
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Senevirathna demonstrated that the error was related to the height of the chamber,
real flux and deployment time [5]. Livingston developed the non-linear relationship
between gas concentration and flux based on Fick’s law and Laplace transform [6].
However, the disadvantage of the relationship is that advection was not considered.
Senevirathna developed a two-dimensional model to simulate carbon dioxide transport
from a two-layer soil cover to static chamber [7], which also considered methane
oxidation Sahoo developed a two-dimensional model considering gas transport in
chamber space [8]. However, the effect of advection was also not considered. In
addition, most of the proposed models did not consider interaction of different com-
ponent gas diffusion, i.e., the multi-component gas diffusion. Dust Gas Model
(DGM) can describe gas transport and gas concentration in the chamber when the gas
consists of many components (e.g., LFG) [9]. The aim of the paper is to develop a
numerical model for simulating multi-component gas diffusion and advection in the
soil and the static chamber. The proposed model based on DGM can also be used to get
the relationship between real flux and measured flux at field.

2 Model Description

2.1 Governing Equations

After static chamber was installed at the soil surface, gas concentration in the chamber
was measured at specific time. The flux of component i, N; ,,cqsur Can be obtained from
the gradient of C; [5]:

Ni,i?reasztre = < (1)

VChamber) d Ci .chamber
Achamber

dt

where V. jamper a0d A pamper are chamber volume (m3) and based area (mz); and C;

chamber (mol/m3) represents mole concentration of component i in the chamber.
Because of “chamber effect”, gas will accumulate in the chamber and result in the

decrease of the vertical concentration gradient. The error induced by this effect is [5]:

N — Nmeasure
Error = —x 100% (2)

where Error is the error rate, N (mol/m?%/s) is actual flux without static chamber; and
Noasure (mol/m?/s) is flux calculated by concentration-time curve.

It is assumed that gas is mixed well in the chamber and gas concentration in
chamber is equal to that of the soil surface. Because the model developed is
one-dimensional, lateral gas transport is neglected. This will lead to an error when test
time is long. The other basic assumptions are as follows: (1) the soil was homogeneous;
(2) gas flux distributed uniformly at the bottom of cover soil and kept constant; and
(3) effects of atmospheric pressure and temperature fluctuation were neglected. Based
on these assumptions, adopting mass balance equation and equation of continuity, the
transient model was developed to describe the relationship between gas concentration
and gas flux [10]:
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ot 0z

0, x =0 (3)

where 0, is air volume ratio; z is the depth. C; (mol/m3) is mole concentration of
component i; R (m*/Pa - K/mol) is ideal gas constant; T (K) is the absolute temperature;
and N; (mol/mz/s) is flux of component i consisting of advection flux N, iV and diffusion
flux NP [11]:

N; =N/ +NP (4)
Advection flux can be described by [12]

y kickiP dP
N/ = —x; X —
! RTu  dz

(5)

where k., and k; (m?) are relative and intrinsic permeability, respectively; p (Pa s) is the
gas viscosity; and x; is the mole fraction of component i:

x;=Pi/> P (6)
i=1
The relative gas permeability depends on the effective degree of saturation [13]:

by = (1 -804 (1 - 517)” @)

where o can be obtained from soil water characteristic curve test and S, is effective
degree of saturation:

Se = (S - Sr)(l - Sr)_l (8)

where S is degree of saturation, S, is residual degree of saturation.
Diffusive flux can be described by the DGM model [11]:

1 xi]VjD — x;NP NP e

j:l%éi ‘CD,:/' DfM ox

i:1,2,"',l’l (9)

where D,j(mzls) is binary diffusion coefficient between component i and j [14]; D, (m?%/
s) is Knudsen diffusion coefficient of component i and 7 is tortuosity coefficient [15]:

T= Hz‘s/n (10)

where n is the porosity of soil.
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Knudsen diffusion coefficient can be calculated as a function of Klinkenberg
parameter b;, permeability, viscosity and molecular mass M; [14]:

DiM:@bi (11)
K

where b; is Klinkenberg parameter of gas component i:

M; Mair
M, (12)

bi = 5.57 (kyok) %

Hair

and M, and M,(g/mol) are molecular mass of air and component i, respectively.
For idea gas, the partial pressure is related to mole concentration [16]:

P;=RT-C (13)

where P; is partial pressure of component i.

2.2 Boundary and Initial Conditions

The boundary condition at soil cover bottom is assumed to be a constant flux boundary:
Ni = NBoltom = L; t> 0 (14)

The bottom flux of LFG Ny, is equal to gas production from waste layer, while
flux of O, and N, is 0.
The top boundary for the case without static chamber can be constant concentration:

Pam
C,-:x,-( ’) 2=0,>0 (15)

where P, is atmospheric pressure.
The top boundary for the case with static chamber needs to be considered when gas
enters the chamber and gas concentration increases with time:

2=0,:>0 (16)

P, A, - | Nidt
Ci,chamher _xi( atm> + chambe f i

RT VL‘hamber

where the first item in Eq. (16) represents atmospheric concentration; and the second
item which expressed in integral form represents mole concentration of species i en-
tering the chamber during time 7.

This model was separated by two steps. Firstly, the steady condition for the case
without static chamber is calculated. The calculated gas concentration was then used as
an initial condition of second step for the case with static chamber. It is assumed that
the soil cover was initially filled by air. The initial condition for first step calculation is
the same as the top boundary in the case without chamber. The initial conditions of the
second step are based on the results of the first step calculation.
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3 Model Verification

The proposed numerical model was verified by the experimental data from a laboratory
static chamber [17]. Details on the experiment were given in this research [17]. CO, was
used for gas transport in the compacted soil specimen and the static chamber. The
porosity, degree of saturation, gas permeability of the soil are n = 0.38, S = 25%, kg =

1x107"° m?, respectively. The test was firstly carried out without the static chamber.
The gas concentration at the top boundary was atmospheric concentration, i.e., P =
101 Kpa, xco,:xn,:x0, = 0.03:78.5:21.5. The bottom flux of CO, is 5.2x
1073 mol/m?/s. When the gas concentration in the soil column remained constant,
steady state was achieved. The CO, concentration profile was obtained at the steady state.
The calculated CO, concentration profile agrees relatively well with the experimental
data (see Fig. 1).
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Fig. 1. CO, concentration profiles from experimental and model results

Secondly, different sizes of static chambers were deployed at the soil surface. Gas
concentration in the chamber was recorded at a certain time interval. For different sizes
of chambers, the test data and the calculated results by the proposed model were shown
in Fig. 2a, b and c. It can be found that when the chamber is the smallest (h: 0.05 m; id:
0.1 m), the results of the proposed model consists well with the experimental data in
the first 500 s. At 800 s, the difference of those two is about 3%. When the chamber is
the biggest one (h: 0.16 m; id: 0.25 m), with a height of 0.165 m, result of model
calculation and experiment consists well until 20 min. For medium size chamber, with
a height of 0.12 m, results of model calculation and experiment consist well in first
600 s. The difference of them is 0.5% at 800 s.

4 Application of Proposed Model in Field

The field test was conducted at a landfill located at Xi’an (Northwest China). The static
chamber was installed into the final cover of the landfill. A layer of 0.9 m compacted
loess was the main material of final cover of the landfill. Gas permeability of loess at
field is 2.86 x 107 m? [18]. Two points in the field were selected randomly to
conduct static chamber test.
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Fig. 2. CO, concentration over time in chambers with different sizes, (a) small-size chamber
(h:0.05 m; id:0.1 m); (b) medium-size chamber (h:0.12 m; id:0.2 m) and (c) big-size chamber
(h:0.16 m; id:0.25 m)

To analyze error of measured flux at field, the proposed model was used on the
basis of the parameters obtained in the field site. The parameter values were obtained
from the field site test at a landfill in west China (see Table 1). Because LFG mainly
consists of CHy and CO,, the 4 components, i.e., CHy CO,, O, and N, were con-
sidered. The Gas properties were shown in Table 2.

Table 1. Parameter values used for analysis

k, (m?) n S |t |N hy
2.86 x 1071310.5230% | 0.15|5 x 107> mol/m?*/s | 0.12-0.5 m

Figure 3 shows the errors of methane and carbon dioxide flux for chambers of
different heights. The errors decreased with the increase of the height of the static
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Table 2. Gas properties for simulations [14]

Ordinary diffusion coefficient Dj; (m%/s)

0, CO, CH,
N, 2.083 x 107°]1.649 x 107°{2.137 x 1073
0, 1.635 x 107°{2.263 x 107°
CO, 1.705 x 107°

chamber. When the height of chamber is 0.12 m, the error for the flux of CH4 and CO,
are both higher than 20% at 1200 s. When the height of the chamber is 0.5 m, the error
is 9% at 1200 s. These results demonstrated that chamber effect cannot be neglected.
Even the chamber is relatively high (e.g., 0.5 m). The measured flux still needs to be
corrected. The reason for the higher errors for the cases with relatively small heights is
that the concentration in the static chamber increases more quickly due to the lower
volumes. For the same chamber, the error for CO, was smaller than that of CHy,
especially when the chamber is small. When the height of chamber is 0.12 m, differ-
ence between the errors of those two gases is 3% at 1200 s. This is due to the fact that
the binary diffusion coefficients for CO, are smaller than that of CH,.
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Fig. 3. Flux error for different height of chamber in terms of (a) CH4 and (b) CO,

The static chamber, with a height of 55 cm and diameter of 50 cm, consisted of a
glass cylinder and equipped with a small fan for internal air recirculation. An external
and flexible pedestal was used to seal the static chamber to the ground, thus preventing
gases exchange between the chamber and the atmosphere when the groove in the steel
pedestal was filled with water (see Fig. 4). Shut off all the valves, waited for accu-
mulation of the gas in the chamber, sampled the gas into Tedlar bags every 10 min for
three times (0 min, 10 min, 20 min) and then methane fluxes were determined (the
slope of the gas concentration increase versus time). Gas concentration in those gas
sampling bags was analyzed by gas chromatograph (GC9800) in laboratory.

By inputting gas concentrations data of different time into Eq. (1), N,cqsure> the
measured emission flux can be obtained. The flux can be corrected by assuming a flux
error. The gas concentrations corresponding to the corrected flux can then be obtained
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Gas sample bag . :
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Fig. 4. Photograph of the static chamber used at a landfill site

by inputting the corrected flux to the model. The calculated gas concentrations were
compared to the measured data to evaluate the ranges of the error. In Fig. 5a, when
assuming that the errors are 20% and 30%, the corrected concentration predicted by the
proposed model is within the range of measured concentrations of methane and carbon
dioxide. For the test point 2, the errors of the measured CO, and CH, data was 0-20%
(see Fig. 5b). These results indicate that the errors with respect to field static chamber
tests can be quite high and it should be modified by the numerical model.
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Fig. 5. Comparisons of observed gas concentration curve with results of proposed model,
(a) field test point 1 and (b) field test point 2
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5 Conclusions

A one-dimensional model for gas transport from the soils to the static chamber was
developed. The proposed model is verified by the experimental data. It can be used to
analyze effect of chamber height, real flux and degree of saturation on the errors
induced by the chamber effect. The main conclusions are as follows:

1.

Chamber size is the main factor affecting the measurement error. When the height of
chamber ranges from 0.12 to 0.5 m, the error ranges from 32% to 10%. It will be
easier for the chambers of smaller sizes to accumulate higher concentration and lead
to greater errors. For chamber height of 0.12 m, the error can be 30% at 1200 s.
However, the deployment time for smaller chamber will be shorter. The optimal
deployment time for small chambers needs further research.

The proposed numerical model was successfully used in the analysis of the field
static chamber tests carried out at the Xi’an landfill site. The evaluated errors for the
field tests can be 30%. The model would be very useful for the error assessment of
the static chamber tests.
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