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ABSTRACT: Volatile organic compound (VOC) emissions from waste management facilities have 
gained increasing attention in recent years. However, quantitative measurements of VOC emissions are 
a challenging task, and existing measurement technologies are associated with significant uncertainties 
in estimating whole site emissions. The tracer gas dispersion method has been successfully applied for 
measuring methane emissions from various waste management facilities, and seems to be promising in 
measuring VOC emission fluxes. To validate its application, two controlled release tests were 
conducted by establishment of a release source that released selected VOCs and a tracer gas 
(acetylene) at constant rates. Benzene, toluene and ethyl acetate were released as target VOCs in the 
two campaigns. Methane was also released as a reference gas. Air samples were collected in the 
downwind plume and time-averaged concentrations of each gas were calculated. By using the 
concentration ratio of VOCs to acetylene in the downwind plume as well as the source release rate of 
acetylene, the source release rate for each VOC can be calculated. The calculated release rates were 
then compared with the actual release rate to check the method efficiency, i.e., the recovery rate. The 
results from both campaigns showed acceptable recovery rates, which were 81%±5% and 101%±12% 
for methane, 78%±24% and 100%±41% for benzene, 65%±25% for toluene and 111%±26% for ethyl 
acetate, respectively. However, the uncertainties for VOCs are high, and current results are insufficient 
for validating the tracer gas dispersion method. More research is needed to further validate the method 
and improve the precision. 

Keywords: stationary tracer gas dispersion method, VOC emission flux, downwind plume concentration, recovery 
rate 

1. INTRODUCTION 

Emissions of volatile organic compound (VOC) from waste management facilities have gained 
increasing attention in recent years. Some VOCs such as benzene and vinyl chloride are known 
carcinogenic compounds (USEPA). Compounds with low odor thresholds (e.g. sulfur compounds and 
some oxygenated compounds) might generate serious odor and cause olfactory nuisances to adjacent 
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communities (Laor et al., 2014). In addition, the oxidation of some VOCs, such as alkanes, alkenes, 
aromatic hydrocarbons and terpenes could form secondary organic aerosols (SOAs), which are 
significant contributors to air pollutions (Sun et al., 2016).  

Quantitative measurement of VOC emissions from waste management facilities are important in 1) 
indentifying possible problematic emissions, 2) establishing needed tools for documenting the result of 
technology improvement initiatives, 3) estimating the possible toxic risks to humans as well as 
environmental impacts. However, the quantification of VOC emissions has long been a challenging task 
due to many factors such as heterogeneity of waste composition and large temporal and spatial 
variations in the emission fluxes. Traditional techniques for measuring VOC emission fluxes from landfill 
surfaces include static/dymanic chambers, wind tunnels and inverse dispersion modelling, and several 
applications are reported in literature. (Bogner et al., 1997)(Yesiller et al., 2018)(Gallego et al., 
2014)(Liu et al., 2015) (Schauberger et al., 2011). However, all these methods are associated with 
considerable uncertainties when estimating whole site emissions.  

Previous studies have proved the robustness of the tracer gas dispersion method in measuring 
whole-site methane emissions from various facilities (Mønster et al., 2019; Fredenslund et al., 2019; 
Mønster et al., 2014). This method includes the release of a tracer gas at the emission source with a 
known rate and downwind plume concentrations measurements. If the tracer and target gases are well 
mixed in air, the target gas emission rate from the source can be calculated by using the measured 
downwind concentration ratios of the tracer and target gas (Eq. 1) (Mønster et al., 2014). 

𝑄!"#  =  
!!"#!!!"#, !"#$%&'()*

!!"#$%"!!!"#$%", !"#$%&'()*
𝑄!"#$%"	 (1)	

Where, 𝑄!"# is the emission rate of VOCs (mg min−1), 𝑄!"#$%" is the release rate of tracer gas (mg 
min−1), 𝐶!"# and 𝐶!"#$%" are the measured downwind concentrations (µg m-3). 

The hypothesis of this paper is that the stationary tracer dispersion method is feasible in estimating 
VOC emissions from waste management facilities. Two controlled release tests were conducted to 
validate this hypothesis by establising an anthropogenic VOC emission source with a constant release 
rate. 

 

2. MATERIALS AND METHODS 

2.1 Test setup 

2.1.1 Test design 

In Campaign 1, two sampling transects were established in the downwind direction at 40 m and 80 m 
from the release point, each with three sampling points. In addition, a backgroup sampling point was set 
at 10 m in the upwind direction from the release point (Figre 1a). Campaign 2 had a similar setting as 
the first one with a reduced test scale, as shown in Figure 1b. 

 
(a)                                                                                       (b) 

  

Figure 1. Overview of test design. (a) Set up of Campaign 1; (b) Set up of Campaign 2. 
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2.1.2 VOC and tracer release system 

Two different VOC release systems were used in the two campaigns. In the first campaign, saturated 
benzene and toluene gas were prepared in 50 L Tedlar bags and were released directly into 
atmosphere by using a four-channel peristaltic pump operating at a constant flow rate of 200 mL/min 
(Figure 2a).  

The VOC release system used in Campaign 2 consisted of two high-precision peristaltic liquid 
pumps with the inlet connected to four coiled-up stainless-steel tubes (around 6 m) and the outlet 
connected to four porous dispersion cups, as shown in Figure 2b. The stainless-steel tubes were 
prefilled with different organic solvents in the lab, i.e., dichloromethane, chloroform, ethyl acetate and 
benzene. During the test, the liquid peristaltic pump transfered the organic solvent from the stainless-
steel tubes to the surface of the dispersion cups. The liquid solvents were then quickly evaporated and 
dispersed into ambient air through the warm air flow provided by a heater. The average release rate of 
each VOC was calculated from the known pump flow rate, the total pumping time and the density of the 
solvent. 

 
 (a)                                                                                     (b) 

 

Figure 2. VOC release systems. (a) VOC release system for Campaign 1; (b) VOC release system for Campagin 2. 

Acetylene gas bottles (21 L physical volume) containing 3.92 kg acetylene (C2H2) with a purity 
>99.5% was used as tracer gas. The release flow was controlled by a two-stage regulator, with a safety 
valve for back flush, connected to a 150 mm flow meter (Sho-rate, Brooks) calibrated for a release flow 
between 0 and 1500 L per minute and with an uncertainty of 5% on the maximum value. Meanwhile, 
methane bottles (50 L) with purity of 96% were also used for a controlled methane (CH4) release as 
reference gas. 

2.1.3 Sampling system 

At each sampling point, a peristaltic pump was used to take air samples at approximately 1.5 m 
above the ground. The pump flow rate was calibrated to 50 mL/min before the test and rechecked 
before and after sampling. Two sorbent tubes (Air Toxic Analyzer tubes, Markes International Ltd, UK) 
were connected in series to the inlet of the peristaltic pump for VOC sampling, and a 10 L Tedlar bag 
was connected to the outlet of the peristaltic pump for sampling C2H2 and CH4 (Figure 3). 
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Figure 3. Sampling system. 

2.2 Analytical method 

2.2.1 CH4 and C2H2 

The C2H2 and CH4 concentrations in the Tedlar bags were measured immediately at the field by 
using an C2H2/CH4/H2O analyser (G2203, S/N DFADS2005, Picarro, Inc., Santa Clara, CA) (Mønster et 
al., 2014). 

2.2.2 VOCs 

Analysis of VOCs was performed by thermal desorption (TD100-Xr, Markes International Ltd, UK) 
coupled with gas chromatography (Agilent 6890 GC, USA) and mass spectrometry (Agilent 5973 MSD, 
USA). The sample tubes were thermally desorbed at 320 °C for 12 min with a nitrogen flow of 50 
mL/min. The VOCs were desorbed from the tube and refocused on a cold trap, which was maintained at 
20 °C (Markes UNITY 2/TD-100 Cold trap, TO-15/TO-17 Air Toxics C2/3 - C30/32). Before desorption, 
1 mL internal standard was injected onto the cold trap for later analysis. The trap was then heated 
rapidly to 320 °C and maintained for 3 min, during which period the VOCs and the internal standards 
were injected onto the capillary column (Agilent DB-624 UI, 60 m × 0.32 mm, 1.8 µm). The temperature 
program for the GC oven was as follows: maintained at an initial temperature of 35 °C for 5 min, then 
increased to 220 °C at a rate of 5 °C/min, held at 220 °C for 1 min. Constant pressure mode was used 
during GC analysis (18 psi), and the carrier gas flow of helium was about 3 mL/min. 

The MS was operated under selected ion monitoring (SIM) mode with electron energy of 70 eV for 
the quantitative analysis of target VOCs. The source temperature, quadrupole temperature and transfer 
line temperature were set at 230 °C, 150 °C and 200 °C, respectively. The identification of each 
compound was conducted by comparing their mass spectra with the US National Institute of Science 
and Technology (NIST, Gaithersburg, MD, USA) V2.0 database [NIST/US Environmental Protection 
Agency (EPA)/US National Institutes of Health (NIH) Mass Spectral Library]. Quantification of the 
compounds was conducted by the internal standard method.  

3. RESULTS AND DISCUSSION 

3.1 Downwind concentration 

Figure 4 and Figure 5 show the measured concentrations of C2H2, CH4, and VOCs in the downwind 
plume during Campaign 1 and 2. Time-averaged concentrations of VOCs at each sampling point were 
calculated based on the analyte mass collected on the sorbent tube and the corresponding sampling 
volume. The concentration distribution of C2H2, CH4, and VOCs followed a similar trend in general, 
although exceptions were observed in both campaigns. In Campaign 1, peak concentrations in the two 
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transects were observed at opposite position (Figure 4). This indicates that the pollution plume in the 
downwind direction was not a simple Gaussian plume and the plume centre shifted at different 
distances. It was mainly because of the small test scale as well as the roughness of the ground, which 
led to air turbulences at the near-ground level especially under high wind speeds (7 m/s during 
Campaign 1). 

In Campaign 2, four VOCs were released at the release source (dichloromethane, chloroform, 
benzene and ethyl acetate). However, only benzene and ethyl acetate were detected in the downwind 
plume, probably due to the failure of the liquid peristaltic pump that was in charge of releasing 
dichloromethane and chloroform as well as leakage in the connecting tubes observed during the test. 
For the other compounds, peak concentrations of C2H2 and ethyl acetate were observed at the center of 
the first transect (SP2), whereas peak concentrations for CH4 and benzene appeared at SP3 (Figure 5). 
This might be attributed to the shift of wind direction during test time as well as variations in the source 
release rate caused by change of gas bottles, bobbles in the solvent tubes, etc. The disagreement in 
the concentraiton distribution of different compounds led to increased uncertianties in the calculated 
source emission rate, which are shown in Section 3.2. 

 

 

Figure 4. Downwind concentration of C2H2 and CH4, benzene and toluene in Campaign 1. 

 

Figure 5. Downwind concentration of C2H2 and CH4, benzene and ethyl acetate in Campaign 2. 

3.2 Recovery rate 

Based on the measured concentrations of C2H2, CH4 and VOCs in the downwind plume, the source 
emission rates for CH4 and VOCs were calculated based on Equation (1). These calculated emission 
rates were then compared with the actual release rates of each specific compound, which was named 
as recovery rate (Eq. 2). A recovery rate of around 100% would indicate the successful application of 
the stationary tracer dispersion method in quanfitying target gas emissions. 
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𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑟𝑎𝑡𝑒 = !"#$%#"&'( !!"#
!"#$%& !!"#

%   (2) 

The calculated recovery rates for CH4 and VOCs during the two tests were given in Table 1. In 
general, the overall recovery rates of both campaigns were acceptable, though underestimation was 
found in Campaign 1. Reasons for the underestimation might include: 1) overestimation of the release 
rate of VOC due to the condensation of saturated vapor in the field; 2) concentrations of VOC at the 
second transect near the instrument detection limit introduced more uncertainties to the results. The 
recovery rates obtained from Campaign 2 indicated better efficiency of the method with an improved 
VOC release system (Figure 2b); however, the uncertainties were also higher. 

The results showed satisfying efficiency for estimating CH4 emission rates by using the stationary 
tracer gas dispersion method, as has been proved by privious studies (Jacobs et al., 2007). The method 
seemed also applicable for quanfifying VOC emissions from point sources. However, there were still 
high uncertainties and it was difficult to draw a solid conclusion based on current data. More tests are 
needed to further validate the method for its application in measuring VOC emissions from point and 
area souces in a larger scale, and more compounds should be released to investigate their atmposheric 
behavior during dispersion.  

Table 1. Recovery rate for CH4 and VOCs. 

Campaign 1 Campaign 2 

Sampling 
point CH4 Benzene Toluene Sampling 

point CH4 Benzene Ethyl acetate 

ST1A 85% 95% 75% SP1 116% 43% 119% 

SC1 80% 73% 51% SP2 103% 125% 143% 

ST1B 82% 57% 37% SP3 85% 134% 98% 

ST2A 75% 66% 110% SP4 100% 100% 83% 

SC2 76% 61% 56%     

ST2B 87% 119% 61%     

Average 81%±5% 78%±24% 65%±25% Average 101%±12% 100%±41% 111%±26% 

4. CONCLUSIONS 

In this paper, the authors conducted two controlled release tests to validate the stationary tracer gas 
dispersion method for quantifying VOC emissions from point sources. The tests were conducted in an 
open field and benzene, toluene, ethyl acetate were released from a selected point at a constant rate. 
Acetylene was used as the tracer gas, and methane was also released simultaneously as a reference 
gas. Several sampling points were set in the downwind plume, and air samples were collected by using 
sorbent tubes for VOCs and Tedlar bags for methane and acetylene. Time-averaged concentrations at 
each sampling point were calculated for each gas, and a recovery rate was established by comparing 
the calculated source emission rate with the actural release rate. The results showed satisfying 
efficiency for estimating CH4 emission rates by using the stationary tracer dispersion method, and 
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seemed to be potentially applicable in quanfifying VOC emissions from point sources. However, current 
data are insufficient for validating the method, and the uncertainties are still high. More research is 
needed to further validate and improve the precision of the method. 
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