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Abstract 19 

Volatile organic compounds (VOCs) emission flux and their concentration profiles were 20 

measured at a final municipal solid waste (MSW) landfill cover in Hangzhou, China. The 21 

influencing parameters, especially ground surface air temperature and pressure were monitored 22 

concomitantly. Furthermore, a numerical model incorporating coupled thermo-hydro-chemical 23 

interaction to assess VOCs emission from this final landfill cover (LFC) system was developed 24 

and validated with the field test results. The tested total VOC emission flux from the final cover is 25 

0.0124 μg/m2/s, which indicates that the total amount of VOCs emitted into the atmosphere is 391 26 

mg/m2 annually. Among  these, dichloromethane (DCM) dominated VOCs emission flux during 27 

May, comprising 51.8% of the total emission flux. The numerical simulation results indicated that 28 

the diffusive emission flux of VOCs varied consistently with the fluctuation of atmospheric 29 

temperature. Whereas, the advective flux varied inversely with the fluctuation of barometric 30 

pressure. The highest difference in diffusive emission flux induced by temperature variation is 183 31 

μg/m2/day and occurred in spring. Moreover, the results demonstrated that the impact of 32 

atmospheric temperature and pressure fluctuation on the emission of VOC from final covers is 33 

non-negligible when  reasonably assessing the risks of landfill and landfill gas emission budget. 34 

Keywords: volatile organic compounds, landfill cover, emission flux, cover-atmosphere system, 35 

barometric pressure, ground surface air temperature 36 
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1 Introduction 38 

Landfilling is adopted as an easy approach of MSW management and handling worldwide, 39 

despite having several threats to the environment due to the emission of gases and leachate 40 

(Mohammad et al., 2021, 2022; Yan et al., 2022; Hu et al., 2023). Degradation of manufactured 41 

and human-made products in MSW landfill will be a long-term source of VOCs to the surrounding 42 

environment (Wang et al., 2019). Landfill gas (LFG) emission can be mitigated by conventional 43 

engineering interventions such as LFG collection system (Barlaz et al., 2004) and landfill cover 44 

system (Xie et al., 2017, 2018; Wang et al., 2022). However, residual LFG, including VOCs  that 45 

cannot be collected, degraded, and adsorbed, will be continuously emitted into the atmosphere for 46 

several decades (Zhan et al., 2015; Duan et al., 2021; Wang et al., 2022). Exposure to VOCs can 47 

cause  various adverse health effects (Huang et al., 2014) as some VOCs are proven to be 48 

carcinogens, such as benzene (US EPA, 2009). Dichloromethane (DCM) was listed as the Key 49 

New Pollutants for Control (2022 edition) by the Ministry of Ecology and Environment of China 50 

(Mu et al., 2022). 51 

VOCs can migrate through landfill cover systems by either advection or diffusion (Rowe et 52 

al., 2004), and then emitted into the atmosphere, leading to atmospheric transport (Lei et al., 2021). 53 

It is indicated by Massmann (1989) that advective flows induced by naturally occurring 54 

atmospheric pressure fluctuations are likely to enhance diffusive fluxes. The variation of 55 

atmospheric factors, including temperature and pressure, will lead to the fluctuation of landfill gas 56 

emissions (Kim and Benson, 2004; Xu et al., 2014; Shen et al., 2018; Ma et al., 2022; Kissas et 57 

al., 2023). This is because the diffusion and advection processes are substantially affected by the 58 

soil temperature and the pressure gradient (Feng et al., 2017a, b). It has been proven that seasonal 59 

fluctuation of ground surface temperature will induce the emission of tetrachloroethylene (PCE) 60 

and N2O from groundwater (Ma et al., 2022) based on a coupled heat transfer and gas transport 61 



4 

model. The results indicate that both PCE and N2O emissions fluctuated with the variation of 62 

ground surface temperature and lagged behind due to the damping effects of both capillary fringe 63 

and soil sorption. Based on the studies performed by Kissas et al. (2023) on the performance of a 64 

passive biocover system, it has been found that  the methane oxidation efficiency patterns in LFC 65 

follow a similar trend of the rate of change in barometric pressure investigated. 66 

Although landfill gas transport through cover barriers has been studied extensively 67 

(Hamamoto et al., 2011; Ng et al., 2015a; Xu et al., 2017; Xie et al., 2017, 2018, 2022; Feng et al., 68 

2019), little attention has been paid on the atmospheric temperature and pressure fluctuation 69 

induced LFG emission, especially for VOCs. However, the behavior of LFG transport and the 70 

performance of the cover system interact closely with the changes of atmospheric factors (Ng et 71 

al., 2022). Atmospheric temperature and pressure fluctuation will induce the variation of soil 72 

temperature and gas pressure in soil, which will   considerably impact LFG transport and emission 73 

into the atmosphere (Ma et al., 2022). This results in difficulty in evaluating the risks of landfill 74 

and LFG emission budget reasonably. 75 

To bridge the gap, the primary objective of this study is to evaluate VOCs emission from a 76 

final LFC system  that has been in service for 15 years considering the atmospheric variables, such 77 

as daily temperature and barometric pressure. The VOCs concentration profiles and emission flux 78 

were determined based on field tests at a MSW landfill in Hangzhou, China. The atmospheric 79 

factors including temperature, air relative humidity, wind speed and barometric pressure were 80 

obtained by real-time monitoring. A coupled effect of heat, moisture, and pressure on the mass 81 

transfer and emission of VOCs was investigated based on a numerical model. Pressure-induced 82 

advective emission and temperature-induced diffusive emission have been evaluated through 83 



5 

numerical simulation. This study provides new insight into the behaviour of contaminant transport 84 

in the cover-atmosphere system. 85 

2 Materials and Methods 86 

2.1 Site description 87 

The test was conducted at the final cover system of a large-scale MSW landfill in Hangzhou, 88 

China (Figure 1a). The landfill was built in 1991 and closed in 2007 with a final cover system, 89 

composed of a 30 cm gravel layer for gas collection, a geosynthetic clay liners and geomembrane 90 

layer as a hydraulic barrier, 120 cm soil protection layer (Figure 1b). The total waste landfilled 91 

was about 9 million tons during its service life, which accounted for more than 60% of the MSW 92 

in Hangzhou. The final cover system is fully covered by vegetation and grass on the surface. Real-93 

time meteorological factors including temperature and pressure were obtained through AQM 65 94 

(Aeroqual, New Zealand), which is a compact air quality station designed for precise measurement 95 

of ambient pollution and environmental conditions. 96 

2.2 Sampling of gas from landfill cover soil 97 

Soil gas sampling test was conducted on 22nd May and 25th June 2022, at the depth of 0, 30, 98 

60 and 90 cm from the top surface of the cover, by installing stainless steel tubular sampler 99 

(diameter=1cm) with perforation at the bottom and a valve at the top. The c/c horizontal distance 100 

between each steel tubular sample is 20 cm (Figure 1a). The steel sampling tubes were hammered 101 

gently into the cover soil at each depth and they were left at their respective locations for long-102 

term monitoring. Active gas sampling (volume = 1 L) was done with an air pump (GP-2000) and 103 

stored in the Tedlar bags (Huibin Instrument Company). The valve was closed off when the 104 

sampling was finished. Four multi-integration sensors (YGC-TM, Wuhan Chenyun Technology 105 

Co., LTD, China), were installed at the four different soil depths adjacent to the sampling tubes, 106 

simultaneously, to measure volumetric soil moisture content and temperature,. The data of the 107 
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sensors were read out through a portable monitor meter (TGY-TRY, Wuhan Chenyun Technology 108 

Co., LTD). Gas sampling, soil moisture and temperature data were taken at 8:00, 11:00 and 13:00 109 

hrs. In addition, variations of the atmospheric conditions (air humidity, air temperature, and wind 110 

speed) during these dates were measured and presented in Table 1 and Figure S1 (supplementary 111 

material). 112 

2.3 LFG emission flux measurement 113 

LFG emission flux was measured by a static chamber (height=600mm and diameter=500mm) 114 

consisting of a glass cylinder and a steel pedestal and was installed close to the gas sampling tubes 115 

as depicted in Figure 1(a). The steel pedestal was hammered into the soil and sealed properly to 116 

prevent air from entering. The glass cylinder was put into the groove of the steel pedestal and the 117 

installation of the static chamber was finally completed. All the valves were then shut off to allow 118 

gas to accumulate in the chamber. Gas was sampled every 60 minutes for a duration of 4 hours. 119 

Concentration and composition of the gas samples were determined by gas chromatography 120 

(Agilent 7890N, Agilent, USA)-mass spectrometry (GC-MS) and a thermal desorber (Tekmar, 121 

Aerotrap 6000, USA) following the processes described by Wang et al. (2019), which is illustrated 122 

here briefly for sake of brevity. 123 

Firstly, the gas samples collected from the static chamber were pre-concentrated by cryogenic 124 

liquid nitrogen to 1 ml in ventilation, following EPA TO14 (US-EPA, 1999). The cryo trap capillary 125 

was a 22 cm part of a 0.53mm id, AT-Q, Q-PLOT column (Alltech Associates), which was used to 126 

enhance the trapping of VOCs and consequently provided better chromatographic resolution. A 20 127 

seconds heating pulse was adopted for flash desorption of trapped analytes in the GC column and 128 

prevention of extensive deterioration of the cryo trap column. Helium gas (purity= 99.999%) was 129 

used as a carrier at flow rate of 1.0 ml/min. The odor samples were desorbed for 5 min at 250 °C 130 

using helium gas at the flow rate of 35 mL/min and the trap was desorbed for 5 min. The split ratio 131 
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was 1:50. The temperature of inlet, ion source and quadrupole was 250 °C, 230 °C and 150 °C. 132 

The temperature program for odors was: initial oven temperature 30 °C, hold for 2 min, and then 133 

increase the temperature from 30 °C to 125 °C at 10 °C/min, hold for 30 min. The GC column HP-134 

5 (30m×0.32mm×0.25μm) was set for 3 different temperature ranges, from 28 °C to 60 °C at an 135 

increasing rate of 5 °C /min; from 60 °C to 200 °C at an increasing rate of 5 °C/ min; and at 200 °C 136 

for 5 min. Electron ionisation (EI) was selected as the ionisation mode at 70eV with the source 137 

temperature of 180 °C and the collection electric current of 200 μA. The source and analyzer 138 

vacuum pressure were 1×10-4 Pa and 1×10-6 Pa, respectively. An internal standard method was 139 

used to quantify the concentration of VOCs. The chromatographic peaks were identified with the 140 

help of the NIST98 library and enhanced by the G170BA substance database. The calibration curve 141 

was prepared to obtain the concentration of each VOCs and its peak area, with R2 > 0.998. 142 

Once the concentration was obtained, gas emission rate from LFC was determined by using 143 

Eqs. 1 and 2 (Senevirathna et al., 2006). 144 

𝑉𝐶𝑡+𝛥𝑡 = 𝑉𝐶𝑡 + 𝑗 ′𝑆𝛥                                 (1) 145 

𝑗 ′ =
𝑉

𝑆

𝑑𝐶

𝑑𝑡
                                 (2) 146 

where V is the volume of the chamber (m3). C is the gas concentration (mg/m3). Ct and Ct+△t are 147 

the gas concentration (mg/m3) at time t and t+△t (s), respectively. S is the base area of the chamber 148 

(m2). j’ is the gas flux (mg/m2/s). Further, the emission flux (j) has been corrected at atmospheric 149 

temperature T (oC) by Eq. 3. 150 

𝑗 = 𝑗 ′ ×
273

273+𝑇
                             (3) 151 

2.4 Development of coupled numerical model 152 

VOCs migrate from soil to atmosphere takes place via diffusion and advection, which are 153 
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controlled by the concentration gradient and total gas pressure, respectively. The transport 154 

parameters of VOC in soil including the diffusion coefficient and advection velocity are affected 155 

greatly by temperature, pressure gradient, and soil moisture content. Pan et al. (2023) have 156 

indicated that air temperature, air humidity, air pressure, wind direction and speed were the major 157 

factors that influenced the health risks of VOCs and SVOCs emitted from landfill. This study 158 

focuses on the transport processes of VOC inside soil. Air humidity and wind have a more obvious 159 

effect on the diffusion of VOCs in air rather than that in soil (Goss and Madliger, 2007; Shen et 160 

al., 2018; Pan et al., 2023). Therefore, the attention of this study was paid to the effect of barometric 161 

pressure and temperature changes on the transport and emission of VOCs. The one-dimensional 162 

numerical modelling developed in this study is based on the following assumptions: (1) Effect of 163 

air humidity and wind speed on VOC transport in soil were not considered; (2) Transport of heat 164 

and soil moisture, pressure variation were considered in the numerical model; (3) VOCs diffusion 165 

and advection follow Fick’s second law and Darcy’s law, respectively. Atmospheric temperature 166 

and pressure variation were monitored and used as the  heat and mass transport module boundary 167 

conditions. The conceptual model for VOCs transport and emission in a final landfill cover system 168 

is shown in Figure 1(b). One-dimensional coupled thermo-hydro-chemical model can be used to 169 

describe the transport of VOCs in the soil and the emission into atmosphere (Yan et al., 2020). 170 

2.4.1 Mass transfer equations 171 

The diffusive and advective LFG transport in the cover layer can be described as Eq. 4 (Xie 172 

et al., 2018; Wang et al., 2022). 173 

𝐷𝑒
𝜕2𝐶𝑎

𝜕𝑧2
− 𝑣

𝜕𝐶𝑎

𝜕𝑧
− 𝜆𝐶𝑎 = 𝑅𝑑

𝜕𝐶𝑎

𝜕𝑡
                   (4) 174 

where De is the effective VOCs diffusion coefficient, v is advection velocity, λ is the degradation 175 

rate of VOCs in the soil, Ca is VOCs concentration, Rd is the retardation factor and z is soil depth. 176 
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Governing equation for LFG diffusion in the ground surface air boundary layer can be described 177 

by Eq. 5 (Ma et al., 2022). 178 

𝜕

𝜕𝑧
(𝐷𝑒𝑑𝑑𝑦

𝜕𝐶𝑔

𝜕𝑧
) =

𝜕𝐶𝑔

𝜕𝑡
      (5) 179 

where Cg is LFG concentration in air; Deddy is the eddy diffusion coefficient, which increased 180 

linearly with depth and can be determined by Eq. 6 (Foken, 2008). 181 

𝐷𝑒𝑑𝑑𝑦 = 𝑘𝑢∗𝑧 + 𝐷𝑔                (6) 182 

where k is the von Karman constant, and u* is the friction or shear velocity. Dg is the diffusion 183 

coefficient in air. The advection process was considered both inside the soil and along the LFC 184 

surface.  The advection of VOC on the LFC surface was induced by wind velocity (Foken, 2008) 185 

whereas inside the soil, it is induced by the gas pressure gradient at the surface and the bottom of 186 

the cover (Xie et al., 2018). 187 

It has been demonstrated that LFG concentration in landfill cover fluctuates with time (Barlaz 188 

et al., 2004; Wang et al., 2022). No single type of boundary condition is representative of 189 

conditions in a wide variety of modern landfills. Therefore, in this study, the bottom boundary 190 

conditions for mass transfer are assumed to be constant according to field test results for 191 

conservative predictions of VOC transport. Boundary conditions for LFG transport in soil and 192 

atmosphere can be described as: 193 

𝐶𝑔(𝑧 = 𝑧𝐵𝐿) = 0      (7) 194 

𝐶𝑔(𝑧 = 0−) = 𝐶𝑎(𝑧 = 0+)                         (8) 195 

𝜕𝐶𝑔

𝜕𝑧
|
𝑧=0−

=
𝜕𝐶𝑎

𝜕𝑧
|
𝑧=0+

                                     (9) 196 

𝐶𝑎(𝑧 = −𝐿) = 𝐶0               (10) 197 

where zBL is the atmospheric boundary layer height under neutral or stable atmospheric conditions. 198 

L is the depth of the surface vegetation layer. C0 is the constant VOC concentration at the bottom 199 
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boundary. 200 

The adsorption of VOCs by gas phase, water, gas-water interface, and soil solid phase were 201 

considered in this paper. The determination of the retardation factor (Rd) is shown in Eq. s4 202 

(supplementary material). Both the effective diffusion coefficient and adsorption retardation factor 203 

are related to temperature and soil moisture content change and can be found by Eq. s1 and s4 in 204 

S2 (supplementary material). 205 

2.4.2 Governing equations for advection process 206 

Advection of LFG through the final cover soil was assumed to be induced by the 207 

accumulation of LFG at the bottom of the cover (Bouazza and Vangpaisal, 2003) and the 208 

atmospheric pressure variation (Kim and Benson, 2004; Gebert and Groengroeft, 2006). Pressure 209 

gradient between top and bottom of cover layer can be obtained by the following Eq. 11 (Kim and 210 

Benson, 2004). 211 

𝛻(𝑘𝑎𝑃0𝛻𝑃𝑖)

𝜇
=

𝜃𝑎𝜕𝑃𝑖

𝜕𝑡
     (11) 212 

where Pi is the gas pressure in the soil. P0 is the average atmospheric pressure (=100 kPa). 213 

The top surface of the cover is connected with the atmosphere and gas pressure at the surface 214 

equals barometric pressure. The variation of ground surface barometric pressure (Pa) with time 215 

during the day was monitored and data were used as top boundary condition (Eq. 12) for the 216 

numerical simulation. 217 

𝑃𝑖(𝑧, 𝑡)|𝑧=0 = 𝑃𝑎     (12) 218 

The gas pressure generated by LFG was assumed to be constant  because the landfill was 219 

closed for fifteen years and the degradation organic matter  ceased or was negligible.  As Zhan et 220 

al. (2017) reported, it is a reasonably appropriate assumption that the generation of LFG reached 221 

its steady state after more than ten years of waste degradation. Therefore, the bottom boundary 222 
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(z=-0.9m) for pressure was assumed to be a constant pressure boundary (PL) as Eq. 13. 223 

𝑃𝑖(𝑧, 𝑡)|𝑧=−𝐿 = 𝑃𝐿            (13) 224 

Emission flux at the surface of the cover system is comprised of diffusive and advective flux, 225 

which can be expressed as Eq. 14. 226 

𝑓 = −𝐷𝑎
𝜕𝐶𝑎

𝜕𝑧
|
𝑧=0

+ 𝑣𝐶𝑎(𝑧 = 0)    (14) 227 

2.4.3 Governing equations for heat transfer in LFC 228 

Heat conduction in the soil matrix can be determined by Eq. 15 (Ma et al., 2022). 229 

𝜕𝑇

𝜕𝑡
= 𝛼∗

𝜕

𝜕𝑧
(
𝜕𝑇

𝜕𝑧
)     (15) 230 

where α* is soil thermal diffusivity, which is highly depended on the soil moisture and can be 231 

estimated by the empirical relationship as Eq. (16) (Arkhangelskaya and Lukyashchenko, 2018). 232 

𝛼∗ = 𝛼0 + 𝑎 ∗ exp⁡[−0.5(
ln⁡(

𝜃𝑤
𝜃𝑤0

)

𝑏
)

2

]              (16) 233 

where α0 is the thermal diffusivity of dry soil, θw0 is the water content when the thermal diffusivity 234 

of soil is maximum, a is the difference between the highest thermal diffusivity at the optional water 235 

content θw0, and the thermal diffusivity of dry soil and b is the half-width of the peak of the κ(θ) 236 

curve. 237 

It is indicated by Wang et al. (2017) that the spatial patterns and temporal evolutions of the 238 

ground surface temperature are similar to those of surface air temperature, with the maximum 239 

difference in summer (3.9°C) and the minimum difference in winter (0.6°C). Therefore, the 240 

monitored time variation of ground surface air temperature (Ta) during one year was used as top 241 

boundary condition (Eq. 17) for heat migration study. 242 

𝑇(𝑧, 𝑡)|𝑧=0 = 𝑇𝑎                            (17) 243 
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The temperature at the bottom (z=-Ls) of the cover is assumed to be a constant temperature 244 

(T0) (Eq. 18) as its variation is negligible (Ma et al., 2022). 245 

𝑇(𝑧, 𝑡)|𝑧=−𝐿 = 𝑇0         (18) 246 

2.4.4 Governing equations for soil moisture transport 247 

One-dimensional soil moisture transport can be described by Richard’s equation as in Eq. 19 248 

(Yan et al., 2020, 2022). 249 

𝐶(𝐻𝑝)
𝐻𝑝

𝜕𝑡
=

𝜕

𝜕𝑧
[𝐾(𝐻𝑝)

𝜕𝐻𝑝

𝜕𝑧
] −

𝜕𝐾(𝐻𝑝)

𝜕𝑧
+ 𝛷                  (19) 250 

where Hp is the pressure head, K(Hp) is the hydraulic conductivity, C(Hp) is the water capacity or 251 

the slope of the soil water retention curve, which is expressed in Eq. 20. 252 

𝐶(𝐻𝑝) =
𝜕𝜃𝑤

𝜕𝐻𝑝
          (20) 253 

The surface soil moisture content (soil water tension) was related to the air humidity, which 254 

can be described as (Or and Wraight, 2000; Goss et al., 2007): 255 

ℎ = 𝑅𝑇𝑀𝑊
−1𝜌𝑊ln⁡(𝑅𝐻)                                                     (21) 256 

where h is the pressure head at the soil surface. R is the gas constant. T is the absolute temperature. 257 

Mw is the molecular weight of water and w is the density of liquid water. RH is the air humidity, 258 

which was also measured and shown in Figure S1(a) in the supplementary materials. Generally, 259 

air humidity will impact the VOC emission process  by affecting the moisture content at the soil 260 

surface. However, Goss and Madliger (2007) indicated that when air humidity increased from 39% 261 

to 76% (range of air humidity found in present study), soil moisture content only increased by 0.03 262 

(m3 water/ m3 soil). Therefore, the effect of air humidity on the emission of VOCs will not be 263 

investigated in detail in the present paper, which will be further studied in the future. 264 

The Brooks and Corey retention models were used to obtain unsaturated hydraulic 265 



13 

conductivity, presented in S3 in the supplementary material. 266 

The coupled mathematical model was solved numerically by the finite element method by 267 

using COMSOL Multiphysics® (version 5.6) (COMSOL, 2014). Loam clay was chosen for the 268 

numerical simulation in accordance with site situation. The Richard’s Equation interface was used 269 

for moisture transport modeling and unsaturated parameters used in this analysis (Eqs. s10-s13) 270 

were presented in Table s1 in the supplementary material. The coefficient form PDE interface was 271 

used for the simulation of pressure, mass and heat transfer. The parameters of benzene and 272 

dichloromethane were shown in Table 2. It is indicated that the spatial patterns and temporal 273 

evolutions of ground surface temperature are similar to those of surface air temperature (Wang et 274 

al., 2017). The functions were then used based on monitoring data as the boundary conditions for 275 

pressure and temperature variation, corresponding to Pa and Ta in Eq. (12) and Eq. (17), 276 

respectively. The inbuilt extremely fine physics-controlled mesh was considered where the 277 

maximum element size of the meshes is 0.009m and includes 100 edge elements and 2 vertex 278 

elements. Richard’s equation, thermal transfer, pressure change, and mass transfer were solved 279 

step by step by using the inbuilt solver. 280 

3 Results and discussions 281 

3.1 Composition and concentration of VOCs with field test 282 

Depth-wise variation in composition and concentration of investigated VOCs in the final 283 

cover of the landfill are depicted in Figure S2 (a) and (b) in May and June, respectively, at different 284 

times of the day. Also, total VOC concentration profiles in May and June are shown in Figure 285 

S3(a) and (b), respectively. VOC concentrations in soil were dominated by aromatic compounds 286 

(benzene, o-xylene, styrene, P-m-xylene, ethylbenzene, and methylbenzene) and halogenated 287 

hydrocarbons (tetrachloroethylene, dichloromethane, dichloroethylene, trichloromethane and 288 

dibromoethane). The VOC concentration varied with time and soil depth, as observed from these 289 
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figures. It is noticed from Figure S2 that the concentration in the soil was relatively high although 290 

the landfill has been closed for more than fifteen years. The maximum total VOC concentration 291 

was reached at the depth of 90 cm in May. In May, the total VOCs concentration at the surface 292 

and at the depth of 30, 60 and 90 cm of the cover ranges 100-632 μg/m3, 150-350 μg/m3, 110-790 293 

μg/m3, and 650-1350 μg/m3, respectively (refer to Figure S2a). On the other hand, it can be noticed 294 

from Figure S2(b) the total VOC concentration at the surface and at the depth of 30, 60 and 90 cm 295 

were 648-943 μg/m3, 630-810 μg/m3, 650-890 μg/m3, and 400-850 μg/m3, respectively, in June. 296 

Compared with the results in May, total VOCs concentration in June at four depths showed less 297 

variation. It is mainly because the high temperature in June increased the gas diffusion coefficients 298 

of VOCs in soil. Therefore, variation of concentration profiles decreased in June. 299 

It is indicated from Figure S2 that the concentration of benzene at the surface of the cover 300 

ranges from 11.4 to 144 μg/m3 in May. The maximum concentration of benzene emitting from the 301 

landfill cover surface is four times greater than the reference concentration (RfC) for benzene, 302 

which is 30 μg/m3 based on hematological effects in humans. The RfC is an estimation (with 303 

uncertainty spanning perhaps an order of magnitude) of continuous inhalation exposure to the 304 

human population (including sensitive groups) that is likely to be without appreciable risk 305 

deleterious noncancer effects over a lifetime (US EPA, 2009). The maximum concentration of 306 

benzene was detected at a depth of 90 cm, reaching 255 μg/m3 at 13:00 hrs, which was more than 307 

8 times greater than the RfC. It should also be noted that dichloromethane (DCM) dominated 308 

VOCs concentration both in May and June. The ranges of DCM concentration at depth of 90 cm 309 

were 95-440 μg/m3 in May and 156-327 μg/m3 in June, which were 2-6.8 times greater than 310 

toluene. Yao et al. (2019) also found that the concentration of DCM is the highest among the 311 

detected halogenated compounds, reaching 15123 μg/m³ in the defects of the temporal cover at the 312 



15 

same landfill investigated in this study. Comparison between the results obtained at the final cover 313 

through this study and the temporary cover by Yao et al. (2019) indicated that the degradation of 314 

the MSW is a long-term process and landfill will be a long-term source of VOC emission (Zhan 315 

et al., 2017). The concentration of DCM at the surface of the final cover system monitored in this 316 

study is 1.3-114 μg/m³, which is similar with the results reported by Duan et al. (2021), where the 317 

authors reported that DCM concentration spans from 0.3 to 150 μg/m³ at the surface of temporal 318 

or final cover. DCM can be absorbed through the skin and its long-term exposure via inhalation 319 

will result in liver toxicity, liver cancer, and lung cancer (US EPA, 2011). 320 

It can be observed from Figure 2 that the total VOC flux emitted from the cover surface was 321 

0.0124 and 0.0625 μg/m2/s in May and June, respectively. DCM dominated VOCs emission flux 322 

both in May and June, followed by P-m-xylene and tetrachloroethylene in May and June, 323 

respectively. The emission flux of the DCM comprised 51.8% and 28% of the total VOCs emission 324 

flux in May and June, respectively. The emission rate of the DCM in May is 0.00968 μg/m2/s (≈325 

8.4×10-4 g/m2/d), which is 1-4 orders of magnitude higher than that obtained by Schuetz et al. 326 

(2003) at a French landfill. The DCM was also one of the most common species detected from 327 

landfill by Liu et al. (2017), and with a composition of 32% among halocarbon emissions. Based 328 

on the monitoring study by Liu et al. (2017) at the three anaerobic MSW landfills in China, it is 329 

reported that the DCM concentration at working face ranges from 9.4 to 342.8 μg/m2/s, which is 330 

3-6 orders of magnitude higher than the results obtained in the present study. It is reasonable 331 

because DCM was mainly volatilized directly from MSW components, such as plastics and 332 

adhesives (Yao et al., 2019; Duan et al., 2021). Besides, the results found in this study were 333 

monitored on the final cover consisting of soil layers and geosynthetics, which are diffusion 334 

barriers and sorptive carriers for DCM transport (Schuetz et al., 2003; Wang et al., 2022). The 335 
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higher emission flux of DCM than other types of VOCs were mainly attributed to two reasons. 336 

Firstly, the concentration of DCM at the bottom of the cover system was the greatest among all 337 

the VOCs tested. Secondly, the properties of DCM, including the Henry’s constant, diffusion 338 

coefficient in air are diffident from other types of VOCs. The difference between the emission flux 339 

of benzene and DCM will be discussed in detail through numerical modelling. 340 

3.2 Validation of the results obtained from numerical modelling 341 

Results obtained from the numerical modelling were validated with the field tests results of 342 

the soil moisture content (soil water-filled porosity), soil temperature and VOC concentration. 343 

Field test results obtained at 8:00 and 13:00 hrs were chosen for the verification. The results for 344 

the verification of soil moisture content, temperature profiles, benzene and DCM concentration 345 

profiles were presented in Figures 3(a)-(d), respectively. It can be noticed that the proposed 346 

numerical modelling results are in good agreement with those obtained from the field monitoring. 347 

However, it should also be noted that concentration of benzene at the depth of z=-0.3m, at 8:00 am 348 

obtained by numerical modelling deviated from field monitoring results. This can be attributed to 349 

dilution of by air during transportation and storage in teldar bags before testing by GC-MS, leading 350 

to lower concentration than that obtained from numerical modelling. 351 

Figure 3(d) also indicated that at 08:00 am, the DCM concentration from z=-0.6 to z=-0.2 352 

approaches zero, which is less than the concentration at z=-0.9 and z=0. The  concentration gradient 353 

along soil depth controls the diffusion process of VOCs. When VOC concentration at the soil 354 

surface is more significant than that at the shallow depth of soil, VOC will diffuse from the surface 355 

into the shallow depth of soil. Therefore, VOCs concentration in soil varies with time, which can 356 

also be found in Figure S3. Similar result was also reported by Schuetz et al. (2003) in a final 357 

landfill cover in France. It was shown that a decrease occurred for non-methane organic 358 

compounds concentrations between 60- and 80-cm soil depths. 359 
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3.3 VOCs emission flux from the final cover predicted by the numerical model 360 

3.3.1 Effect of daily ground surface air temperature variation 361 

Figure 4 depicts the variation of temperature and calculated surface diffusive emission flux 362 

of benzene and DCM during a day in four seasons by numerical modelling. The monitored 363 

concentration ranges for benzene and DCM at a depth of z=-0.9m are 3.1-255.3 μg/m3 and 95-327 364 

μg/m3, respectively. The tested concentration ranges for benzene and DCM at the surface of the 365 

cover are 0-144 μg/m3 and 2-171 μg/m3, respectively. Therefore, the concentration boundaries of 366 

benzene and DCM at the depth of z=-0.9m and z=0m for numerical modelling were chosen to be 367 

150 μg/m2/day and 30 μg/m2/day, respectively. Loam clay was chosen for the numerical 368 

simulation. It is demonstrated that temperature variation during a day can have great influence on 369 

the emission flux of benzene and DCM. VOCs emission flux increases with the increase of 370 

temperature. The emission flux during a day changes consistently with the changes of temperature. 371 

Temperature difference during the day in spring is the maximum (∆T＞20 ℃) among the four 372 

seasons. The diffusive emission flux of benzene and DCM reaches its maximum at the highest 373 

temperature, which occurs at 15:00 hrs in four seasons (Figure 4). The average VOC emission flux 374 

was the highest in summer, followed by that in spring, autumn, and winter. The variation of 375 

emission flux is similar to the temperature trends. Emission flux of benzene in spring ranges from 376 

2000 to 2220 μg/m2/day. The difference in emission flux in spring induced by temperature 377 

variation is 220 μg/m2/day, which is the highest in the four seasons. This is because the maximum 378 

temperature difference in spring, which also results in the maximum VOCs emission flux reached 379 

in spring (Figure 4). Although the highest temperature was in summer, the maximum emission 380 

flux was reached in spring (≈2220 μg/m2/day for benzene). The maximum temperature difference 381 

induced the maximum emission in spring during the same time. The emission flux of benzene in 382 
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summer ranges from 2080 to 2200 μg/m2/day. The maximum difference of the benzene emission 383 

flux in summer is 120 μg/m2/day, which is 1.8 times less than that in spring. Benzene emission 384 

flux in winter varied between 1920 and 2060 μg/m2/day, which was the lowest owing to the lowest 385 

temperature in winter. The obtained emission flux in this study is found to be within the range of 386 

VOCs emission flux (875-3750 μg/m2/day) reported by Guo et al. (2015) at a living area 387 

contaminated by VOCs, indicating the reliability of the numerical results obtained in this study. 388 

The patterns of the daily DCM emission are identical to that of benzene, following a similar 389 

trend with daily temperature change (Figure 4). It can be indicated from Figure 4 that the emission 390 

of DCM is higher than that of benzene. The emission flux of DCM in spring varied between 2120 391 

to 2360 μg/m2/day. The maximum emission of DCM (=140 μg/m2/d) is higher than that of benzene.  392 

The lowest emission flux of DCM was also in winter, ranging from 2060 to 2200 μg/m2/d. The 393 

higher emission of DCM compared with benzene in this study was mainly due to higher diffusion 394 

coefficient of DCM. The diffusion coefficient of DCM is approximately 1.2 times greater than of 395 

benzene. The Henry’s constant of DCM is 2.15 times less than that of benzene, which indicates 396 

that the dissolved amount of DCM is smaller than that of benzene under the same equilibrium 397 

partial pressure. Besides, based on field tests at a French landfill, Scheutz et al. (2008) indicated 398 

that halogenated hydrocarbons, including DCM were not degradable in the cover soil, while 399 

aromatics, including benzene, were degradable at a relatively higher rate. 400 

Consequently, the emission of DCM is more than that of benzene. The daily amplitudes of 401 

benzene and DCM were similar. In spring, the fluctuations of benzene and DCM were 220 μg/m2/d 402 

and 240 μg/m2/d, respectively. In winter, the fluctuation amplitudes for both benzene and DCM 403 

were 140 μg/m2/d, which indicates that the  amplitude of daily temperature mainly determined the 404 

magnitude of fluctuation. The  temperature-dependent diffusion in soil mainly caused the variation 405 
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of diffusive VOC emissions. The diffusivity of VOCs in soil was dependent on soil temperature 406 

(Eqs. s1-s3). Thus, the variation of the VOCs concentration follows the same trend of temperature 407 

change, which was controlled mainly by the thermal diffusivity coefficient of soils. 408 

3.3.2 Effect of daily barometric pressure changes on VOCs emission 409 

Figure 5 shows the estimated surface advective flux of benzene during a day in four seasons. 410 

It can be concluded from Figure 5 that the fluctuation of barometric pressure has a great influence 411 

on the advective emission of benzene. Advective emission of benzene increases with the decrease 412 

of atmospheric pressure, showing a reverse trend with  barometric pressure variation. In addition, 413 

the fluctuation of benzene advective emission lags behind  atmospheric pressure changes. The 414 

highest atmospheric pressure during a day in spring occurred at 15:00 hrs, while the lowest benzene 415 

emission flux occurred at 16:00 hrs. With the increase of barometric pressure during 18:00 to 20:00 416 

hrs in spring, the emission flux of benzene decreased immediately (Figure 7a). When the 417 

barometric pressure decreases, the pressure difference increases because the pressure at the bottom 418 

boundary is assumed to be constant (Eq. 13), leading to increasing advective emission flux. It is 419 

demonstrated from Figure 5 that the amplitude of barometric pressure fluctuations has a significant 420 

impact on the advective emission of benzene. The maximum difference of barometric pressure in 421 

spring is 8 hPa, followed by 4 hPa in winter, 3.3 hPa in autumn, and 3 hPa in summer. The 422 

correspondingly advective emission flux difference during a day of benzene in spring is the 423 

highest, followed by that in winter, autumn, and summer, with similar results. In response to the 424 

fluctuation of barometric pressure, a vertical pressure gradient was developed within the cover 425 

soil. Thus, the variation of advective velocity was resulted by the fluctuated vertical pressure 426 

gradient. It is demonstrated that the variation of the advective emission flux of benzene induced 427 

by atmospheric pressure can reach three orders of magnitude (Figure 5). The advective emission 428 
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flux in spring decreased from -5000 μg/m2/day to 0 μg/m2/day, and then increased gradually to 429 

5000 μg/m2/day ( negative sign indicates inward flux  from atmosphere into the cover soil) in the 430 

reverse direction. Previous studies have also shown that the emission flux of LFG can vary by 431 

several orders of magnitude at the same landfill (Schroth et al., 2012). It is suggested by Xu et al. 432 

(2014) that such large variations in LFG emissions reported in those earlier studies were due to 433 

barometric pressure fluctuations. The results found by the proposed numerical solution in this 434 

study also confirms the findings of Xu et al. (2014). 435 

Moreover, advective transport of benzene from the atmosphere into cover soil will result in 436 

the accumulation of benzene in the shallow cover soil. Therefore,  benzene concentration at the 437 

shallow depth can be greater than that in a deeper depth (z=-0.9m). Furthermore, back-diffusion 438 

of LFG from the atmosphere or shallow depth to deep depth of cover soil will occur. The numerical 439 

simulation results explain the results found by the field test shown in Figure S2(a) that the total 440 

VOC concentration at the depth z=0 is about 3 times greater than that at the depth of z=-0.3m at 441 

8:00 hr. Similarly, in Figure S2(b), the concentration of total VOC at the depth of z=-0.3m is 1.8 442 

times greater than that at a depth of z=-0.9m. VOCs would diffuse from the shallow depth of soil 443 

into the deeper depth by back-diffusion under this circumstance. The results highlight that 444 

diffusion and advective flow contribute significantly to the VOCs transport process. It also implies 445 

that emission flux estimated from the static chamber method may be erroneous due to not allowing 446 

the emission of LFG induced by  pressure fluctuation as it was covered with an airtight cover. 447 

Also, there may be some loss of gas due to preferential flow at the gas chamber and soil interface. 448 

3.3.3 Estimation of annual emission flux of VOCs 449 

Figures 6(a) and (b) show the variation of temperature and pressure during the entire year by 450 

field test, and the estimated daily VOC emission flux during one year by numerical modeling, 451 
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respectively. It can be observed from Figure 6(b) that the absolute value of VOCs emission flux 452 

ranges from 0-2100 ug/m2/s, which falls within the range of global non-methane VOCs emission 453 

flux obtained by Manheim et al. (2021). The response of VOCs emission flux to the fluctuation in 454 

atmospheric temperature and pressure is much clearer on month scales (Figure 6a). The daily 455 

emission of diffusive flux during a year shows similar trends with the variation of temperature, 456 

while the daily advective flux shows inverse trends with the variation of barometric pressure. 457 

Furthermore, the emission flux of diffusive flux fluctuates simultaneously with the changes of 458 

temperature, while the emission of advective flux lags behind the fluctuation of barometric 459 

pressure. The daily diffusive emission flux of benzene and DCM reaches its maximum in June (the 460 

210th day), when the maximum temperature also occurred in June. Daily diffusive fluxes of VOC 461 

increased with the increase of daily average temperature because the increases of atmospheric 462 

temperature induced the rise of the soil temperature and consequently increased the gas diffusion 463 

coefficient (De) in soils. The highest advective flux occurred in May while the lowest atmospheric 464 

pressure occurred in June. The average daily diffusive emission flux of benzene varied between 465 

1700-1990 μg/m2/d, which is 30-40 μg/m2/d less than that of DCM, ascribing to the difference in 466 

De. The high diffusive emission of VOCs was mainly in spring and summer, while the low 467 

diffusive emission was mainly in autumn and winter. High emission of advective emission was 468 

mainly in spring and summer, while low advective emission was mainly in autumn and winter. 469 

Advective emission flux were strongly inhibited when barometric pressure increased in autumn 470 

and winter due to the decrease of pressure difference. Shen et al. (2018) also observed  a strong 471 

negative correlation between landfill gas emission and barometric pressure changes based on field 472 

monitoring. Emission fluxes were strongly enhanced when barometric pressure decreased in spring 473 

and summer, corresponding to  increased pressure gradient along soil depth. The daily average 474 



22 

advective emission flux of benzene and DCM is similar, ranging from -2000-750 μg/m2/day. The 475 

amplitude of variation for average daily VOCs emission is  smaller than the one-day emission 476 

shown in Figures 6 and 7. This is because the dramatic temperature fluctuation during a day  477 

exceeds the average daily variation amplitude during one year. It should also be noted that for 478 

advective emission of VOCs, the direction of advective flux is mainly from the atmosphere into 479 

the cover soil during winter shown in Figure 6(b). While in spring and summer, the advective 480 

emission of VOCs was mainly from the landfill cover soil into the atmosphere. This is because the 481 

atmospheric pressure in winter is the highest during the year (Figure 6(a)). And the atmospheric 482 

pressure is  more significant than that in the cover soil, which would result in the advective 483 

transport of VOCs from the atmosphere into the soil. 484 

4 Conclusion 485 

The concentration profiles of VOC at different depths of cover soil were obtained through 486 

field test. The numerical simulation was conducted to investigate the influence of temperature and 487 

barometric pressure fluctuation on the diffusive emission and advective emission of VOCs. Main 488 

conclusions are: 489 

(1) Field monitoring shows that VOCs concentrations in soil were dominated by aromatic 490 

compounds and halogenated hydrocarbons. DCM dominated VOCs concentration and 491 

emission flux both in May and June. Furthermore, the emission flux of the DCM comprised 492 

51.8% and 28% of the total VOCs emission flux in May and June, respectively. 493 

(2) Numerical simulation shows that daily temperature and barometric pressure variation have 494 

crucial effect on diffusive and advective VOCs emissions, respectively. VOCs emission flux 495 

increases with the increase in temperature and follows similar trends with the variation of 496 

temperature synchronously. Higher temperature fluctuation will result in higher diffusive 497 

emissions of VOCs. The variation of advective emission also shows an inverse fluctuation and 498 
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lags that of the barometric pressure variation. The advective VOCs transport from the 499 

atmosphere into soil occurs when the pressure inside the cover soil is greater than that in the 500 

atmosphere. It will result in the accumulation of VOC in the shallow depth of soil and thus 501 

back-diffusion occurs. 502 

(3) The daily diffusive emission flux of VOCs reaches its maximum in June and the lowest 503 

advective flux occurred in May due to the fluctuation of temperature and barometric pressure 504 

during the year. High diffusive emission of VOCs was mainly in spring and summer. The 505 

direction of advective flux is from the atmosphere into the cover soil during winter. 506 

(4) It is indicated that the emission of VOC from final covers induced by atmospheric factors, 507 

including temperature and pressure is non-negligible and should be considered when assessing 508 

the risks of landfill and estimating LFG emission budget reasonably. Fluctuation of pressure 509 

and temperature plays a more significant role on LFG emission than they were thought in 510 

previous studies. The results found in this study can give new insight into designing climate-511 

adaptive landfill covers. 512 
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 521 

Notation List 522 

a    difference between the highest thermal diffusivity at the optional water content and the 523 

thermal diffusivity of dry soil. 524 

b    half-width of the peak of the κ(θ) curve. 525 

C    gas concentration in the static chamber. 526 

Ca   VOCs concentration in soil.  527 

Cg   VOCs concentration in air.  528 

C0   constant VOCs concentration at the bottom boundary.  529 

C(Hp)   water capacity or the slope of the soil water retention curve. 530 

dg    soil structure characterizing parameter.  531 

Deddy   eddy diffusion coefficient. 532 

De (T)   effective diffusion coefficient of VOCs in soil at temperature T.  533 

Dg (T)   diffusion coefficients of VOCs in air at temperature T. 534 

Dw (T)   diffusion coefficients of VOCs in water at temperature T. 535 

Dg0        diffusion coefficient of VOCs in air at temperature T0.  536 

Dw0       diffusion coefficient of VOCs in water at temperature T0.  537 

foc         soil’s organic carbon fraction. 538 

Hp        pressure head. 539 

j’           gas flux.  540 

j           corrected gas flux at environment temperature T. 541 

k          von Karman constant.  542 

KH        Henry’s gas constant.  543 



25 

KH0       Henry’s constant at T0.  544 

K(Hp)   hydraulic conductivity. 545 

Ks         saturated hydraulic conductivity. 546 

ka         permeability of VOCs through soil.  547 

Kd        distribution coefficient. 548 

Koc       soil organic carbon-water partition coefficient. 549 

koc0      sorption coefficient at T0.  550 

L        depth of the surface vegetation layer.  551 

Pi       gas pressure in the soil. 552 

P0       average atmospheric pressure. 553 

Rd      retardation factor. 554 

S        base area of the chamber.  555 

Se      effective saturation. 556 

u*     friction or shear velocity.  557 

V      volume of the chamber.  558 

v      advection velocity.  559 

z      soil depth. 560 

zBL    atmospheric boundary layer height. 561 

λ     degradation rate of VOCs in soil. 562 

θa   air-filled porosity of soil.  563 

θw   water-filled porosity of soil. 564 

ε     total porosity of soil.  565 

△Hsorp   enthalpy of sorption.  566 
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R      ideal gas constant. 567 

△Haw  enthalpy of air-water partitioning. 568 

μ      dynamic viscosity coefficient of VOCs.  569 

α*     soil thermal diffusivity. 570 

ρb      dry density of soil.  571 

α0     thermal diffusivity of dry soil. 572 

θw0    water content at when the thermal diffusivity of soil is maximum. 573 

α, l, n  empirical constants. 574 

θr and θs  residual and saturated volumetric water content of soil, respectively.  575 

  576 
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Table 1. The ranges of atmospheric conditions during the field test 760 

Table 2. Parameters for benzene and dichloromethane. 761 
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Table 1. The ranges of atmospheric conditions during the field test 763 

Dates Temperature (℃) Wind speed (m/s) Air humidity (%) 

22nd May 20-32 0.3-3.2 50-90 

25th June 24-38 0.3-4.1 40-95 

 764 

  765 
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 766 

Table 2. Parameters for benzene and dichloromethane. 767 

 KH 

△Haw 

(kJ/mol) 

Dg0 

(m2/s) 

Dw0 

(m2/s) 

Koc0 

△Hsorp 

(kJ/mol) 

μ 

(Pa*s) 

benzene 0.214b 30a 8.910-6b 1.0310-9b 66c -9.61g 6.12810-4b 

dichloromethane 

(DCM) 
0.0994b 35a 1.0510-5b 1.2310-9b 114.8d -48.6f 4.1310-4b 

T0 =25℃, R=8.314 768 
a Schwarzenbach et al. (2003) 769 
b US EPA (2013) 770 
c US EPA (1996) 771 
d Delle (2001) 772 
e Wang and Grathwohl (2013) 773 
f Pré et al. (2002) 774 
g Chiou and Shoup (1985)  775 
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Figure list 776 

Figure 1. The conceptual model for VOCs transport and emission in a final landfill cover 777 

system. 778 

Figure 2. Emission flux and proportion of each VOCs in (a) May and (b) June. 779 

Figure 3. Validation of the proposed numerical model results with field test data for (a) soil 780 

water content, (b) soil temperature, (c) benzene concentration profiles and (d) DCM 781 

concentration profile. 782 

Figure 4. Estimated surface diffusive emission flux of (a) benzene and (b) DCM during a day. 783 

Figure 5. Estimated surface advective flux of benzene during a day in four seasons. 784 

Figure 6. (a) Variation of temperature and pressure during the year by field test and (b) 785 

estimated VOC emission flux by numerical modeling. 786 

 787 
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 789 

(a) 790 

 791 

(b) 792 

Figure 1. (a) The location of sampling points and (b)the conceptual model for VOCs transport 793 

and emission in a final landfill cover system.  794 
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Figure 3. Validation of the proposed numerical model results with field test data for (a) soil 800 

water content, (b) soil temperature, (c) benzene concentration profiles and (d) DCM 801 

concentration profile. 802 
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Figure 4. Estimated surface diffusive emission flux of benzene and DCM during a day in (a) 806 

Spring, (b) Summer, (c) Autumn, and (d) Winter. 807 
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Figure 5. Estimated surface advective flux of benzene during a day in (a) Spring, (b) 810 

Summer, (c) Autumn, and (d) Winter. 811 
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Figure 6. (a) Variation of temperature and pressure during the year by field test and (b) 817 

estimated VOC emission flux by numerical modeling. 818 


