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Abstract 13 
The semi-aerobic landfill is a widely accepted landfill concept in Japan because it 14 
promotes stabilization of leachates and waste via passive aeration without using any 15 
type of mechanical equipment. Ambient air is thought to be supplied to the landfill 16 
through a perforated pipe network made of leachate collection pipe laid along the 17 
bottom and a vertically erected gas vent. However, its underlying air flow path and 18 
driving forces are unclear because empirical data from real-world landfills is 19 
inadequate. The objective of this study is to establish scientific evidence about the 20 
aeration mechanisms and air flow path by an on-site survey of a full-scale, 21 
semi-aerobic landfill. 22 

 First, all passive vents located in the landfill were monitored with respect to 23 
temperature level and gas velocity in different seasons. We found a linear correlation 24 
between the outflow rate and gas temperature, suggesting that air flow is driven by a 25 
buoyancy force caused by the temperature difference between waste in the landfill and 26 
the ambient temperature. Some vents located near the landfill bottom acted as air 27 
inflow vents. Second, we conducted a tracer test to determine the air flow path between 28 
two vents, by injecting tracer gas from an air sucking vent. The resulting slowly 29 
increasing gas concentration at the neighboring vent suggested that fresh air flow 30 
passes through the waste layer toward the gas vents from leachate collection pipes, as 31 
well as directly flowing through the pipe network. Third, we monitored the 32 
temperature of gas flowing out of a vent at night. Since the temperature drop of the gas 33 
was much smaller than that of the environment, the air collected at the gas vents was 34 
estimated to flow mostly through the waste layer, i.e., the semi-aerobic landfill has 35 
considerable aeration ability under the appropriate conditions.  36 
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 37 
 38 
1. Background 39 

In recent years, landfill aeration has been considered to be one of the most 40 
important options for the concept of sustainable landfill. While bioreactor landfills and 41 
thermal/biological pretreatment are other options for landfill operation, landfill 42 
aeration is mainly used in old landfills to “convert conventional anaerobic landfills 43 
into a biological stabilized state” (Ritzkowski and Stegmann, 2012). Studies on landfill 44 
aeration appeared in the late 1990s. Leikam et al. (1997) and Heyer et al. (1999) 45 
reported on leachate quality, gas generation, and temperature build-up for the in situ 46 
aeration of an old landfill in Germany. Raga and Cossu (2014) also carried out in situ 47 
aeration to reduce biogas and leachate generation in Italy. In 2004, the Landfill 48 
Aeration Task Group was established by the International Waste Working Group 49 
(IWWG), and subsequently published a monograph “Landfill Aeration in 2007” 50 
(Stegmann and Ritzkowski, 2007). 51 

The semi-aerobic landfill, proposed by Hanashima in the 1970s, was categorized as 52 
an “aerobic landfill” by Ritzkowski and Stegmann (2012), but it uses no mechanical 53 
equipment for aeration. The key concept of a semi-aerobic landfill is the connection of 54 
a leachate collection pipe with gas vents that directly connect to the atmosphere 55 
(Figure 1). According to Matsufuji (1998), this idea was first developed in the early 56 
1970s when the biochemical oxygen demand (BOD) in leachate from an anaerobic 57 
landfill, which was used as a reference for evaluating the effect of forced aeration, was 58 
found to be as low as that in aerobic landfills. Hanashima suggested that the BOD in 59 
the leachate was lowered by the air supplied from the leachate collection pipe, which 60 
was directly connected to the atmosphere. At this point, only the leachate collection 61 
pipe was considered as an air supply source. However, as the depth of the waste layer 62 
increased as landfill works proceeded, air supply capacity was limited by the low 63 
permeability of the dumped waste load and by the increased distance from the leachate 64 
collection pipe. Therefore, due to the increase in the depth of the waste layer, the air 65 
supply pipe was extended by the construction of vertical gas vents that were connected 66 
to the leachate collection pipe. 67 

Unlike aerobic landfills with forced injection or extraction, in which the flow paths 68 
of air and gas can be estimated as a physical process, the air and gas flows in a 69 
semi-aerobic landfill have simply been assumed. Figure 1 shows an assumed air flow 70 
in semi-aerobic landfills, i.e., air flows into the waste layer both from the leachate 71 
collection pipe and from the gas vents, as indicated by the arrows in the figure. This 72 
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assumption is naturally derived from the idea to extend the leachate collection pipe in 73 
the vertical direction as mentioned above. The driving force of air flow in semi-aerobic 74 
landfills is considered to be the buoyancy force caused by temperature differences 75 
between the waste in the landfill and the atmosphere. Matsufuji and Tachifuji (2007) 76 
explained that air and gas, warmed by the heat generated during the aerobic 77 
biodegradation of waste, tend to rise and get vented through the gas vents. Therefore, 78 
the negative pressure produces a siphoning effect that draws ambient air into the 79 
leachate collection pipe. The direction of air flow around the gas vents shown in Figure 80 
1 is somewhat contradictory to this statement by Matsufuji. 81 

There have been numerous studies on semi-aerobic landfills in Japan in the past 82 
half century (Park et al.(1997), Hirata et al.(2012), for example). These studies were 83 
mostly conducted using a cylindrical lysimeter packed with various types of waste, in 84 
which semi-aerobic conditions were realized by opening the bottom and the top of the 85 
lysimeter to expose the waste to the atmosphere. An anaerobic lysimeter that was 86 
closed at both ends was usually used as a control. In most studies, the leachate was the 87 
main concern with respect to environmental pollution, and gas was monitored only for 88 
the sake of determining the mass balance of carbon.  89 

On the other hand, few studies have been conducted on a full-scale, semi-aerobic 90 
landfill, especially with regard to aeration. Yanase et al. (2010) measured the air flow 91 
rate into the leachate collection pipe during different seasons of the year. They showed 92 
that the air flow rate negatively correlated with the ambient temperature: a large flow 93 
rate occurred in winter and there was no air flow in summer. This fact supports 94 
Matsufuji and Tachifuji’s (2007) assumption that the driving force of air flow is the 95 
temperature difference. By measuring increases in the air and gas flows in the gas 96 
vents, Kim et al. (2010) showed that air and gas did in fact flow into the gas vents from 97 
waste layer. Although the study was conducted in a landfill where gas vents were 98 
constructed after the closure of the landfill, and they were not connected to the 99 
leachate collection pipe, an air flow through the waste toward the gas vents had been 100 
expected in this semi-aerobic landfill. Yanase (unpublished data, 2004) recorded the 101 
temperature of waste and gas emitted from a gas vent continuously for a year at the 102 
same landfill, as in Yanase et al. (2010). Two temperature sensors were located 3 m 103 
away from each other at a depth of 3 m, and these two temperatures were exactly the 104 
same except for short term fluctuations in the gas temperature. Combining the results 105 
of these latter two studies, we can assume that air flows through the waste layer, and 106 
warm air collects at gas vents. 107 
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These few studies of full-scale landfills give only fragmented information about 108 
aeration in semi-aerobic landfills. For example, Yanase et al.(2010) did not measure 109 
the gas flow rate at gas vents, and Kim et al. (2010) surveyed only a few gas vents. 110 
There is inadequate data on the overall aeration process in landfills. Therefore, based 111 
on the assumption made by Matsufuji and Tachifuji (2007), this study aims to establish 112 
scientific evidence for the aeration mechanisms and air flow path by the on-site survey 113 
of a full-scale, semi-aerobic landfill. 114 
 115 

2. Surveyed landfill and methodology 116 
 117 
2.1 Description of the landfill 118 

This study was conducted at an industrial solid-waste landfill in Sendai, Japan, 119 
which started operations in November 2003. There are two zones, with a total area of 120 
78,241 m2 and a volume of 2.1 × 106 m3. The second zone, in which our on-site study 121 
was conducted, started receiving waste in November 2009. A typical waste layer is 2.5 122 
m thick and covered daily by a 10- to 20-cm-thick soil layer. In June 2013, there were 123 
eight waste layers, and the total thickness of the landfill was about 25 m, including 124 
30–50 cm of intermediate cover. The waste composition on a weight basis is as 125 
follows: waste plastics (28%), demolition waste (20%), waste metals (8%), 126 
incineration residues (7%), and sludge (12%) which is the main source of organic 127 
materials. The other 25% consists of mostly incombustible waste, such as pretreated 128 
waste and ash. 129 

Figure 2 shows the layout of the leachate collection pipes and the passive gas 130 
vents, indicated by the solid line and symbols. The main leachate collection pipe ends 131 
in an open leachate collection pit. All gas vents are connected to the leachate collection 132 
pipes, a common practice in semi-aerobic landfills. Typically, vertical gas vents are 133 
constructed on top of the main leachate collection pipe, and secondary leachate 134 
collection pipes are used as inclined gas vents that branch out toward the peripheral 135 
area of the landfill. In this landfill, as shown in the cross-section view No. 7–N8–PN14 136 
in Figure 2, vertical gas vents are also located at the bent parts of the leachate 137 
collection pipes, for example N1–N9. As a result, there are three types of gas vents, 138 
which are indicated by different symbols and identified using the following numbers: 139 

No. 1–9: gas vents on the main leachate collection pipe 140 
N1–N9, S1–S7: gas vents on the bends of the branching leachate 141 

collection pipes 142 
PN1–PN16, PS1–PS17: gas vents on the open end of the branching leachate 143 
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collection pipes. 144 
The diameter of the gas vents is 30 cm (inner diameter is 28 cm), except for vent No. 1, 145 
which is 60 cm in diameter. The diameter of the main leachate collection pipe is 60 cm; 146 
the length from vent No. 1 to No. 9 is approximately 280 m (Nos. 1–3: 70 m, Nos. 3–6: 147 
110 m, Nos. 6–9: 100 m). The intervals between the gas vents are in the range of 15 to 148 
35 meters. Both the leachate collection pipes and the gas vents are perforated. 149 
 150 

2.2 Survey method 151 
 152 
(1) Survey schedule 153 

We visited the site on three occasions—on June 18 and 19, October 24 and 25, and 154 
November 15 and 16, 2013. In June, all gas vents were identified and numbered, as 155 
shown in Figure 2, and we determined the gas velocity and temperature at the exits of 156 
all gas vents. The composition of gas exiting the vents was measured at those vents 157 
from which the gas flow rate was relatively high. In October, we determined the 158 
altitudes of the gas vents, and the gas flow velocity and temperature at all gas vents 159 
was measured again. We also conducted a preliminary trial of a tracer gas test to 160 
estimate the response time for gas monitoring. The injection point of the tracer gas was 161 
determined based on the June survey. In November, we conducted the tracer gas test 162 
twice. Temporal variations in gas flow measurements were identified, and the change 163 
in gas temperature at night was also measured. 164 
 165 
(2) Gas velocity and temperature 166 

The gas velocity and temperature at the exit of the gas vents were measured using 167 
an anemometer (Kanomax 6531; detection range of 0.01–30 m/s and an accuracy of 168 
±2%) and a digital thermometer (Thermo PORT TP-100mR; detection range of −56 to 169 
306°C and an accuracy of ±0.1°C). We recorded a 10-s average gas flow velocity 170 
because of the high fluctuations in the flow velocity. Before measuring the velocity 171 
and the temperature, we identified the direction of the gas flow at the exit of the gas 172 
vents using a smoke tube (GASTEC No. 501). This was very useful due to the 173 
difficulty in determining the gas flow direction when the flow velocity was small. 174 

The anemometer and thermometer sensors were inserted into the gas vents as 175 
close as possible to ground level (see Figure 4(a)). The altitude of the gas vents was 176 
measured by GPS, and photos were taken to record the conditions around these vents, 177 
such as the slope of the surrounding area. 178 

 179 
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(3) Gas composition 180 
Gas composition was measured using a portable gas analyzer (GA2000 Plus, 181 

Geotechnical Instruments). The analyzer was equipped with a pump working at a 182 
sampling rate of 300 ml/min. A sampling tube was lowered into a gas vent to a depth 183 
of 50 cm below ground level, and measurements were recorded after 60 s of sampling. 184 
The presence of five different gases (CH4, CO2, O2, CO, H2S) were simultaneously 185 
detected at ranges of 0%–70%, 0%–40%, 0%–25%, 0–2000 ppm, and 0–500 ppm, 186 
respectively. The accuracy of the measurements for CH4, CO2, and O2 were ±0.5%, 187 
±3%, and ±0.1%, respectively. The amount of N2 was determined by the balance of 188 
CH4, CO2, and O2. 189 
 190 
(4) Tracer gas test 191 

Carbon monoxide (CO), which is a minor component in landfill gas, was used as a 192 
tracer gas because of the ease with which it can be continuously monitored with a 193 
conventional gas meter. CO was detected neither in June (gas composition shown in 194 
Figure 7) nor in November. Pure CO gas (100%) was continuously injected for about 195 
two hours, and the output concentration was recorded during the tracer gas injection 196 
using a carbon monoxide meter (GCO-2008; SATOSHOUJI INC.), or occasionally by 197 
a portable gas analyzer (GA2000 plus, Geotechnical Instruments). The location where 198 
CO injection took place and the location of the effluent is described in section 4.1. 199 
 200 

3. Mechanism of aeration 201 
 202 
3.1 Gas flow rate at passive vents 203 

The gas flow rates at the gas vents, calculated from the data obtained in June, are 204 
plotted in Figure 3. The area of the circle is proportional to the gas flow rate. Flow rate 205 
was not determined at several vents, either because they were covered or because of 206 
some other reason. Unexpectedly, air flowed in at several gas vents, as shown by the 207 
smoke travel path in Figure 4(b). In this context, the gas vents are either called inflow 208 
or outflow vents, according to the gas flow direction. 209 

As shown by the contour line in Figure 3, most of the inflow vents were located at 210 
low altitudes. According to the theoretical functioning of semi-aerobic landfills, air is 211 
drawn in through the leachate collection pipe (see Figure 1). In this landfill, however, 212 
gas vents also took in air if they were located near the landfill bottom, even though 213 
waste was deposited 15m below the exits of inflow vents. In June, we found the top of 214 
the leachate pit, into which leachate was discharged from the collection pipe, covered 215 
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with a nonwoven fabric, while it had not been covered in October. Regardless of these 216 
different conditions of the leachate collection pit, vents No. 1 and PN1–PN5 217 
functioned as inflow vents during both months.  218 

The air flow rate from the end of the leachate collection pipe (calculated using the 219 
average gas velocity and the area of the collection pit) was almost equivalent to that of 220 
vent No. 1 in June. The sum of the flow rate was 22.6 (inflow) and 42.6 (outflow) in 221 
June, and 53.4 (inflow) and 43.2 (outflow) in October (in m3/min). One third of the 222 
inflow rate in October was derived from the gas inflow of the leachate pit. While the 223 
smoke exhibited a straight streamline in the outflow vents, there was turbulence in the 224 
inflow vents. Inflowing air through gravel deposited around the vent was observed at 225 
some of the inflow vents. Therefore, the estimation of the inflow rate is less accurate. 226 

By using an inflow rate of 50m3/min for 7.8 ha, the average air flow rate per 227 
hectare is estimated to be 385 m3/h in this landfill. As for an aerobic landfill, the 228 
average aeration rate in the eight-year in situ aeration project in Germany was 229 
calculated to be 325 m3/hr, using an average aeration flow rate of 1040 m3/hr 230 
(Ritskowski and Stegmann, 2007) and a total area of 3.2 ha (Heyer et al., 2001). 231 
Although the inflow rate is not entirely accurate, and this volume is not used solely for 232 
the aeration of waste in this study (this ratio is discussed later in section 4.3), this 233 
comparison is helpful in understanding the aeration capacity of a semi-aerobic landfill. 234 
  235 

3.2 Relationship between gas flow rate and gas temperature 236 
The relationship between the gas flow rate and gas temperature for the outflow vents 237 

is shown in Figure 5. The number of gas vents plotted in the figure is 35 and 29 in June 238 
and October, respectively, and the ambient temperature is also shown. In both months, 239 
a linear correlation was found between these parameters, i.e., as the gas temperature 240 
increased, the gas velocity also increased. As indicated by their intersection on the 241 
x-axis, this figure supports the assumption that the temperature difference between the 242 
waste and the environment is the driving force behind the gas flow.  243 

Therefore, the gas temperature is the most easily measured indicator of the gas flow 244 
rate. A higher temperature signals a higher rate of gas flow. If the temperature is equal 245 
to that of the environment, either air is drawn into the gas vents or no gas flow exists.  246 
 247 

3.3 Buoyancy effect  248 
The positive correlation between gas temperature and gas flow rate suggests that 249 

air movement is driven by a buoyancy force. Considering a homogeneous block of 250 
waste, with the depth and area being designated as H and A, respectively (Figure 6), 251 
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the buoyancy force working on the air inside the block can be expressed as follows: 252 
F = ε(ρ(Te) − ρ(Tw))·A·H·g,                     (1) 253 

where ε is the porosity of the waste and ρ is the density of the air [kg/m3]. Te and Tw 254 
are the absolute temperatures of air in the environment and at the waste layer, 255 
respectively. Applying Darcy’s law and the equation dP = F/A, Darcy’s velocity (flow 256 
rate per unit area [m/s]) is expressed as follows:  257 

v = ka·dP/dz = −ka·F/(A·H),                        (2) 258 
where ka is the permeability coefficient [m2/(s∙Pa)], and dP is the pressure difference 259 
between the top and the bottom of the block. Using Eq. 1 and the ideal gas law 260 

ρ = Mw·P0/(R·T),                                   (3) 261 
where Mw is the molar mass of air [kg/mol], P0 is the standard atmosphere pressure at 262 
0°C, R is the gas constant [J(/mol∙K)], and T is the absolute temperature of air [K], we 263 
can calculate the gas velocity as follows: 264 

v = ε ka·Mw·P0·g/R(1/Te − 1/Tw) = ε·ka·Mw·P0·g/R(Tw − Te)/Te·Tw. (4) 265 
Although this model seems too simple to simulate the gas flow velocity in a landfill, 266 
the positive linear correlation shown in Figure 5 supports this hypothesis. Low 267 
permeability of waste might be a reason for the low gas flow rate at some vents. 268 

Figure 7 shows the gas composition and velocity at the exit of the outflow gas 269 
vents. The residual fraction is the estimated nitrogen. Air is the main component of the 270 
gas, and the concentrations of CH4 and CO2 are very low. These low ratios of landfill 271 
gas components are reasonable when considering the effluent air supply from the 272 
environment stated in section 3.1. Even when landfill gas is generated, its amount is 273 
small compared with that of air. 274 
 275 

4. Air flow path in the landfill 276 
 277 
4.1 Scheme of the tracer test  278 

To obtain quantitative data on the air flow dynamics in this semi-aerobic landfill, 279 
a tracer gas test was conducted on November 15, 2013. The idea was that if air flowed 280 
through the waste layer from the leachate collection pipe, it would need a longer travel 281 
time to leave the gas vents as compared with just flowing through the pipes and vents. 282 

CO gas was injected into an inflow vent, and the gas concentration was 283 
continuously measured at the nearest and other outflow vents. The CO concentration 284 
instantly increased from zero to a specific value at the inflow vent; therefore, this was 285 
called the “step response test.” The tracer gas was injected into either vent No. 1 or 286 
PN1. Vent No. 1 was selected because it was the first gas vent on the main leachate 287 
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collection pipe, and it had the largest air inflow rate. The reason for selecting PN1 was 288 
its straightforward connection with other vents (see Figure 2). No. 1 was connected to 289 
N1, N2, No 2, PS1, and other vents, and air from the end of the leachate collection pipe 290 
was mixed with air from those vents. PN1 was directly connected to N1. 291 

Injection of the CO gas into PN1 started at 11:36, and the CO concentration was 292 
continuously recorded at N1 using the carbon monoxide meter (GCO-2008). The CO 293 
concentration at neighboring gas vents (Nos. 2 and 3, N1–N3, and PN2) was also 294 
measured using a portable gas analyzer. Based on a preliminary test conducted in 295 
October, the CO gas flow rate was set at 1 L/min to keep the gas concentration lower 296 
than 1000 ppm, which is the highest detectable concentration for the GCO-2008 meter. 297 
Gas injection continued until 13:59 with a total running time of 140 min. 298 

In the same way, CO was injected at 14:29 into vent No. 1, with a gas flow rate 299 
of 10 L/min. The CO concentration was monitored using the GCO-2008 meter at vents 300 
Nos. 2 and 3, and the CO concentrations at other gas vents (No. 4 and 5, N1–N3, S6, 301 
PS10, and PS11) were also measured two to three times using the GA2000 plus the gas 302 
analyzer. CO injection continued for 110 min until 16:30. As shown in Figure 8(b), CO 303 
injection into PN1 did not have any influence on the CO concentration at vents Nos.2 304 
and 3. 305 

The input CO concentration was estimated to be 600 ppm at PN1 and 780 ppm at 306 
vent No. 1. These figures were calculated from the air velocity and the CO gas flow 307 
rate. At PN1, CO concentration was also measured using the GCO-2008 meter, which 308 
was lowered into the gas vents to a depth of approximately one meter below ground 309 
level to prevent turbulence. 310 

 311 

4.2 Air flow path through the waste layer 312 
Figure 8(a) shows the CO response at vents Nos. 2 and 3 when CO was injected 313 

into vent No. 1. If the air flowing in at vent No. 1 had passed only through the leachate 314 
collection pipe and the gas vents, the CO response would have suddenly increased at 315 
the travel time of the air flowing through the pipe, and it would have a constant value 316 
thereafter. In Figure 8(a), however, after the sudden increase at around 4 minutes of 317 
travel time, the CO concentration slowly increased at both vents Nos. 2 and 3. The 318 
gradually increasing response curve suggests that there was an air flow passing 319 
through the waste layer with a highly variable residence time, ranging from several 320 
minutes to hours, which reflect the distribution of the air’s travel distance in the waste 321 
layer. The CO tracer gas was also detected at vents Nos. 4 and 5, and they showed an 322 
increasing trend similar to that observed in Nos. 2 and 3. The detection of CO at vents 323 
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PS10 and PS11 tells us that the leachate collection pipe supplied air through the 324 
majority of the interconnected leachate collection pipework.  325 

By integrating all the information obtained in Figure 8(a), we estimated the air 326 
flow paths, as shown in Figure 9(a). The air-containing tracer gas injected at vent No. 1 327 
flows in multiple directions through the leachate collection pipe and the gas vents: far 328 
downwards and to the sides. If we focus on the CO gas reaching vent No. 2, there are 329 
two paths of the tracer gas: the flow passes through the pipe and through the waste, 330 
which are denoted in the figure by Ppipe and Pwaste, respectively. Ppipe has a travel time 331 
of around 4 min between vents Nos. 1 and 2. In contrast, Pwaste consists of diverse 332 
paths in three-dimensional directions, since the flow might occur between any of the 333 
segments of the leachate collection pipe where CO gas exists and vent No. 2. The 334 
reason why the response curve in Figure 8(a) appears to be increasing after 110 335 
minutes (not having attained a steady state) might be due to the existence of the longer 336 
distance flow to vent No. 2. 337 

Figure 8(b) shows the CO response when the tracer gas was injected into PN1. 338 
Unlike the response at Nos. 2 and 3, there was no evident Ppipe path between PN1 and 339 
N1. We consider this to be due to the clogging of the PN1 vent. The estimated aeration 340 
path for the CO injection from PN1 is shown in Figure 9(b).  341 

CO gas was selected for the tracer test for the ease with which it can be 342 
continuously monitored. Since CO is not inert and could have been oxidized as it 343 
passed through the waste layer during the tracer test, the CO concentration in Figure 8 344 
might have been lower than the actual value. 345 

In Figures 8(a) and 8(b), the lower CO concentration at vent No. 2 as compared 346 
with the concentration at vent No. 1, and the lower CO concentration at N1 compared 347 
with that at PN1, were obviously influenced by air coming in through the leachate 348 
collection pipe, and through from the inlet of vent No. 1, respectively. 349 

 350 

4.3 Aeration of waste 351 
   The tracer test studied the air flow path from one inflow vent to the other 352 

outflow vent. In terms of aeration in a semi-aerobic landfill, the ratio of air passing 353 
through a waste or pipe network before reaching the gas vents is extremely important. 354 
The air flowing out of a vent is a collection of air originating from multiple parts of the 355 
leachate collection pipes and inflow vents. If most of the air entering into a landfill 356 
travels only through the leachate collection pipe and gas vents, the air will have little 357 
effect on the aeration of the waste. In Figure 10, we show a schematic of two paths to a 358 
gas vent, in which f is a ratio of air flowing in a pipe, and (1-f) is the ratio of air 359 
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passing through the waste layer. Using the symbols in the figure, the energy balance 360 
produces the following equation. 361 

T ≅ f Te + (1 − f) Tw.    (2) 362 
Waste mass has a large he t capacity, so the temperature of the air passing through the 363 
waste layer does not change during the day, i.e., Tw can be assumed to be constant. The 364 
differential form of Eq. (1) is 365 

dT/dt= f dTe/dt (2) 366 
Therefore, when comparing temperature changes between the outflow gas and the 367 
ambient air, the ratio of the two paths can be estimated. For this purpose, a 368 
thermometer (CENTER314), connected to a K-type thermocouple (detection range of 369 
−200 to 1000°C), was placed at vents No. 2 and No. 3, and N1 at around noon on 370 
October 24, and remained there until 11:00 the next day. 371 

Figure 11shows the monitoring results of the temperature of air and gas at vents 372 
No. 3 and N1. Data for the first four hours are missing due to problems with placement 373 
of the thermometers, and solar radiation caused a sharp increase in the temperature 20 374 
h after monitoring started. Because the temperature change of the gas is smaller than 375 
that of the ambient temperature, different scales were used in Figure 11. As shown by 376 
the regression lines, the range of the change in gas temperature was about 20% (i.e., f = 377 
0.2) when compared to the change in the environmental temperature at vent No. 1. This 378 
means that a large portion of the air collected at the gas vents passed through the waste 379 
layer, and this ratio was almost the same for vent No. 2. As for N1, the temperature 380 
change is very small, which means that the air collected at N1 is mostly passing 381 
through the waste layer.  382 

  383 

4.4 Fluctuation of air flow 384 
The gas flow measured in the waste mass was not stable. There is a negative 385 

correlation in the CO concentration between vents Nos. 2 and 3, especially at 60, 72, 386 
and 90 minutes, as shown in Figure 8(a). This suggests that the air flow path through 387 
the waste randomly changed between neighboring vents, i.e., the gas was occasionally 388 
pulled more strongly into one vent, and this situation reversed later. Such gradual 389 
changes of the gas flow was observed at other vents as well. For instance, Figure 11 390 
shows consecutive measurements of 10 s on average. Because the velocity was 391 
measured at one vent at a time, each measurement series is independent of the others. 392 

A sudden change in flow direction was observed on October 24th. Gas flowed out at 393 
N6 (1.10 m/s), but on the next day, N6 became the inflow vent (0.33 m/s). Rain during 394 
the night might have caused this change of direction. 395 
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 396 

5. Conclusion 397 
 398 

Our objectives were to clarify the aeration mechanisms and air flow paths occurring 399 
in a semi-aerobic landfill. The main findings described in this paper are as follows: 400 

1) Part of the fresh air introduced from the environment into the leachate collection 401 
pipe (and from the inflow vents in this landfill) flows through the waste layer toward 402 
the gas vents, in addition to passing through the pipes, as suggested by the tracer 403 
response curve in section 4.2. 404 

2) Air flow is driven by a buoyancy force caused by the temperature difference 405 
between the waste in the landfill and the ambient temperature, as suggested by the 406 
positive correlation between gas velocity and gas temperature in section 3.2. 407 

3) The air collected at gas vents was estimated to flow mostly through the waste 408 
layer, as suggested by the smaller decrease of temperature in the gas released from the 409 
vent than from the environment, as discussed in section 4.3. 410 

Therefore, the aforementioned assumption made by Matsufuji and Tachifuji (2007) 411 
can be revised as follows: 412 

In a semi-aerobic landfill, which has a structure that is open to the environment, the 413 
temperature of waste is increased by heat released from aerobic biodegradation. Due to 414 
a buoyancy force caused by the temperature difference between the waste and the 415 
environment, warmed air and gas in waste layer tend to rise and be vented through the 416 
gas vents, and fresh air is drawn from the leachate collection pipe laid at the bottom of 417 
landfill.  418 

   When considering a semi-aerobic landfill as an aerobic-landfill technology, the 419 
most important finding in this study is its aeration ability: there exists a 420 
three-dimensional aeration path between the leachate collection pipes in the bottom 421 
and the vertically installed vents. Compared with the assumed air flow in Figure 1, in 422 
which air is supplied in the vicinity of the leachate collection pipe and gas vents, the 423 
waste volume to be aerated is considerably extended. The layout of the pipe network 424 
should be designed with respect to the possible air flow paths. Both the leachate 425 
collection pipe and the passive gas vents are key elements in a semi-aerobic landfill 426 
because the former functions as a conduit supplying air to the landfill, and the latter 427 
functions as an exit for the heated air. It is not necessary to connect the gas vents to the 428 
leachate collection pipe because the connection only increases the air flow through the 429 
pipe, and this has little effect on aeration.  430 
   The aeration ability of a semi-aerobic landfill is influenced by various factors such 431 
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as waste composition, compaction of the waste, permeability, type and thickness of the 432 
cover material, and temperature. This study was carried out in a landfill that has a 433 
moderate amount of organic matter and a number of vents located at intervals of 15 to 434 
35 meters, and it was situated in a cool region. The performance of semi-aerobic 435 
landfills in other places, such as South Asia for example, is unknown. A high food 436 
waste ratio might lead to lower permeability. High ambient temperatures will reduce 437 
the temperature difference, and consequently the buoyancy force may become smaller. 438 
Even in Japan, waste composition, the layout of pipe networks, and the diameter of 439 
pipes are not the same. An on-site study of a full-scale landfill is definitely needed for 440 
the assessment of the semi-aerobic landfill’s aeration capabilities and its applicability 441 
in specific conditions, and to develop better designs of the semi-aerobic landfill.  442 
 443 
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Figure 1  Generally assumed  air and gas flow in semi-aerobic landfills 

Figure 2    Layout  of leachate collection pipes and gas vents  
in a surveyed semi-aerobic landfill 
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Figure 3  Gas flow rate at gas vents in June 
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Figure 4  Identified gas flow by smoke tube 
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Figure 6  Simplistic model of buoyancy effect in porous waste layer 

Figure 5  Correlation between gas temperature and flow rate at outflow vents  
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Figure 7  Gas composition at outflow vent 
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Figure 10   Two paths of air flowing out at outflow vent 

Figure 9  Estimated air flow passing through 
pipes and through waste layer 
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Figure 11  Temperature change of gas and ambient air 

Figure 12 Consecutive measurement of gas velocity at outflow vents 
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