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Highlights 11 

 Regulation requires that landfill gas is managed, but monitoring guidelines are lacking 12 

 Protocols to monitor landfill gas are given based on whole landfill emission 13 

measurements 14 

 A guideline for best practice measurement performance using the tracer gas dispersion 15 

method 16 

 Completion criteria for when monitoring activities can be terminated are set up and 17 

discussed 18 

 Choosing completion criteria for termination is a political decision 19 
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ABSTRACT 21 

Landfill gas often containing  50-60% methane, is generated on waste disposal sites receiving 22 

organic waste. Regulation requires that this gas is managed in order to reduce emissions, but 23 

very few suggestions exist as to how management activities are monitored, what should be set 24 
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up to ensure this management and how criteria should be developed for when monitoring 25 

activities are terminated. Methane emission monitoring procedures are suggested, based on a 26 

robust method for measuring total leakage from the site; additionally, quantitative measures, 27 

to determine the efficiency of the performed emission mitigation, are defined. The tracer gas 28 

dispersion measuring technique is suggested as the core emission measurement methodology 29 

in monitoring plans for methane emissions from landfills and a guideline for best practice 30 

measurement performance is presented. A minimum methane mitigation efficiency of 80% is 31 

suggested. Finally, several principles are presented on how criteria can be developed for when 32 

a monitoring program can be terminated. Three of the suggested principles result in 33 

comparable completion criteria of about 1-3 kg CH4/h for a small landfill (an area of 4 ha). 34 

 35 

Keywords: waste disposal, methane emission, methane oxidation, mitigation efficiency, 36 

landfill gas monitoring, completion criteria,  37 

 38 

1 Introduction 39 

 Landfill gas consisting primarily of methane (50-60%) and carbon dioxide (40-50%) is 40 

generated on waste disposal sites receiving organic waste as a result of biological, chemical 41 

and physical processes taking place in the landfill. The quality and quantity of emitted gas 42 

depend on several factors, such as waste composition and age, landfill design and 43 

maintenance routines, as well as local meteorological conditions. By setting up a detailed 44 

methane mass balance, a thorough understanding of methane gas generation and resulting 45 

transport, migration and emissions is obtained, which is fundamental for defining efficient 46 

mitigation approaches and connected monitoring plans. 47 

The most important parts of the methane balance are shown in Fig. 1. Methane 48 

generated equals the sum of methane extracted, emitted into the atmosphere, oxidised, 49 
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migrated laterally and stored internally in the landfill as follows: 50 

 51 

                                                                    52 

                 (Eq.1) 53 

 54 

 The release of landfill gas into the environment can give rise to several environmental 55 

impacts, including contribution to climate change caused by emission of methane into the 56 

atmosphere. Controlling fugitive methane emissions from landfills should therefore be 57 

prioritised in waste management procedures. The Danish Landfill Directive 58 

(Miljøministeriet, 2011) prescribes that landfill gas should be managed by either gas 59 

collection and energy utilisation, by flaring or by other means, such as mitigation relying on 60 

microbial oxidation of the methane in cover soils or constructed biofilters (so-called ‘bio-61 

mitigation technologies’). The Danish Directive, which is very similar to the prescriptions in 62 

the European Union Landfill Directive (European Union, 1999), also states that landfill gas 63 

management should be properly monitored. Both the European and the Danish Directive 64 

provide very few details in respect to ways of carrying out the monitoring; there is especially 65 

scant focus on monitoring landfill gas emissions into the atmosphere or on the mitigation 66 

efficiency of implemented gas management schemes. In most cases, the efficiency of the 67 

implemented mitigation system such as gas collection or enhanced microbial oxidation in 68 

biocover systems is not evaluated, since emissions from the landfill are seldom measured. 69 

 Quantifying landfill methane emissions is a challenging task, due to spatial and 70 

temporal emission variations. Through the last 10-15 years, several new methane emission 71 

measurement techniques have been tested and demonstrated, and several newly dedicated 72 

instruments have entered the market. A recent review presents currently available 73 

measurement techniques and discusses advantages/disadvantages of the different approaches 74 
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with reference to published literature on the subject (Mønster el al., 2019). Surface flux 75 

chambers have been used widely for landfill methane emission measurements, but they 76 

are likely to underestimate emission rates, due to the heterogeneous nature of most 77 

landfill covers and emissions from wells, vents, etc. not captured by flux chambers.  The 78 

review suggests that accurate, whole-site emission quantifications are best done using 79 

methods measuring downwind of the landfill, such as radial plume mapping, tracer gas 80 

dispersion and DiAL (differential absorption lidar) (Mønster el al., 2019). By applying 81 

these measurement techniques, total methane emissions from the landfill are measured – 82 

and thus the challenge with spatial emission variability is circumvented. The DiAL 83 

technique was identified as suitable for quantifying whole-site methane emissions, though the 84 

relatively high cost of the method was identified as a limitation for routine measurements 85 

(Mønster et al., 2019). The review identified the tracer gas dispersion technique as a suitable 86 

method for measuring an entire site’s emission (Mønster et al., 2019) as well as a cost-87 

efficient approach, which has been validated and its application demonstrated in several 88 

landfill studies. In addition to quantitative methods, qualitative reconnaissance techniques 89 

exist, such as surface emission screening by a handheld detector that is highly sensitive to 90 

low methane concentrations in ambient air. Qualitative reconnaissance techniques are 91 

valuable tools in the daily operation and maintenance of the landfill cover and of site 92 

installations such as gas collection and recovery systems.  93 

 With new technological capabilities for measuring methane emissions from landfills, 94 

there is a need to develop measurement plans and strategies to comply with current 95 

legislation as well as to document mitigation actions. Furthermore, there is a need to identify 96 

a lower methane emission limit value at which emission monitoring can be terminated.  97 

 The objective of this study was to develop best-practice emission monitoring plans for 98 

different landfill gas mitigation approaches, including suggestions for completion criteria for 99 
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terminating monitoring activities. As a starting point, existing landfill monitoring plans were 100 

reviewed.  101 

   102 

2 Overview on previously published landfill emission monitoring and criteria  103 

 Only a few international suggestions exist on landfill gas monitoring plans and criteria 104 

for terminating monitoring activity. A short summary of reports from Germany (Stegmann, 105 

2006), Austria (Fellner & Prantl, 2008), England (Environmental Agency, 2010), USA 106 

(Morris and Barlaz, 2011, Morris et al., 2012) and Australia (EPA Victoria, 2018a,b) is given 107 

below. Some of the details given are extracted from a review of approaches to the long-term 108 

management of municipal solid waste landfills (Laner et al., 2012). 109 

 Germany: Stegmann (2006) is one of the earliest and most concrete proposals for 110 

landfill methane emission monitoring and for when to terminate monitoring. The report 111 

proposes that active landfill gas emission mitigation should be carried out if gas production 112 

exceeds 25 m
3
 CH4/h or 5 m

3
 CH4/(hha) (equivalent in mass units to 16 kg CH4/h and 3.2 kg 113 

CH4/(hha), respectively (the latter again corresponding to 7.7 g CH4/(m
2
∙d) (STP; 1 atm., 114 

0C)). If the gas produced is less than the above specified values, an assessment should be 115 

carried out to evaluate if landfill gas collection and utilisation are viable. Alternatively, it is 116 

proposed that mitigation activity should be established as methane oxidation in the final soil 117 

cover, thereby ensuring that the methane load to the final soil cover is less than 7.7 g 118 

CH4/(m
2
∙d) on average, and that methane concentrations above the soil cover are less than 25 119 

ppm (measured by a sensitive, hand-held gas detector, such as a flame ionisation detector 120 

(FID)). It is proposed to conduct FID grid measurements at 16 per ha (a grid with a mask 121 

length of 25 m), and thus the 80% quantile should not exceed 25 ppm. Measurements should 122 

be made twice a year (summer and winter). If this criterion is never exceeded over a 10-year 123 

monitoring period, monitoring can be terminated. It should be noted that the abovementioned 124 
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procedure was developed at a time when methods for measuring whole site emissions (such 125 

as the trace gas dispersion method) were not available, and that the presence of high-emission 126 

hotspot areas of very limited size had not yet been fully recognised (their existence shown by 127 

e.g. Fjelsted et al., 2019; Lando et al., 2017; Gonzalez-Valencia et al., 2016; Rachor et al., 128 

2013, Scheutz et al., 2011a; 2011b; Bogner et al., 1997). The likelihood that such small 129 

hotspot areas will be identified by a hand-held gas detector in a 25-metre grid is very small.  130 

 Methane production corresponding to a load of 7.7 g CH4/(m
2
∙d) may be oxidised in the 131 

final soil cover – assuming that the cover, most of the time, has the ability to transport the gas 132 

(as controlled by the soil’s permeability and diffusivity) and that the load is evenly distributed 133 

and not concentrated in high-loaded hotspot areas. Clay-type soils will rarely have sufficient 134 

gas permeability and diffusivities – especially in autumn and winter, when water content can 135 

be so high that gas transportation is not possible. In such cases, high gas pressures can build 136 

up within the waste volume and risk the formation of hotspot emission areas, resulting in low 137 

methane oxidation efficiency. 138 

 Austria: Proposed procedures from Austria are close to the above-described "Stegmann 139 

procedure" (Fellner & Prantl, 2008). However, additional requirements are set up for 140 

emissions from the soil surface, which should be below 0.5 m
3
 CH4/(hha) (corresponding to 141 

0.77 g CH4/(m
2
∙d) or 10% of the "Stegmann value", and so at least 90% methane oxidation 142 

efficiency in the soil cover is anticipated. For a 4-hectare landfill site, the emission 143 

corresponds to 1.3 kg CH4/h. Criteria for terminating monitoring program are not mentioned. 144 

 England: England is probably the country with the longest record in setting up 145 

requirements to monitor methane emitted from landfills. The Environmental Agency for 146 

England has set specific requirements for methane emissions from landfills (Environmental 147 

Agency, 2010), which apply to both operating and closed sites. For those currently in 148 

operation, requirements exist for both the final covered and the temporarily covered stages. A 149 
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temporary covered stage is defined as a stage that has not received waste for a period of 3 150 

months or longer. In addition to making specific methane emission value requirements, 151 

specific requirements for monitoring, method, strategy, conditions and frequency of 152 

measurement are set up. 153 

 Monitoring of methane emissions is divided into two phases. The first phase (Phase 1) 154 

examines whether significant methane emissions are leaking from installations (e.g. gas and 155 

leachate collection wells) and from specific hotspots in the cover soil layer (e.g. cracks in the 156 

cover soil layer). A systematic walkover methane screening of the surface with a sensitive, 157 

hand-held gas detector, such as a FID, is performed. The sample probe should be held as 158 

close to the surface as possible (<5 cm), and the walkover survey of a zone should be along 159 

regular lines or transects. On a permanent cap, these transects are typically 50 metres apart, 160 

and on a temporary cap they are typically 25 metres apart. If high concentrations of methane 161 

are measured, the survey should deviate to locate the likely source of emission. Areas or 162 

installations with elevated methane concentrations are remediated before a follow up with 163 

Phase 2 monitoring, which involves quantitative methane emission measurements. The 164 

following requirements are set up for Phase 1 before it is possible to follow up with Phase 2 165 

monitoring: 166 

 Methane concentration in the air above the cover: < 100 ppmv in the majority of the final 167 

covered area 168 

 Methane concentration in the air close to the installations: < 1,000 ppmv 169 

 170 

In the second phase (Phase 2), methane emissions from the cover soil layer (or the 171 

temporary cover layer) are measured by means of stationary flux chambers, whereby large 172 

numbers of measurements are performed in a selection of representative locations. Initially, 173 

the stages are divided into zones, the latter of which is defined as an area in which the cover is 174 
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uniform and homogeneous. An average methane emission is calculated based on the 175 

performed flux measurements for each zone. Temporary covered stages must also be 176 

monitored, if they have been or are expected to be present at the site for a period of 12 months 177 

or longer. The temporary covered stages are also divided into zones. The number of flux 178 

chamber measurements depends on the area of the individual zones. For zones larger than 179 

5000 m
2
, the number of measurements is calculated by n = 6 + 0.15 √Z, where Z is the area of 180 

the zone in m
2 

(Environmental Agency, 2010). Using this equation, 21 samples with an 181 

average spacing of 22 metres are needed to investigate a zone of 10,000 m
2
 (Environmental 182 

Agency, 2010). For smaller zones with an area of less than 5000 m
2
, the criterion for 183 

determining the number of locations is n = (zone area m
2
/5000 m

2
)  16 – albeit subject to a 184 

minimum of six locations. The following requirements apply for average methane emissions: 185 

 Finally covered zones: < 0.001 mg CH4/(m
2
·s) corresponding to 0.09 g CH4/(m

2
∙d) 186 

 Temporary uncovered zones: < 0.1 mg CH4/(m
2
·s) corresponding to 8.6 g CH4/(m

2
∙d) 187 

 The first monitoring (both including Phase 1 and Phase 2) should be performed within 188 

one year after the final cover is in place. If methane emissions exceed the prescribed emission 189 

requirements, measures have to be initiated to reduce them accordingly. Thereafter, a new 190 

round of measurements should be carried out, and if the average methane emission is within 191 

the acceptance criteria, follow-up monitoring can be performed as methane screening using a 192 

hand-held gas detector. If this is within the acceptance criteria for screening, methane 193 

emissions found in the former round of measurements should be reported. Additionally, there 194 

should be annual reporting of methane emissions to the authorities. Criteria for terminating 195 

monitoring programme are not mentioned. 196 

 The Environment Agency presented in 2012 guidance on how to surrender an 197 

environmental permit for a landfill, taking into account both landfill leachate and gas issues 198 

(Environment Agency, 2012). In respect to landfill gas, the permit may consist of monitoring 199 
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gas flows and concentrations in bore holes. However, the procedures do not imply any 200 

methane emission measurements. 201 

 Recently, a newly proposed approach was presented for regulating English landfills, 202 

using a measured methane collection index (MCI) (MCI = collected methane / (collected 203 

methane + methane emissions) (Bourn et al., 2019), which would involve an annual 204 

measurement campaign to quantify methane emissions and the use of the data provided by 205 

these surveys to develop an achievable but challenging MCI limit of 0.75 (Bourn et al., 2019). 206 

An MCI that falls below the limit would trigger actions to reduce methane emissions from the 207 

landfill. 208 

 USA: Morris et al. (2012) present a methodology for completing landfill gas 209 

management in the aftercare period, which is a further extension of the Evaluation of Post-210 

Closure Care (EPCC) methodology presented in Morris and Barlaz (2011), also including 211 

monitoring requirements for the control of methane emissions. The improved methodology 212 

takes into account the methane oxidation capacity of the cover system or the option of 213 

enhancing methane oxidation through engineered cover solutions. The methodology does not 214 

imply any measurement of methane emission measurement locally or for the whole site. 215 

 Australia: Very few guidelines in respect to landfill gas monitoring are issued in 216 

Australia, and only the state of Victoria has issued anything in this regard (EPA Victoria, 217 

2018a) or for aftercare at closed landfills (EPA Victoria, 2018b). Most of the focus on landfill 218 

gas is about health issues and the risk of off-site gas migration to buildings and structures. 219 

The fugitive emission monitoring guideline is quite similar to the English guidelines 220 

(Environment Agency, 2010), with analysis of gas flow and concentrations in boreholes and 221 

walkover surveys using a sensitive methane measuring instrument, and an optional flux 222 

measuring approach using static flux chambers – similar to the English approach. 223 

 To summarise the international approaches presented above, it is clear that no 224 
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approaches up to this point in time have incorporated whole-site methane emission 225 

measurements in the form of regulatory requirements – except for the new English approach 226 

presented by Bourn et al. (2019). 227 

 228 

3 Suggested emission monitoring approaches 229 

Methane emission monitoring should be carried out not only in the active period when 230 

waste is received at the site, but also in the aftercare period when waste is no longer received. 231 

Gas monitoring should be continued until significant methane emissions are no longer 232 

identified, even after implemented mitigation measures are terminated. What a significant 233 

methane emission is, or in other words what an appropriate completion criteria for monitoring 234 

activities is (for instance in tons CH4/year), is highly debated, and no consensus has been 235 

reached. This question is dealt with in section 5. 236 

Based on information gathered from Danish landfills, the following six scenarios in 237 

respect to LFG mitigation approaches can be set up: 238 

1.  LFG is collected and utilised in a gas engine or other energy utilisation facility 239 

2.  LFG is collected and flared 240 

3.  LFG is collected and actively (by the use of pumps) led to a methane oxidising biofilter 241 

4.  LFG is led passively (without the use of pumps) to a methane oxidising biofilter 242 

5. LFG is led passively (without the use of pumps) through the landfill top soil cover or bio-243 

windows 244 

6.  No established mitigation facilities. LFG quantity and fate are unknown. 245 

 246 

In addition, several scenarios on different landfill cells within one landfill facility might 247 

exist, and there might also be cases where one scenario follows another (for instance 248 

establishing a biofilter (Scenario 3) when a gas extraction and flaring facility (Scenario 2) has 249 
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become old and is no longer cost-effective). 250 

  Monitoring plans for the different scenarios (1 to 6) and ways of estimating mitigation 251 

efficiencies (Eq. 2 to 5) based on the methane balance approach for the landfill are described 252 

in the following.  253 

 In general, we suggest that mitigation efficiency should not be below 80%, which 254 

admittedly is an ambitious but not unrealistic target considering the performance of the two 255 

mitigation technologies; gas collection and enhanced microbial oxidation in biocover 256 

systems. The mitigation efficiency of a gas collection and utilisation system depends on many 257 

factors, including the design and management of the system and the presence and type of top 258 

cover. Only relatively few studies reported in the literature have determined gas collection 259 

efficiencies from landfills using field measurements (Bourn et al. 2019; Rees-White et al., 260 

2019; Agdam et al., 2018; Börjesson et al., 2009; Lohila et al., 2007; Spokas et al., 2006; 261 

Mosher et al., 1999), and well designed and operated gas collection systems have been shown 262 

to have efficiencies of 80% or higher (Bourn et al., 2019; Spokas et al., 2006; Mosher et al., 263 

1999). However, at many landfills – especially older facilities – gas collection efficiency 264 

could be expected to be much lower (e.g. Bourn et al., 2019; Rees-White et al., 2019; 265 

Aghdam et al., 2018; Mønster et al., 2015; Börjesson et al., 2009; Lohila et al., 2007). 266 

Experience with full-scale landfill biocover systems for methane mitigation is still limited; 267 

however, a passively operated full-scale biocover system implemented at Klintholm landfill, 268 

Denmark, showed a mitigation efficiency of above 80% (Scheutz et al., 2014). Similarly a 269 

large pilot scale biocover at Denmark’s AV Miljø landfill, actively loaded with landfill gas, 270 

showed an efficiency rate of more than 90% (Scheutz et al., 2017).  271 

Additional monitoring plans and measures are suggested in case the required mitigation 272 

efficiency is not met, which could be done by additional surface methane screening to 273 

identify significant release points or areas. Any identified major leaks should be repaired. 274 
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The tracer gas dispersion measuring technique is suggested as the core emission 275 

measurement methodology in monitoring plans for methane emissions from landfills, in 276 

combination with initial methane emission screening efforts – for all mentioned scenarios. 277 

The tracer gas dispersion method and a guide to best practice are described in section 4. In 278 

general, it is suggested that the whole site methane emission is measured twice a year; once 279 

in summer and once in winter to cover seasonal variability. Two annual measurements were 280 

found practically and economically achievable for the landfill operator. Due to influences of 281 

changing environmental conditions and changes in the landfill operation on methane 282 

emission rates, the measurements should be carried out under stable atmospheric conditions 283 

and normal landfill operation as described in section 4. 284 

 The following three subsections provide details on the suggested monitoring plans, 285 

following the six scenarios identified in respect to the mitigation approaches mentioned 286 

above. 287 

 288 

3.1 Monitoring – at sites where landfill gas is collected (Scenarios 1-3) 289 

 Gas collection is calculated based on recorded landfill gas flow (m
3
/h) and methane 290 

content (%vol.) recalculated to kg/h 291 

 The emission of methane from the landfill is measured using the tracer gas dispersion 292 

method (or similar method) – initially twice a year (summer and winter) 293 

 Mitigation efficiency, E, (%) is calculated:  294 

       
             

                                            
              (Eq.2)                                                    295 

 Since quantification of the overall degree of methane oxidation at the landfill is 296 

challenging, we recommend to neglect oxidation (CH4, oxidised = 0). At some landfill sites, it 297 

is known from initial studies that methane does not undergo significant oxidation when 298 

released from hotspots, leachate wells, etc. For landfills where the emission mainly occurs 299 
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through the landfill cover, methane oxidation may be significant. Efforts could be made to 300 

estimate CH4,oxidised by measuring stable carbon isotopes in the raw landfill gas and in the 301 

emitted gas. This method is currently in development.  302 

 If the calculated mitigation efficiency (E) is lower than 80%, supplementary monitoring 303 

and measures to optimise the mitigation system must be initiated. 304 

 305 

3.2 Monitoring – at sites with passive gas supply via a gas collection/distribution system to 306 

biofilter(s) (Scenario 4) 307 

 The supply of landfill gas to the biofilter is shortly disconnected resulting in free release of 308 

the gas into the atmosphere 309 

 The emission of methane is measured using the tracer gas dispersion method (or similar 310 

method) during both free landfill gas release and normal operation – and initially twice a 311 

year (summer and winter) 312 

 Mitigation efficiency, E, (%) is calculated:       313 

          
                                   

                                                 
           (Eq.3)                                                        314 

 If the calculated mitigation efficiency (E) is lower than 80%, supplementary monitoring 315 

and measures to optimise the mitigation system are initiated. 316 

 317 

3.3 Monitoring – at sites with passive supply of landfill gas to landfill soil cover/constructed 318 

bio-windows (Scenario 5-6) 319 

 It is assumed that the gas supply cannot be disconnected and the landfill gas vented to the 320 

atmosphere, since the gas is passively supplied to the cover/bio-windows  321 

 Methane emission is measured using the trace gas dispersion method (or a similar method) 322 

during normal operation – initially twice a year (summer and winter) 323 
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 It is preferred that methane emissions are measured prior to the establishment of the 324 

passive mitigation system (a baseline emission), ELSE   325 

 Methane generation is estimated by using a landfill gas generation model (the Danish 326 

PRTR approach is recommended, Scheutz et al., 2009a) 327 

 An estimate of mitigation efficiency, E, (%) is calculated:       328 

          
                                   

                                   
              (Eq.4)                                                     329 

or 330 

          
                                   

                                                 
     (Eq.5) 331 

 If the calculated mitigation efficiency (E) is lower than 80%, supplementary monitoring 332 

and measures to optimise the mitigation system are initiated. 333 

 334 

Changes in temporary storage of methane within the waste body were not considered in 335 

the suggested monitoring approaches and determination of mitigation efficiencies. The LFG 336 

gas pressure within landfills can vary due to temporal changes of cover gas permeability 337 

resulting from variation in precipitation and moisture content within the cover. Changes in 338 

atmospheric barometric pressure may lead to similar pressure changes on a much shorter time 339 

frame. Obviously also changes in LFG collection rates can lead to changes in temporary 340 

storage of methane – this can be of great importance especially at older landfills where the 341 

gas collection system is not operated continuously. Environmental and operational processes 342 

affecting landfill emissions are important to consider when planning or interpreting measured 343 

CH4 emissions at landfills. To reduce any influence of short term changes in methane stored 344 

in the landfill waste body we recommend that emission measurements are carried out under 345 

representative environmental and operational conditions would (also see section 4).  346 

As already stated, natural methane oxidation in the landfill cover (sometimes called 347 
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“wild oxidation”) was not considered. The main primary reason for excluding methane 348 

oxidation from the suggested monitoring approaches and determination of mitigation 349 

efficiencies is the difficulty in reliably and cheaply measuring the rate of oxidation across 350 

whole landfills. The IPCC suggests a default value for methane oxidation of 10% (IPCC, 351 

2006). For some Danish landfills this value might be appropriate e.g. at landfills covered with 352 

clayey soils and where LFG mainly migrates through the leachate collection system (e.g. 353 

Scheutz et al., 2011a; 2011c), whereas at other Danish in particular older landfills the 354 

methane oxidation might be much higher (e.g. Christophersen et al., 2001). However, until 355 

accurate methods for determination of in-situ landfill methane oxidation becomes available 356 

(e.g. stable carbon isotopic analyses) this term is neglected.  357 

 358 

4 The tracer gas dispersion method and best practice  359 

 360 

4.1 Introduction and status  361 

The tracer gas dispersion (TGD) method is a ground-based remote sensing method used 362 

for quantifying fugitive emissions by relying on the controlled release of a tracer gas at the 363 

source, combined with concentration measurements of the tracer and target gas plumes (Fig. 364 

2). The TGD method in general is based on the assumption that a tracer gas released at an 365 

emission source, in this case a landfill, will disperse in the atmosphere in the same way as 366 

methane emitted from the landfill will disperse. Assuming a defined wind direction, well 367 

mixed air above the landfill (causing the emitted methane and released tracer gas to be mixed 368 

fully) and constant tracer gas release, the methane emission rate can be calculated as a 369 

function of the ratio of the integrated cross-plume concentration of the emitted methane and 370 

the integrated cross-plume concentration of the released tracer gas (Mønster et al., 2014; 371 

2015; Scheutz et al. 2011).  372 
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New developments in analytical technology have become powerful tools for 373 

quantifying methane emissions from landfills. A novel analytical approach has recently been 374 

implemented enabling mobile measurements of small changes (ppb level) in atmospheric 375 

methane and acetylene tracer gas concentrations, using a mobile high-resolution analytical 376 

instrument (Mønster et al., 2014; 2015; Roscioli et al., 2015). The TGD method has been 377 

applied in several studies for quantifying methane not only from landfills (e.g. Rees-White 378 

2019; Fredenslund et al., 2019b; Mønster et al., 2015; 2014; Foster-Wittig et al., 2015; 379 

Börjesson et al., 2009), but also from other area sources such as natural gas facilities (e.g. 380 

Mitchell et al., 2015), biological waste treatment facilities (e.g. Andersen et al., 2010; Jensen 381 

et al., 2017; Reinelt et al., 2017) and wastewater treatment plants (e.g. Delre et al., 2017; 382 

Yoshida et al., 2014). The Danish Environmental Protection Agency currently recommends 383 

the use of TGD for landfill methane emission quantification, resulting in the method being 384 

routinely applied (DEPA, 2016). The United States Environmental Protection Agency also 385 

promotes TGD development (designated an EPA Category C “other test method” (OTM) 386 

33B) as a standard method for plant-integrated and area source emission measurements 387 

(Foster-Wittig et al., 2015). 388 

Several controlled release tests have been carried out to assess the accuracy of the tracer 389 

gas dispersion method (Mønster el at. 2014; Delre et al., 2018; Fredenslund et al., 2019a). 390 

Following best practice when performing measurements, the overall error of a TGD 391 

measurement is less than 20% (Mønster el at. 2014; Delre et al., 2018; Fredenslund et al., 392 

2019a). However, if the source is not correctly simulated by the tracer gas release, larger 393 

errors can be seen.  394 

  395 

4.2 Guideline for best practice 396 

A guideline for best practice measurement performance using the tracer gas dispersion 397 
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method has been developed (Kjeldsen and Scheutz, 2015) and is described in the following. 398 

Preliminary desktop study of the landfill. Before a measurement campaign, a desk 399 

study should be performed. The landfill is investigated in terms of its physical design (area, 400 

waste cells, leachate wells, gas collection facilities, presence of other activities at the landfill, 401 

e.g. composting, sludge treatment), following which information about gas collection system 402 

operation should be collected (duration and collected amounts of gas). The desk study should 403 

identify potential gas emission areas/sources and potential roads/paths for the on-site 404 

screening. The facility’s surroundings must be carefully investigated in order to identify 405 

possible drivable roads that can be used for plume traversing, and there must be drivable 406 

roads at a distance away from the landfill corresponding to approximately five times the 407 

width of the landfill, with no disturbing methane sources (stables, biogas plants, sewage 408 

treatment plants, etc.) between the landfill and the monitoring road. In addition, optimal wind 409 

conditions (primary wind direction) are mapped relative to possible roadways. 410 

Planning of the measurement campaign. The measurement campaign should be 411 

carried out when the wind blows in a preferable direction identified during the preliminary 412 

study. Additionally, stable weather conditions are preferred, due to the lower vertical 413 

atmospheric dispersion of gases and a consequently better plume definition within a traverse 414 

compared to measurements performed during unstable weather conditions. At landfills with 415 

low methane emissions, measurements during the night or with overcast weather, and thus the 416 

absence of solar radiation, are recommended. Measurements should be performed in weather 417 

conditions that allow for the continuous movement of air in the atmosphere, with wind speeds 418 

of 2-5 m s
-1

 preferable (Mønster et al., 2014) in this regard. Furthermore, atmospheric 419 

pressure should be stable at around average pressure for the area. Measurements are not 420 

affected by rain or snow. 421 
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Off-site and on-site screening. On the measurement day, an initial screening is carried 422 

out whereby the vehicle carrying the analytical instrumentation is driven around to measure 423 

atmospheric concentrations of methane and tracer gases on the landfill itself, at the edge of 424 

the landfill as well as in the area around the landfill. Emitting areas/sources are identified by 425 

comparing downwind and upwind concentrations of the detected gases.The purpose of on-site 426 

screening is to identify possible emission areas/sources, in order to position the tracer gas 427 

bottles so that the tracer release simulates methane emissions from the landfill as best as 428 

possible. The off-site screening performed in the surrounding area is aimed at investigating 429 

possible interfering methane sources between the landfill and the measurement road where 430 

the plume will be traversed, as well as off-site sources located upwind of the landfill. During 431 

off-site screening, an upwind background methane measurement is done. If there is limited 432 

access to the landfill (i.e. few drivable roads), a sensitive handheld detector can be used to 433 

locate and/or check potential emission pathways, for example areas with vegetation damage, 434 

cracks in the cover layer, slopes, leachate wells, etc. During the whole measurement 435 

campaign, information about wind speed and direction, atmospheric pressure and temperature 436 

can be recorded using a weather station placed on-site. Such information is particularly useful 437 

when estimating the detection limit, which is site- and campaign-specific (Delre et al., 2017). 438 

Tracer gas release. Depending on the emitting area (area size, emission pattern and 439 

magnitude) and the distance to the quantification road, several tracer gas-releasing points can 440 

be set. The tracer gas should be released so it represents the emission pattern of the facility, 441 

i.e. releasing points should be placed at the most important on-site emitting sources. 442 

Typically, two to five bottles are sufficient with a total trace release of typically 1-2 kg h
-1

. 443 

The target gas-releasing rate should be known and constant over the quantification phase, 444 

thereby controlled, for example, by calibrated flow meters. An additional control over the 445 

released tracer gas should be performed by continuously monitoring the weight loss of the 446 



19 

 

tracer gas cylinders. If a continuous record is not possible, the weight of the cylinders should 447 

be measured before and after the tracer gas-releasing period. A release of 0.5 kg h
-1

 tracer gas 448 

will provide a stable release over a period of at least 4 hours when using standard 21 L 449 

acetylene bottles. 450 

Quantification phase. The plume should always be traversed at a distance that 451 

simultaneously allows for the proper mixing of methane and the tracer gas, and a proper 452 

plume distinction from the background concentration within the plume traverse. If real-time 453 

downwind measurements show that methane and target gas concentrations do not follow each 454 

other within the plume traverse, the tracer gas does not correctly simulate emissions of the 455 

target gas. In this case, either the tracer gas-releasing points can be changed or the plume 456 

could be traversed at a distance further away, to improve the mixing of methane and tracer 457 

gases. A plume traverse is considered successful if methane and the tracer gas follow each 458 

other when describing the plume, and the plume is completely crossed, thus the background 459 

concentration of methane and tracer gases can be identified on both sides of the plume. 460 

During the quantification phase, the number of successful plume traverses should be as high 461 

as possible, in order to record potential methane gas emission variations over time. However, 462 

a minimum of 10 successful plume traverses should be collected (Mønster et al., 2014; 463 

Fredenslund et al., 2019a). After completing plume traversing, the tracer gas release bottles 464 

are turned off and the upwind background methane concentration measurement is repeated.   465 

Data processing. Only successful plume traverses are used for calculating the landfill 466 

methane emission rate. For each plume traverse, the methane emission rate is obtained by 467 

multiplying three factors: the tracer gas mass release rate, the downwind concentration ratio 468 

of methane and tracer gas and the ratio of methane and tracer gas molecular weights. The 469 

methane-to-tracer gas ratio is found by integrating the plume concentrations of each gas in 470 

the same plume traverse (Mønster et al., 2014; Fredenslund et al. 2019a). Only concentrations 471 
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above plume baseline are included in the integration and ratio calculations. The plume 472 

baseline is found as the average of the concentrations on each side of the plume (the average 473 

of the concentrations measured in the background). The methane emission rate of one 474 

measurement campaign is reported as the average emission rate, calculated using all 475 

successful plume traverses, and the standard error of the mean is used to estimate uncertainty. 476 

An estimation of the lowest detectable emission rate for a specific measurement campaign 477 

can be calculated by using inverse Gaussian plume modelling (Delre et al., 2017).  478 

Meteorological factors and monitoring conditions. Landfill emission measurement 479 

campaigns should be performed in conditions representative of normal landfill operation (e.g. 480 

normal gas management) and under representative environmental conditions. Data on the 481 

routine operation of the system should be collected to confirm that monitoring coincided with 482 

normal site conditions. Sampling performed during atypical periods may prove invalid for 483 

assessing compliance against emission standards. Landfill methane emissions can be 484 

influenced directly by the meteorological conditions prevailing before and during the 485 

monitoring period, especially changes in barometric pressure, wind speed and rain. When 486 

barometric pressure falls or is below the norm for that area, methane fluxes can be higher 487 

than normal, and vice versa. Ideally, measuring campaigns should be conducted during 488 

periods when the change in barometric pressure is less than ±3 mbar from the pressure norm 489 

for the area, measured 6 hours prior to the campaign to the end of the campaign. Heavy rain 490 

can reduce the permeability of the landfill cover soil, and so campaigns should be avoided 491 

following periods of unusually substantial precipitation. Performance of emission 492 

measurement under representative environmental and operational conditions would reduce 493 

any influence of short changes in methane stored in in the landfill waste body. 494 

 495 

4.3 Other potential measuring methods for whole site emission monitoring 496 
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Landfill methane emissions should be measured using measurement techniques that 497 

record total emissions from the site according to downwind plume concentration 498 

measurements, such as the tracer gas dispersion method described above. Alternatively, 499 

the radial plume method or the DiAL method could be used (Mønster et al., 2019). The 500 

radial plume method is associated with a number of disadvantages (e.g. limited laser path 501 

length, limited application in complex topographies, laborious, etc.), which has led to 502 

less frequent use in recent years. In some instances, the method has been replaced by 503 

tracer gas dispersion or DiAL. New measurement techniques applying the mass balance 504 

approach but using atmospheric concentration measurements across the downwind plume 505 

at several heights from aircrafts or unmanned aerial vehicles (UAVs) are under 506 

development. The measured concentrations are then used to create a two-dimensional 507 

concentration plane, which is used together with measured wind speed and direction for 508 

calculating the flux of methane through the downwind plane (e.g. Allen et al., 2018; 509 

Cambaliza et al., 2015; 2017). Accurate instruments for methane concentration analysis 510 

at the ppb level are currently too heavy to employ in a UAV, and aircraft-based 511 

measurements are still done mainly in the oil and gas sector. However, the fast 512 

development within both sensors and UAVs could soon allow the use of UAVs for 513 

measuring landfill methane emissions with accuracy and spatial and temporal resolution.  514 

 515 

5 Criteria for terminating emission monitoring 516 

A monitoring plan should contain a description of when it is safe to terminate 517 

monitoring activities. The description should be quantitative and concrete in the form of a 518 

completion criterion for the emission (depicted in kg CH4/h or tons kg CH4/y). It is not only 519 

well-known that landfill gas generation can continue for several decades, but also that the 520 

generation rate decreases steadily over time, during which the “natural” oxidation of methane 521 
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(intentional or unintentional oxidation taking place in the landfill soil cover) is more 522 

significant (due to longer gas retention times in the cover), which may decrease methane 523 

emissions even further. On the other hand, it is unrealistic to expect a state of zero emissions, 524 

since there will always be localised areas with sub-optimal conditions for methane oxidation 525 

from which emissions may occur. In the following, we give an overall discussion on 526 

principles for setting completion criteria, and it is not our idea to only suggest principles, 527 

which comply with existing European legislation. The discussion focuses solely on gas 528 

monitoring and do not include discussion on when an overall surrender of the landfill is 529 

reached, taking into account other environmental aspects such as leachate infiltration to 530 

groundwater. 531 

 Four different principles for establishing completion criteria for methane monitoring 532 

were identified: 533 

1. Gas generation can be mitigated passively by “natural” methane oxidation in the final soil 534 

cover  535 

2. The measured whole-site methane emission is lower than the detection limit of the tracer 536 

gas dispersion methodology (or an alternative measuring method for whole-site methane 537 

emission monitoring)  538 

3. The whole-site methane emission (per unit surface area) is lower than similar surface area 539 

normalised emissions from natural ecosystems (wetlands)  540 

4. Costs for continued mitigation will be much higher than mitigation costs in other societal 541 

sectors (measured in €/tons CO2-equivalents). 542 

 543 

5.1 Passive methane oxidation in the final soil cover 544 

At a certain time, it can be expected that gas generation will be so low that passive 545 

handling based on methane oxidation in the final soil cover will reduce methane emissions to 546 
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an acceptably low level – even taking into account a certain spatial variability in the gas 547 

loading to the final soil cover. When existing activities for mitigating methane emissions are 548 

based on the active extraction of gas, the gas engine (or similar) can be bypassed for a short 549 

period during which total methane emissions from the site are measured (as described in the 550 

previous section). Based on the measured methane emission rate, an area-distributed methane 551 

load can be evaluated (assuming that the total area of the final soil cover is known, and 552 

assuming an evenly distributed methane load to the cover). If the average load of methane is 553 

less than 10 g/(m
2
·d), it is expected that the final soil cover will oxidise 90% of the methane 554 

loading, which means that the release of methane from the landfill will be a maximum of 1 555 

g/(m
2
·d) or less. High methane oxidation in the cover layer assumes that the soil used for the 556 

cover layer has sufficiently high gas permeability/diffusivity for the gas to be transported 557 

through the soil cover. Soil covers on many landfills often contain clayey soils (in order to 558 

reduce the infiltration of excess precipitation), which, over large periods of the year, will 559 

exhibit high water content, thereby leading to very low gas permeability as well as low gas 560 

diffusivity, resulting in high resistance towards gas transport. Instead, the gas will find its way 561 

to areas with higher gas permeability, leak through installations such as leachate wells or – if 562 

possible – migrate to the surrounding areas containing soils of higher gas permeability. 563 

Before active mitigation activities are shut down, it is important to ensure that the gas can be 564 

transported through the final soil cover. To test whether the covering layer can actually 565 

reduce methane present after the closure of mitigation activities, monitoring should be carried 566 

out before and after shutdown (at least one measurement of the site’s total methane emissions 567 

after closure should be performed). The measurement may in this case reveal that methane 568 

emissions are unacceptably high (>1 g/(m
2
·d)). As a consequence, this may imply that 569 

existing mitigation activities must be continued for some time yet, or alternatively that bio-570 

windows designed for optimising methane oxidation are established in areas with a low-571 
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permeable soil cover. For a landfill with an area of 4 ha, a completion criterion of 1 g/(m
2
·d) 572 

corresponds to a methane emission of 1.6 kg CH4/h. 573 

 574 

5.2 Total methane emission lower than detectable limits 575 

As already stated, it is recommend that the measurement of total methane emissions 576 

from a landfill is the core monitoring activity, and that the trace gas dispersion methodology 577 

is used. Detailed investigations using the methodology have shown that the detection limit for 578 

methane emissions measured with a state-of-the-art version of the methodology is about 1 kg 579 

CH4/h (Mønster et al., 2014; Fredenslund et al. 2019b). If total methane emissions are lower 580 

than this value, it becomes difficult to prove that the landfill is indeed emitting methane into 581 

the environment. A completion criterion could be that the emission must be less than 1 kg 582 

CH4/h for the landfill, which would be achieved after shutting down all active mitigation 583 

actions at the site. For a landfill with an area of 4 ha, this corresponds to a methane emission 584 

of 0.6 g CH4/(m
2
·d). 585 

 586 

5.3 Total methane emissions equivalent to emissions from natural ecosystems 587 

Landfills are globally one of the most important anthropogenic sources of methane 588 

emission (Bogner et al., 2008). On a global scale, methane emissions from landfills are 589 

estimated to account for about 8% of all anthropogenic methane emissions (Blanco et al., 590 

2014). Besides anthropogenic sources, there are several natural methane sources such as 591 

lakes, rivers, wetlands, etc. Methane emissions from natural sources are generally unregulated 592 

and could therefore be a reference for emissions from anthropogenic sources. It might be 593 

argued that there should not be stricter emission limits for anthropogenic sources (e.g. 594 

normalised per unit area) than for typical emissions from natural sources. One scientific 595 

article (Ortis-Llorente & Alvarez-Cobelas, 2012) reviewed the literature on methane 596 
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emissions from natural sources, finding average annual methane emissions from wetlands 597 

(defined in the article as “sites where water is at or near the soil surface for a significant part 598 

of the growing season”) of 470 g CH4/(m
2
∙y) – equivalent to 1.3 g CH4/(m

2
∙d) – based on 126 599 

references. For a landfill with an area of 4 ha, this corresponds to a methane emission of 2.2 600 

kg CH4/h, which is of the same order as the above detection limit for the tracer gas dispersion 601 

method. 602 

 603 

5.4 Optimisation of societal expenses for mitigating greenhouse gas emissions 604 

Setting up a relatively low completion criterion for methane emissions will generally 605 

reduce the contribution made by landfills to climate change. However, it also means that 606 

mitigation activities must be maintained for many years in the after-care period, resulting in 607 

an overall low reduction during the period (measured in tons of reduced emissions of CO2-608 

equivalents). By documenting the cost of operating these mitigation activities (including the 609 

costs for maintaining and monitoring the mitigation activities), the resulting mitigation costs 610 

(in €/tonnes CO2-equivalents reduced) are calculated and compared with similar normalised 611 

prices for other mitigation activities carried out in society. Here, one can argue that there 612 

should be proportionality between the various initiatives. If the normalised cost for mitigation 613 

of methane emissions from a landfill is considerable higher than normalised costs for 614 

society’s additional optional mitigation activities, it could be argued that landfill methane 615 

emission mitigation should be carried out no longer.  616 

 617 

5.5 Overview of the completion criteria  618 

The first three principles described above gave completion criteria in the order of 1-3 kg 619 

CH4/h for a small landfill (area of 4 ha), as shown in Table 1. The last mentioned criteria can 620 

only be evaluated by additional economic evaluations and a political decision on the level of 621 
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mitigation costs society wishes to pay. 622 

 623 

6 Conclusions 624 

The European Union Landfill Directive demands that gas generated at a landfill is 625 

properly managed and that monitoring plans are set up. However, the directive provides 626 

neither details on how gas monitoring plans should be devised nor recommends procedures 627 

for evaluation of how long gas monitoring should be carried out in the after-care period. 628 

Based on a review of existing suggested monitoring approaches from European countries, 629 

and an evaluation of existing methods for measuring total emissions from landfills, an 630 

emission monitoring approach is suggested. The validated tracer gas dispersion method is a 631 

core element in the approach and calculates quantitative mitigation efficiencies through 632 

different mitigation approaches. A minimum required mitigation efficiency of 80% is 633 

suggested, and measures to be taken, if the mitigation activities do not live up to 634 

requirements, are described. Finally, emission completion criteria for terminating a 635 

monitoring procedure are discussed and four different approaches presented. A final approach 636 

for termination is not given; however, a comparison of three different principles provides a 637 

completion criterion in the order of 1-3 kg CH4/h for a small landfill (area of 4 ha).  638 
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TABLES 810 

 811 

Table 1. Overview of completion criteria for methane emissions based on different theoretical 812 

principles. Additionally, acceptance criteria for monitoring plans reported in the literature 813 

from different countries are shown. 814 

Theoretical established completion 

criterion 

Levels for methane supply to 

cover soil layer 

Completion criteria for methane 

emission 

g/(m
2
∙ d) kg/h g/(m

2
∙ d) kg/h 

1. Passive methane oxidation in soil cover 10.0
 

16.5
a
 1.0

e 
1.6

e 

2. Total methane emission lower than 

detectable 

n.d.  0.6
a
 1.0 

3. Methane emission similar to emissions 

from natural eco systems 

n.d.  1.3 2.2
a
 

4. Optimisation of expenses to mitigate 

societies greenhouse gas emissions 

c.s.  c.s.  

International suggestions Acceptance levels for methane 

supply to cover soil layer 

Acceptance criteria for methane 

emission 

 g/(m
2
∙ d) kg/h g/(m

2
∙d) kg/h 

Germany (Stegmann, 2006) 

 

7.7 12.7
a,b

   

Austria (Fellner & Prantl, 2008) 

 

n.d.  0.77 1.3
a
 

England (Environmental Agency, 2010)   0.09 0.15
a
 

   8.6
d,c

 14.3
a,c,d

 
n.d.: not defined. c.s.: case-specific. a for a 4 ha-sized landfill. b simultaneously all measured surface FID-readings < 25ppmv. c valid for 815 
temporary covered cells. d simultaneously all measured surface FID-readings < 100 ppmv and FID-readings at installations such as gas or 816 
leachate collection wells < 1000 ppmv close to the installation. e assumes that the soil cover has an oxidation efficiency of 90% on average, 817 
and besides that the soil cover has the necessary gas permeability/diffusivity. 818 

  819 
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FIGURES 820 

 821 

 822 

Fig. 1. Processes affecting the fate of methane generated in a landfill (adapted from Scheutz 823 

et al., 2009b). 824 

 825 

  826 
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 827 

 828 

Fig. 2. The tracer gas dispersion method for whole landfill methane emission quantification.  829 

 830 
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