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Environment Agency Guidance on Landfill Gas Flaring Version 2.1 3
 Preface
 Techniques for the combustion of landfill gas have undergone many
 changes over the last 15 years. From the initial pipe-flares of the
 early 1980s where vertical tubes were simply forced into the
 surface of a site and the emitting landfill gas lit with a burning oily
 rag, the technology employed has advanced significantly.
 Techniques for the combustion of landfill gas haveundergone many changes over the last 15 years.From the initial pipe-flares of the early 1980s wherevertical tubes were simply forced into the surface of asite and the emitting landfill gas lit with a burningoily rag, the technology employed has advancedsignificantly.
 In many ways the combustion of landfill gas may beseen as leading waste-gas flaring technology in otherindustries. This is largely because of the extremelydifficult nature of landfill gas. As well as containingsignificant percentages of carbon dioxide andmethane, landfill gas has been found to contain asmany as 557 trace components.1
 Higher standards demanded for the landfilling ofwastes, including the need to control emissions ratherthan just migration, have added impetus for theflaring of landfill gas, where undertaken, to be carriedout in an acceptable manner.
 It is a publicly stated aim of the Government toreduce greenhouse gas emissions in the UnitedKingdom. Based upon a 1994 estimate, landfill gaswas recognised to account for approximately 20% oftotal UK methane emissions. The general trend in thiscontribution however is reducing with the increaseduse of enclosed flares, greater landfill gas collectionefficiency and an increased number of landfill gasutilisation schemes, particularly at modernengineered landfills. Large-scale passive venting oflandfill gas is no longer considered an acceptablepractice. To achieve pollution control and globalatmosphere objectives relative to gas production,each landfill site must achieve the highest sustainableposition outlined on the hierarchy in Section 1.4during all phases of a site’s operation and post-closure phase.
 Key information contained in the appendices
 The appendices contain information that maybe viewed in isolation.
 Topics covered include:
 1 Flare component selection criteria
 2 Flare maintenance checklist
 3 Operational effectiveness checklist
 4 Sample calculations
 5 Flare siting criteria
 6 Glossary and abbreviations
 1 Environment Agency (2002) Investigation of the composition, emissions and effects of trace components in landfill gas. R&D Project P1-438.
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Directive (1999/31/EC) came into force on 16 July1999 and is having significant impacts on wastemanagement in Europe. The following requirementsare included:
 ● It provides targets for the reduction ofbiodegradable municipal waste disposed in landfill.
 ● It bans certain waste deposits in landfill.
 ● Most waste must be pre-treated prior to landfilling.
 ● It classifies landfills into those for hazardous waste,non-hazardous waste or inert waste.
 The Landfill Directive will eventually result in areduction in the volume of landfill gas generatedfrom municipal waste. Changing waste compositionmay also result in significant changes in thecomposition of landfill gas.
 Annex 1 of the Landfill Directive providesrequirements for the operation of landfills, includinglandfill gas control requirements:
 1. Appropriate measures shall be taken in order tocontrol the accumulation and migration of landfillgas.
 2. Landfill gas shall be collected from all landfillsreceiving biodegradable waste and the landfill gasmust be treated and used. If the gas collectedcannot be used to produce energy, it must beflared.
 3. The collection, treatment and use of landfill gasshall be carried out in a manner which minimisesdamage to or deterioration of the environment andrisk to human health.
 Article 2 of the Landfill Directive defines landfill gas asall gases generated from landfilled waste. This definitiontherefore encompasses gas not only generated by thedecomposition of biodegradable waste but also thatgenerated by certain wastes in hazardous landfillssuch as VOCs from contaminated soils.
 The Landfill Directive is implemented in England andWales through the Pollution Prevention and Control(England and Wales) Regulations 2000 (SI 2000/1973)and the Landfill Regulations (England and Wales)2002.6 Separate systems will be introduced inScotland and Northern Ireland.
 Environment Agency Guidance on Landfill Gas Flaring Version 2.14
 IntroductionWaste Management Paper 27 Landfill Gas (WMP 27)2
 advises that landfill gas should be controlled,preferably by collection and burning in flares orenergy recovery plant. The purpose of flaring is todispose of the flammable constituents, particularlymethane, safely and to control odour nuisance,health risks and adverse environmental impacts.
 Consideration needs to be given to theenvironmental and health impacts associated withthe combustion products resulting from flaring. Thesource document3 for these guidance notes wascommissioned to provide advice to regulators andothers on landfill gas flaring, to recommend bestpractice for the design and operation of flares, andfor controlling and monitoring their emissions.
 A review of WMP 27 has been commissioned by theAgency’s National Landfill Gas Group with theobjective of producing a comprehensive guidancedocument on landfill gas management.
 The R&D, upon which this guidance has been based,was undertaken by staff of AEA Technology, mainly inthe National Environmental Technology Centre(NETCEN), with support from the National PhysicalLaboratory (NPL).4
 Regulatory frameworkThe introduction of the Environmental Protection Act(1990), the Framework Directive on Waste(75/442/EEC as amended) and the Landfill Directive(1999/31/EC) extended the scope of waste regulationcontrols to a wider environment than before. WasteManagement Paper 4 (WMP 4) Licensing of WasteManagement Facilities5 gives statutory guidance aboutthe recovery of landfill gas in order to protect theglobal environment.
 The Environment Agency and SEPA now wish toprovide further guidance to regulators and others onlandfill gas flaring and, with this objective, hasprepared these guidance notes. The main emphasis isto provide guidelines for landfill gas flare operationand monitoring, based on best practice, takingaccount of relevant EU Directives. The EU Landfill
 Executive summary
 2 Department of the Environment (1991) Waste Management Paper 27(WMP 27) Landfill Gas, 2nd Edition, 1991. The Environment Agency’sNational Landfill Gas Group has commissioned a review of WMP 27under the Waste Regulation & Management R&D Programme toproduce a comprehensive guidance document on the management of landfill gas.
 3 See Section 2.4 for a definition of “open” flares.
 4 Guidance on the Emissions from Different Types of Landfill Gas Flares,Environment Agency R&D Report CWM 142/96A, 1997. Available fromthe Environment Agency R&D Dissemination Centre, c/o WRc,Frankland Road, Swindon, Wiltshire SN5 8YF.
 5 Under revision.6 Statutory Instrument 2002 No.1559.
 3721 Landfill A/W 11/7/02 11:33 AM Page 4

Page 7
                        

ObjectivesThe specific objectives of the guidance notes are asfollows:
 ● to provide guidance for the review and evaluationof techniques and technologies that are availableand are, or could be, used to control landfill gasflare emissions;
 ● to provide guidance for the review and evaluationof existing techniques for the measurement of theemissions from landfill gas flares and similarprocesses;
 ● to recommend best practice with regard to thesetting up of landfill gas flare systems, operatingconditions and monitoring;
 ● to provide the basic framework for guidance tocontrol the output from landfill gas flares.
 Main requirementsExisting waste management licences for landfill sitesshould be modified such that:
 1. No more open7 flares should be installed on UKlandfills except for test and emergency purposes,and then only for limited periods of not longer than six months. Open flares should not be used as contingency flares associated with powergeneration or reticulation.
 2. Open flares shall be replaced with enclosed flares(or techniques offering equivalent performance) by31 December 2003 or when the site is permittedunder PPC, if this is later.
 3. The combustion air supply should be controlled soas to achieve a minimum of 1,000°C and 0.3seconds retention time at this temperaturewhatever the landfill gas composition andoperational throughput. This is an indicativeperformance standard that is required to meet theemission standard. Alternative performancestandards may be deemed more appropriate ifcompliance with the emission standard is suitablydemonstrated.
 4. To ensure that flare systems are operating correctly,they should not exceed the following emissionconcentrations when referred to normaltemperature and pressure (NTP = 0°C and1,013 mbar) and 3% oxygen:
 carbon monoxide (CO) – 50 mg/Nm3
 nitrogen oxides (NOx) – 150 mg/Nm3
 unburned hydrocarbons – 10 mg/Nm3
 5. Inlet gas concentrations should be analysedannually to determine trace gases. Guidance isgiven below as to the level of monitoring that isrecommended and the acceptable methods thatmay be employed. Easily accessible, safe andfunctional monitoring/sampling points should beretrofitted to enclosed flares as appropriate ininstances where they are currently absent. This shallinclude a minimum of one emission representativemonitoring location to be installed by 30 June2003. All monitoring/sampling points should beprovided in accordance with relevant health andsafety legislation.
 Recommended monitoring regimes to beapplied to enclosed flares
 Monitoring should be carried out as summarisedbelow:
 Environment Agency Guidance on Landfill Gas Flaring Version 2.1 5
 Level Inputs (inlet gas) Outputs
 1st CH4, CO2, O2 and Temperaturegas flow rate
 2nd As above As above, plus bulk components (O2, CO, NOx, CO2, THC), trace components including HCl, HF and SO2 and retention time
 ● First level monitoring should be carried out on acontinuous and logged basis with telemetrysince it provides the basic information neededfor controlling the flare and demonstrates thedegree of operation. The data obtained alsoallow the gas field to be balanced andcontrolled.
 ● Second level monitoring is necessary periodicallyor when there is some significant change in thecomposition of the landfill gas or method ofoperation of the flare. This may occur, forexample, when a new phase of a site is broughton-line or the plant is newly commissioned or re-commissioned after a change of location. Itprovides more information about thecompleteness of combustion, the maincombustion products and the major emissions.This should typically be carried out annually,dependent on risk and provided that the plant ismaintained according to the manufacturer’srecommendations. Second level monitoring istargeted at good combustion indicators of
 7 See Section 2.4 for a definition of “open” flares.
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potentially hazardous components in flareemissions. Such frequency and selection of tracespecies to be included in the emissionsmonitoring would also be subject to the findingsof the environmental impact assessment fromrequirement No. 7.
 A monitoring protocol for enclosed flares is beingdeveloped under a separate R&D projectcommissioned by the Environment Agency and inpartnership with industry-sponsored research.Upon completion, it is expected that the protocolwill succeed the recommended monitoringregimes contained in this guidance document.
 6. Enclosed flare design should:
 ● permit a homogeneous temperature distributionacross the combustion chamber;
 ● include lining with refractory material on theinterior;
 ● allow the flame to be contained within it;
 ● allow the flare to be maintained in an effectivecondition.
 7. Operators of landfill sites should undertake, orcommission, an environmental assessment of theemissions from existing and proposed flares which:
 ● should use either measured or reportedemissions data, flow rate data and localmeteorological data;
 ● address the impacts of the dispersed emissionsin the vicinity;
 ● determine whether flaring is effectivelycontrolling impacts of dispersed emissions;
 ● addresses planning requirements;
 ● be approved in writing by the EnvironmentAgency or SEPA.
 8. Flares should be positioned and sized so thatpotential health and environmental impacts areminimised.
 9. Flares should be maintained in accordance withthe manufacturer’s recommendations. Full recordsshould be available for inspection.
 10. Each flare system shall have a designated flaremanager who is formally identified to theEnvironment Agency or SEPA. All results obtainedby flare system managers should be the subject offormal interpretation. This interpretation and acopy of the flare maintenance log mustaccompany results and reports whencommunicated to regulatory officers, on at least amonthly basis.
 11. All landfill sites must have a risk-proportionateemergency response plan to be implementedwithin a site-specific response time following plantfailure detection.
 Structure of the guidance notesThese guidance notes provide basic informationdesigned to assist regulatory officers in evaluatingboth existing and proposed flare systems suitable forcombusting landfill gas on landfill sites. The guidancenotes are structured to take readers through thelogical build-up of know-how required to understandthe principles involved in landfill gas combustion.
 A selection of photographs from a range of flaremanufacturers have been included throughout thedocument for illustrative purposes. These are notintended to favour or promote particular flaresystems.
 The guidance notes are structured in six chapters andare supported by references and six appendices. Theappendices, including a glossary of terms andacronyms, are designed to provide quick access tokey data and methods. The content of each chapter issummarised briefly in the following paragraphs.
 Chapter 1 Background
 Chapter 1 introduces some of the key conceptsinvolved with landfill gas, including its productionand composition. In order to facilitate anappreciation of the problem of combustion, it isnecessary to have an understanding of theparameters that have led to the adoption by Britishindustry, and the world landfill gas industry at large,of certain methods and technologies.
 Chapter 2 Combustion basics
 Chapter 2 is designed to provide the basics ofcombustion science and engineering. The objective isto provide an adequate basis from which to reviewthe various technologies employed in landfill gascombustion.
 Chapter 3 Environmental impacts
 A working understanding of the environmental issuessurrounding the use of flares for the combustion oflandfill gas is required to assess specific applications.This chapter summarises the range of environmentalimpacts that are currently viewed as relevant to anassessment of landfill gas flaring. This covers suchmatters as fire and explosion as well as issues relatingto local, regional and global issues.
 Environment Agency Guidance on Landfill Gas Flaring Version 2.16
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Chapter 4 Operational requirements
 Chapter 4 introduces the requirements for flaresystems operating in the field. As with other elementsof the guidance notes, it is not intended to becomprehensive with regard to detail. By addressingthe important elements of operational flares, it willassist regulatory officers to assess installations, bothplanned and extant.
 Chapter 5 Instrumentation
 Chapter 5 is designed to provide guidance on thetype of monitoring that may be undertaken and theequipment that may be employed. Owing to theextensive range of the latter, no attempt is made toprovide an in-depth selection guide.Recommendations with regard to monitoring regimesare also provided.
 Chapter 6 Emission standards
 Prior to this document, there were no standards inthe UK for landfill gas flares. Now part of theEnvironment Agency, HMIP provided some guidanceon flare systems in the petrochemical industries, andthere are other regulations that have to be taken intoaccount. These, together with landfill gas flareemission standards in other countries, are brieflydescribed.
 Appendices
 The appendices contain information that may beviewed in isolation. Topics covered include:
 1. Flare selection criteria
 2. Typical flare maintenance checklist
 3. Site visit checklist
 4. Sample combustion calculations
 5. Flare siting criteria
 6. Glossary of terms
 Environment Agency Guidance on Landfill Gas Flaring Version 2.1 7
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Background
 1.1 IntroductionThe technology involved in the collection,combustion and utilisation of landfill gas in theUnited Kingdom is at a comparatively advancedstage. In many ways the United Kingdom leads theworld in the scale of application of such technologies.More recently, research has commenced using lowcalorific burners and reticulation techniques whichpartition oxygen and carbon dioxide from themethane.
 1.2 Landfill gasLandfill gas is an end-product of the decompositionof biodegradable wastes in a landfill site and is itselflegally considered to be a waste. The composition ofthe gas (Figure 1.1) varies according to the type ofwaste and the time that has elapsed since depositionwithin the site.
 Typically, the gas will have the followingcharacteristics:
 ● The amount and composition of the landfill gasextracted from a landfill is variable8 over both thelong term and short term.
 ● In a site where entrapped air has been displaced, itis typically a mixture of up to 65% methane (CH4)and 35% carbon dioxide (CO2) by volume.
 ● It includes minor amounts of a range of organicgases and vapours, some of which may bemalodorous, potentially harmful to health, and mayproduce corrosive compounds followingcombustion.
 ● The methane content is flammable, formingpotentially explosive mixtures in certain conditions,resulting in concern about its uncontrolledmigration and release.
 ● Methane has a high calorific value, and hence thereis much current interest in burning landfill gas forpower generation and process heating.
 ● The purpose of landfill gas flaring is to dispose ofthe flammable constituents safely and to controlodour nuisance, health risks and adverseenvironmental impacts.
 ● Consideration needs to be given to the efficiency ofdestruction achieved during flaring and, hence, tothe environmental impact and possible health risksassociated with the combustion products resultingfrom flaring with systems of differing designs.
 Environment Agency Guidance on Landfill Gas Flaring8
 1
 Figure 1.1 Typical gas composition at an engineered landfill site
 Landfill gas
 ● Is mainly composed of methane and carbon dioxide
 ● Has many small amounts of trace elements withpotential health effects
 ● Is potentially explosive
 ● Is a potent greenhouse gas
 ● Can be used as a fuel
 ● Is legally considered a waste
 ● Is an asphyxiant
 56% Methane31% Carbon Dioxide
 10% Nitrogen
 1% Oxygen 1% Trace Species1% Moisture
 8 Numerous factors are influential: details are provided in Chapters 3 and 4 of WMP 27.
 3721 Landfill A/W 11/7/02 11:33 AM Page 8

Page 11
                        

● Some components of landfill gas are also potentgreenhouse gases, and recent studies haveattributed about 20% of methane emissions in theUK and world-wide to landfills,9 with 46% of man-made methane emissions in the UK being derivedfrom landfills in 1996.10
 ● The global warming potential (GWP) of methane isbetween 21 and 62 (cf. CO2 has GWP of 1),depending on the period considered.11
 Several factors cause the bulk composition to departfrom the ideal:
 ● The wastes in a landfill are heterogeneous incomposition, and they are deposited over anextensive period; hence, all the stages ofdecomposition can be present in a landfill at anygiven time.
 ● The rates of waste degradation vary because oflocal (site-specific) variations in conditions such aswater content, temperature, leachate and wastecompositions; again, this can result in all the stagesof a landfill’s decomposition cycle being present atany one time.
 ● Gas collection may draw in air that dilutes the gasgenerated within the landfill as well as facilitatingsome of the oxygen in this air to be consumed inthe oxidation of materials within the landfill.
 ● The drawing in of air to a landfill may inhibitanaerobic activity, as well as lead to combustionwithin a landfill, and thereby affect the futuregeneration and composition of landfill gas.
 ● Variations in barometric pressure and otheratmospheric factors (e.g. precipitation) alsoinfluence the extent to which air is drawn into alandfill and the composition of the extracted gas.
 ● Landfill gas typically contains between 50 and 200minor components at trace level concentrations.The compositional profiles of the gases generatedat different sites tend to differ. The total number ofminor constituents that can be found in landfill gashas been estimated as about 350, the vast majoritybeing organic compounds. In total, these minorcomponents can comprise 0.5% or more of thelandfill gas emissions by weight. The USEPAadvocates using a total non-methane organiccompounds (NMOC) concentration of 8,000 ppm(by volume) as a default input to their Landfill AirEmissions Estimations Model. Of the inorganicconstituents, hydrogen sulphide can be present atsignificant levels, and trace quantities of ammonia,mercury and volatile metallic compounds (asorganometallic compounds or perhaps as metalhydrides) may also be present.
 Minor constituents occur in landfill gas as the result of:
 ● their presence in, and subsequent volatilisationfrom, the wastes;
 ● their generation as by-products of wastedegradation, and subsequent volatilisation.
 The main factors that influence the minor componentcomposition profiles are:
 ● the age of the landfill;
 ● the rate of degradation of the biodegradablematter;
 ● the range of wastes disposed of – whether, forexample, they include aerosol products containinghalogenated compounds.
 1.3 Rates of landfill gasproductionThe quantity of landfill gas extracted from a landfillwill also vary with time and between sites for thesame reasons that account for compositionaldifferences. Typically, extraction rates may vary from25 to 100 m3/h for small sites of 100,000 m3
 municipal solid waste (MSW) capacity up to 250 to10,000 m3/h or more for large sites with capacities of1–10 million m3.
 The quality of the capping material will significantlyinfluence the degree to which landfill gas escapesthrough the surface of the site to atmosphere and thequantities of water that may enter the body of thewaste. For additional information, reference may bemade to Environment Agency R&D Project P1-283,A Framework to Model Health and Environmental Risksfrom Landfill Gas – HELGA (R&D Technical Report P271).
 As a landfill ages further and the intensity ofanaerobic activity subsides, so the rate of gasgeneration will decline. It is expected that the rate ofgas extraction will decrease proportionately, thoughrelatively greater quantities of air might be drawn in.Landfill gas production may continue for severalhundreds of years. Leachate recirculation canenhance landfill gas production, typically by a factorof 2, but too much moisture within the waste canalso decrease gas production. When waste inputs andmonitoring of a site indicate that a sufficient quantityand quality of landfill gas exist to sustain an enclosedflare, the landfill operator is required to carry out arepresentative pumping trial to assess the mostappropriate landfill gas control option.
 Environment Agency Guidance on Landfill Gas Flaring Version 2.1 9
 9 Williams, A. (Ed.) (1994) Methane Emissions. Report No. 28 WattCommittee on Energy.
 10 Brown, K. et al. (1999) Methane Emissions from UK Landfills. Finalreport for the Department of the Environment, Transport and theRegions, March 1999. Report No. AEAT-5217.
 11 Environment Agency (1999) Methane Emissions from Different LandfillCategories. R&D Technical Report P233a (CWM 141/97), PublishedJuly 1999.
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Environment Agency Guidance on Landfill Gas Flaring Version 2.110
 1.4 Landfill gas managementoptionsTo achieve pollution control and global atmosphereobjectives relative to gas production, each landfill sitemust achieve the highest sustainable positionoutlined on the hierarchy in Figure 1.2 during allphases of a site’s operation and post-closure phase.
 Figure 1.2 General relationship for landfill gas management options
 PowerGeneration
 Direct Use &Reticulation
 Enclosed Flare
 Intermittent/Low Calorific Flaring
 Chemical Oxidation (using existing infrastructure)
 Controlled Biological Methane Oxidation
 In the landfill gas control hierarchy, gas collectionwith energy recovery is preferred to enclosed flaring.Controlled chemical or biological methane oxidationis at the base of the hierarchy and is appropriate formanaging landfill gas in instances of lower gasgeneration when a flare cannot be sustained. Fieldtrials of methane oxidation are being developed aspart of the Environment Agency’s Waste Regulation &Management R&D Programme.
 Gas GenerationRate
 3721 Landfill A/W 11/7/02 11:33 AM Page 10

Page 13
                        

Environment Agency Guidance on Landfill Gas Flaring Version 2.1 11
 2.1 IntroductionWhilst the burning of gas may be seen as an easilyachieved condition, the use of active gas extractionmethods in a safe and environmentally sound mannerrequires a thorough understanding of the principlesof combustion. The combustion of landfill gas isparticularly difficult and requires that many aspects ofthe combustion process are properly accounted forand controlled. The three most important factorsaffecting combustion and emission control are time,temperature and turbulence (Figure 2.1).
 The three ‘T’s relationship for a non-specific burner isas follows. To maintain performance:
 ● at constant temperature – as the time decreases,the turbulence must increase;
 ● at constant time – as the temperature decreases,the turbulence must increase;
 ● at constant turbulence – as the temperaturedecreases, the time must increase;
 and vice versa.
 2
 Combustion basics
 Figure 2.1 The three ‘T’s: time, temperature and turbulence
 2.2 Gas control systemsThe majority of landfill gas control schemes in the UKhave been installed with the primary objective ofpreventing potentially explosive situations associatedwith subsurface gas migration. A number of systemshave also been introduced to minimise odourpollution and vegetation stress. The objective ofcontrol systems is to ensure that landfill gas does notpose a risk to human health or pollution to theenvironment.12
 An effective control system is defined tacitly in WMP27 as one where, in any subsurface probe or boreholeoutside the area of influence of the gas controlsystem (or outside the area of wastes, if greater):
 ● the concentration of flammable gas from thelandfill gas is less than 1% by volume;
 ● the concentration of CO2 from landfill gas is lessthan 1.5% by volume.
 It is accepted practice to determine these figures withreference to established background levels,dependent on local geology.
 A landfill gas control system is usually defined inwaste management licences. Gas control systems aregenerally tailored to meet the specific needs of a siteand, therefore, vary widely in design, managementand operational philosophy. Options for controllingthe local landfill gas include:
 ● controlled venting to air;13
 ● pumped extraction and flaring;
 ● extraction and utilisation in an energy recoveryscheme, and flaring the surplus gas;
 ● biological or catalytic methane oxidation.
 Where there are sufficient quantities of landfill gas,controlled venting is no longer acceptable practicebecause of the global impact of methane. In practice,it remains the case that many sites only havecontrolled venting or no control. Where flares areprovided, they should be seen as a component of a‘system’ for controlling landfill gas, and not inisolation. This matter is considered in more detail inWaste Management Papers 26A, 26B and 27.
 12 Department of the Environment (1991) Waste Management Paper 27(WMP 27) Landfill Gas, 2nd Edition.13 Passive venting is now being discouraged (WMP 4 and WMP 26B).
 The Three ‘Ts”
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diffusion, pre-aerated, conventional, enclosed,shrouded, muffled and ground are all used; it is oftenunclear whether these terms are used to differentiatebetween flares, or whether they are interchangeable.This report adopts the terms “open” and “enclosed”to denote two main categories of flare.
 2.4.1 Open flares
 All landfill gas combustion plant and associatedinfrastructure must be maintained according to themanufacturer’s specification by suitably qualified andtrained personnel.
 2.3 Gas collection infrastructureAll landfill gas transmission pipework should bepressure-tested to demonstrate its integrity.Retrospectively installed extraction wells are typicallyinstalled to a depth of 70% of the total waste depth,to allow for landfill settlement and to minimise therisk to landfill liners. All drilling should be undertakenin accordance with British Drillers Associationguidance and relevant health and safety legislation.
 2.4 Types of flareThe nomenclature used by the waste managementindustry to denote the types of flare in use isfrequently of a descriptive or historical nature, and canbe confusing. Terms such as open, candle, elevated,
 Environment Agency Guidance on Landfill Gas Flaring Version 2.112
 Figure 2.2 Typical landfill gas wellhead
 Figure 2.5 A typical enclosed flare
 Figure 2.4 A typical open flare
 Figure 2.3 Typical landfill gas pipework manifoldarrangement, used to control flow
 Open flares burn landfill gas as open flames, thougha windshield is normally fitted. If provided,combustion control is rudimentary. Open flares arealso known as elevated flares.
 2.4.2 Enclosed flares
 Enclosed flares burn landfill gas in a vertical,cylindrical or rectilinear enclosure. Some means ofcombustion control is normally provided, and theenclosure is often insulated to reduce heat losses andallow operation at higher temperatures. Enclosedflares are also known as ground flares.
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2.4.3 Guidelines
 Until now, there have been no specific guidelines forcontrolling emissions from landfill gas flares in theUK, with the exception of recommendations given inWMP 27 on the minimum combustion temperature(850°C), or planning and licence conditions imposedlocally. As a result, flare designs range from simpleoff-the-shelf units to high-technology purpose-designed systems.
 Whilst the combustion of landfill gas reduces the risksof uncontrolled landfill gas emission and explosion,the potential health and environmental impacts ofemissions from flares (and from other combustionprocesses used for landfill gas utilisation) have to betaken into account. The reader is referred to Chapter3 of the source document for further information.14
 2.5 Combustion reactionsCombustion involves the reaction of a fuel and anoxidant, with the release of heat and visible radiation.Most fuels are principally composed of carbon (C)and hydrogen (H2), the common exceptions beingthose with only one of these elements, in particularcarbon monoxide (CO) and hydrogen itself. Theoxidant is any substance that provides a source ofoxygen (O2) for the reaction. The ultimate productsof combustion are carbon dioxide (CO2) and water(H2O). CO is the primary product of carbonoxidation, and it reacts with oxygen to produce CO2,with the release of more heat. The presence of CO inthe flue gases is indicative of incomplete combustion.
 Landfill gas contains the hydrocarbon CH4 andperhaps some small quantities of H2. The maincombustion reactions are:
 CH4 + 2O2 ➝ CO2 + 2H2O + heatand
 2H2 + O2 ➝ 2H2O + heat
 The calorific value is the heat liberated by the completecombustion of a unit quantity of fuel. The net values forCH4 and H2 are respectively 33.95 and 10.22 MJ/Nm3.
 2.6 Combustion airIn order to oxidise the fuel, it has to be mixed withatmospheric oxygen. Too little air, and combustion isincomplete; too much air, and the mixture will notburn at a sufficiently high temperature andcombustion can be incomplete. The stoichiometricratio is the theoretical minimum number of units ofair required to burn completely a unit quantity offuel. The values for CH4 and H2 are respectively 9.56and 2.38 by volume. In practice, the air and fuelcannot be mixed perfectly. Excess air, being that air
 Environment Agency Guidance on Landfill Gas Flaring Version 2.1 13
 Figure 2.6 Example of a forced air enclosed flare
 over and above the air required for theoreticallycomplete combustion, is required to ensure thatcombustion is complete.
 When gas is collected in a landfill, pumping mayentrain air. As explained previously, bacteria in thelandfill may use some of the oxygen in the air, butthere may still be a significant amount of oxygen inthe gas. This oxygen should be taken into accountwhen estimating the required air supply to a flare.15
 For additional information on air supply, see Section4.8.4 of this document and Section 2.5.5 of thesource document.16
 2.7 BurnoutBurnout, or complete combustion, may not beachieved in flares operating outside their designconditions, and partially burned fuel may show up ascarbon (smoke, soot, particulates) and/orintermediate reaction products such as CO.Incomplete combustion may result from:
 ● at lack of O2 caused by poor mixing of fuel and airor an overall air deficiency;
 ● at cooling of the flame by, for example, radiation orits impingement on cold surfaces;17
 ● at inadequate time at high temperature for thecomplete oxidation of carbon – the limiting factorfor gases being the oxidation of CO to CO2.
 These deficiencies can be overcome by good designto allow their control. Open flares are not adequatelycontrollable and lose a significant amount of heat byradiation and convection. Consequently, combustionis not usually as efficient as that from enclosed flares.
 Temperature and retention time are two otherimportant factors in the destruction of some of theminor species formed in the combustion process andwill be discussed later.
 14 Guidance on the Emissions from Different Types of Landfill Gas Flares,Environment Agency R&D Report CWM 142/96A, 1997.
 15 See Appendix 4.
 16 Guidance on the Emissions from Different Types of Landfill Gas Flares,Environment Agency R&D Report CWM 142/96A, 1997.
 17 The same effect may be caused by large amounts of excess air.
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 opposite direction). If the mixture speed is too low,then the flame may “flash-back”; and if too high,then the flame may “blow-off”.
 Good burner design can help to maintain flamestability. There are essentially two different types ofburner: diffusion and pre-mixed.
 ● When the gas/air mixing takes place outside thegas pipe or nozzle, a diffusion flame is formed. Thishas the advantage that the flame cannot flash-backinto the gas supply.
 ● Pre-mixed burners achieve more rapid contact ofgas and air by mixing both together prior to theburner. In pre-mixed burners (often referred to aspre-aerated), up to 50% of the stoichiometric airrequirement may be entrained in the gas flow. Thismixture is then burned at the burner head orport(s), where additional (secondary) air mixes tocomplete combustion. Pre-mixed burners are veryversatile, but precautions have to be taken toprevent flash-back. This usually involves fittingflame arrestors prior to the burner.
 2.10 DraughtThe buoyancy effect of hot gases is used toadvantage in combustion systems by adding achimney at the chamber exit. The hot gases rise upthe chimney, inducing a negative pressure in thecombustion chamber. The resulting pressuredifferential is used to draw in the air required forcombustion in the so-called “natural draughtburner”. The advantage of this system is that no air-moving equipment is required. There may be adisadvantage with this approach if the heightrequired (often in excess of six metres) causesdifficulty with local planning requirements.
 2.11 Maximum combustiontemperaturesThe temperature of the combustion gases dependsupon:
 ● the landfill gas composition, in particular theconcentrations of the flammable gases methaneand hydrogen;
 ● the completeness of combustion;
 ● the quantity of air supplied;
 ● the convective and radiative heat losses.
 The maximum flame temperature TAF (K) may becalculated by assuming that all the fuel burns
 2.8 Flammability and flamespeedNot all mixtures of air and landfill gas are flammable.The range of mixtures that burn is defined by upperand lower flammability limits, which are characteristicof individual gases. Flammability is particularlyaffected by CO2 and N2.
 Flame speed (or burning velocity) can be defined asthe speed, normal to the direction of the mixtureflow, at which the flame front travels through a fuelgas/air mixture. It is greatest in the centre of theflammability range and decreases to zero at bothlimits. For efficient operation, burners should operatein the centre of the range.
 If the mixing of landfill gas and air is non-uniform,then the flame speed may vary throughout the flameand the flame may become unstable or lead toincomplete combustion.
 The mixing process can be improved by:
 ● increasing the exit velocity, and hence theturbulence, of the gas from the burner;
 ● discharging the gas through a number of orifices,rather than one (depending on the size of thecombustion chamber and calorific value of the gas);
 ● increasing the velocity, and hence the turbulence,of the combustion air added to the burner.
 2.9 Flame stabilityIn addition to producing a flammable mixture, theflame must be stable. The flame front is stabilisedwhere the speed at which the mixture leaves theburner equals the flame speed (the speed at whichthe flame front travels through the mixture in the
 Figure 2.7 Automatically controlled combustion air louvres(often located inside the flare)
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completely and that there are no heat losses. Then asimple energy balance gives:
 mFHF = mCp(TAF – T0)
 where
 mF mass flow rate of the fuel, predominantlymethane (kg/s),
 m the total mass of the landfill gas and combustionair (kg/s),
 HF the calorific value of the fuel (kJ/kg),
 Cp the specific heat of the combustion products(kJ/kg K),
 TAF maximum flame temperature (K),
 T0 ambient air temperature (K).
 To simplify the calculation, it is here assumed that boththe landfill gas and combustion air are at ambienttemperature18 and that the specific heat of thecombustion products is independent of temperature.
 The variation of the maximum achievabletemperature with air supply and landfill gascomposition, assuming it comprises only methaneand carbon dioxide, is shown in Figure 2.8. Themaximum temperature falls as the methane contentdecreases and also as the excess air increases. Thelatter is simply the result of there being more air tobe heated from ambient temperature.
 The ratio of CH4:CO2 in landfill gas typically liesbetween 50:50 and 65:35 v/v in practice,19 a muchnarrower range than covered in Figure 2.8. Also, theoptimum excess air supply for efficient combustion inan enclosed flare is generally considered to lie within
 Environment Agency Guidance on Landfill Gas Flaring Version 2.1 15
 Figure 2.8 Flame temperature versus methane content Figure 2.9 The top of an enclosed flare showing the refractory lining
 the range 150–250%. Within this limited range ofoperation, the air supply is the main factor thataffects the maximum gas temperature achievable.
 Heat losses, even in enclosed flares, significantlyreduce the temperature achieved in practice. Inenclosed flares, the enclosure should be:
 ● sufficient to contain the flame and preferably linedwith refractory material to promote radiant heattransfer and so ensure near-complete combustion;
 ● insulated to reduce outer wall temperatures andheat losses from it – this latter may be achieved byan inner refractory lining.
 In an open flare the presence of cool zones at theflame’s periphery results in incomplete combustionand, therefore, less heat release than is theoreticallypossible; radiative and convective heat losses are alsosubstantial and uncontrollable.
 2.12 Retention timeBy ensuring that combustion gases are held at thedesign temperature for a minimum duration, it ispossible to ensure that near-complete burnout willoccur.20
 The minimum recommended retention time is 0.3seconds at a minimum temperature of 1,000°C. Thisis an indicative standard that is likely to achieve therequired emission standard. However, alternativecriteria offering equivalent performance may also beacceptable – for example, a longer retention timecombined with lower temperature. A simplifiedexample retention time calculation is provided inAppendix 4.
 Chapter 5 of the source document provides greaterdetail with regard to combustion principles.21
 18 In some combustion plant, the hot flue gas is used to pre-heat thecombustion air, and this needs to be taken into account in theenergy balance.
 19 Absorption of carbon dioxide into water or into soil may increase therelative methane content at some sites. At others, significantquantities of air may be drawn into the landfill and promote aerobicdegradation processes in zones within the fill. The gas generated at
 such sites will tend to have a relatively lower methane and highercarbon dioxide content.
 20 See Section 4.8.2 and Appendix 4.21 Guidance on the Emissions from Different Types of Landfill Gas Flares.
 Environment Agency R&D Technical Report CWM 142/96A, 1997.
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3.1 IntroductionIn order to determine how flares should be locatedon a landfill site, it is necessary to have anunderstanding of the environmental impact that theflare will have upon its surroundings.
 One of the primary roles of a landfill gas flare is toprotect people and the environment from landfill gasemissions. This brief review of the potential healthand environmental impacts of landfill gas and theflaring of landfill gas, therefore, addresses two mainissues:
 ● the range of potential environmental impacts;
 ● the conditions that need to be met for theemissions from landfill gas flaring to be acceptable.
 3.2 Range of potential impactsMany constituents of landfill gas are hazardous andpose potentially significant risks to human health andthe environment. Some other risk factors result fromthe process of flaring.
 For an in-depth review of health effects and odourthreshold data, the reader should refer to Chapter 3of the source documentation22 and Appendix 6 ofthis document.
 The damage that can be caused by uncontrolledmigration of landfill gas is the main reason whylandfill gas recovery and flaring are required, andshould not be forgotten. Hence the minimumrequirement of a landfill gas flare is that theflammable gases are burned and, in consequence,that the risk of their explosion is eliminated andenvironmental impact of combustion reduced.
 Environment Agency Guidance on Landfill Gas Flaring Version 2.116
 Environmental impact
 Table 3.1 Potential health and environmental impacts
 Scale Potential impact Source: landfill Main agents gas, flare, both
 Local Explosion and fire Both CH4, H2
 Asphyxia Both CH4, CO2, N2
 Human health Both NMVOCs, CO, NOx, SO2, PAHs, H2S, PCDDs, PCDFs
 Odour nuisance Both NMVOCs, H2S, NOx
 Harm to flora and fauna Both CH4, CO2, NMVOCs, SO2, NOx, H2S, HF, HCl
 Noise pollution Flare Landfill gas pumping and combustion
 Heat Flare Flare, flames, and flared gas
 Visual impact Flare Flare and visible flames
 Landfill gas condensate Both Landfill gas extraction
 (pollution potential, risk to
 health, corrosion potential)
 Regional Photochemical air pollution Both NMVOCs, NOx
 Acidic precipitation Both Sulphur compounds, NOx, HCl, HF
 Global Stratospheric ozone depletion Both CFCs, HCFCs
 Global warming potential Both CH4, CO2, CFCs
 3
 22 Guidance on the Emissions from Different Types of Landfill Gas Flares.Environment Agency R&D Report CWM 142/96A, 1997.
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 3.3 Emissions and their control There are three principal mechanisms for the formationof gaseous pollutants in combustion systems.
 ● The first involves the oxidation of the chemicalconstituents of the fuel, particularly carbon, andleads to the formation of the oxides of carbon (COand CO2 and sometimes formaldehyde HCHO).The oxides of sulphur (SOx) are also formed byoxidation, in this case from the oxidation of tracequantities of sulphur compounds in landfill gas.
 ● The second involves the pyrolysis, or thermaldecomposition, of the fuel in oxygen-deficientregions, and this initiates reactions that can lead tothe formation of polycyclic aromatic hydrocarbons(PAHs) and other trace species. Dioxins and furanscan also be formed by this mechanism.
 ● Finally, the hot combustion gases produced in thecombustion of any type of fuel at hightemperatures, especially under fuel-lean orstoichiometric conditions, leads to formation ofNOx by oxidation of the nitrogen present in the air.
 All of these mechanisms are considered in turn in thefollowing subsections.
 Just as there are reactions that form pollutants such asNOx, so there are often others that destroy them.These, together with control of the excess air andtemperature, can be used to reduce emissions fromcombustion plant. It should, however, be borne inmind that flares are small and inexpensive compared,for example, with power station boilers, and so someof the potential reduction strategies either cannot beapplied or may be too expensive to employ.
 3.4 Oxides of carbonAs already discussed, CO is the primary product ofhydrocarbon oxidation, and its concentrationdecreases by a relatively slow reaction that formsCO2. CO2 is the ultimate product of carbon fuelcombustion and its formation cannot be avoided.
 Oxygenated organic compounds can also be emittedfrom combustion plant, as a consequence ofincomplete combustion resulting from “quenching”of the hydrocarbon oxidation reactions by, forexample, cool walls or dilution air. Foremost amongthese emitted compounds is formaldehyde (HCHO),but other aldehydes, ketones, cyclic ethers, alcoholsand organic acids can be released. These compoundsare formed by complex mechanisms in cool parts ofthe combustor (<700°C) and, to minimise them, suchregions should be eliminated as far as possible.
 3.5 Oxides of nitrogenThe principal oxide of nitrogen formed in combustionprocesses is nitric oxide (NO). Some NO may beconverted to nitrogen dioxide (NO2), the mixturebeing referred to as NOx. Nitrous oxide (N2O) maybe present in small concentrations in exhaustproducts, but it is only of significance in relativelylow-temperature combustors such as fluidised beds.
 There are three mechanisms for the formation ofNOx:
 ● thermal NOx results from the nitrogen in thecombustion air and only becomes significant attemperatures above 1,200°C;
 ● fuel NOx is formed from the nitrogenous species inthe fuel;
 ● prompt NOx occurs early in the flame and iscaused by the attack of small hydrocarbon radicals(mainly CH) on nitrogen.
 Figure 3.1 Experimental landfill gas flare using exhaust gasrecycling to control NOx
 NOx emissions can be reduced by careful control ofthe combustion process, the techniques being thosewhich essentially limit the oxygen availability to thefuel and/or lower the peak flame temperature. Thereare three principal techniques that can be employed:
 ● air staging;
 ● fuel staging;
 ● flue-gas recirculation.
 Advanced landfill gas flare systems employ one or acombination of the above.
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3.6 Trace speciesLandfill gas often contains small amounts ofhalogenated organic compounds23 whosecombustion will generate the acid gases HCl, HF andHBr. The concentrations of these gases in theemissions will depend upon the landfill gascomposition.
 The presence of chlorine-containing substances maygive rise to the formation24 of polychlorinateddibenzodioxins (PCDDs), termed “dioxins”, andpolychlorinated dibenzofurans (PCDFs), termed“furans”. Several mechanisms exist for theirformation, but that which is most likely to be ofrelevance to landfill gas flaring is their generation asproducts of incomplete combustion.
 The conditions that favour the formation of dioxinsand furans may also promote the formation ofpolycyclic aromatic hydrocarbon compounds (PAHs)from the products of incomplete combustion.
 The above compounds may be formed in situationswhere there is a combination of low turbulence, lowtemperature and low oxygen content. Suchconditions will be found at the periphery of an openflare, or in cooler zones around the walls of enclosedflares. This possibility is one of the key reasons behindthe decision to recommend that the use of openflares be discontinued.
 Environment Agency Guidance on Landfill Gas Flaring Version 2.118
 23 Organic compounds containing chlorine, fluorine, or bromine, or anycombination of these.
 24 Under certain conditions they may be formed either as products ofincomplete combustion of chlorinated organic compounds, or by
 synthesis from non-halogenated organic compounds and inorganicforms of chlorine. The second of these mechanisms can be significantover the temperature range 200–450°C and is catalysed by metal-bearing particulate material.
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 4.1 IntroductionThe preceding chapters have provided a basis forunderstanding the design objectives for which landfillgas flares are intended. Many differing approachesare employed to achieve these objectives. Marketforces have driven each particular line of technicaldevelopment as much as the quality objectivesfollowed by specific companies. It follows that somedevelopments have a principal focus upon cost, withlittle concern for performance. By understanding theprinciples involved, it is possible to make ajudgement about the nature of a particular piece ofequipment.
 4.2 Flares: common elementsThe technology of a landfill gas flare is conceptuallyvery simple: landfill gas is brought into contact with asupply of air and ignited. A variety of configurationsof conduits and chambers can be used for thepurpose. Whatever the exact design of the flare,however, it will comprise a number of basic elements,in addition to piping, valves and the body of the flare(Figure 4.1).
 The basic elements common to open and enclosedflares are:
 ● gas cleaning/conditioning before the flare to removemoisture and possibly impurities, such as airbornedebris, from the landfill gas;
 ● a blower or booster developing the head of pressureneeded to feed landfill gas to the flare;
 ● one or more flame arrestors in the landfill gas feedline to prevent flash-back of the flame down thepipe;
 ● some method of control over the flow rate oflandfill gas to the burner, and possibly over thesupply of combustion air;
 ● a burner designed such that it maintains turbulentmixing of air and fuel and that the velocity of thegas is high enough to reduce the risk of flash-backof the flame down the feed pipe without blowingoff the flame;
 ● an ignition system to light the gas mixture on start-up;
 ● a flame detector to check that ignition has beensuccessful and combustion is taking place – thisfacility is normally provided with enclosed flares butit is more difficult for open flares since the locationof the flame can be highly unstable.
 4.3 Types of flareThe main division in the types of flare on the marketis between open and enclosed flares. The originallandfill gas flares were of the open design. These arestill popular in the UK, owing to their simplicity andlow cost. However, European and US legislation,which calls for high combustion temperatures andspecific residence times, has developed the market forenclosed flares. In addition, the two basic categoriescan be further divided according to the way in whichair is mixed with the landfill gas, and for operationalreasons some flares may operate on a forced draughtbasis. This feature can be likened to the differentmodes of running a Bunsen burner.
 Operational requirements
 Figure 4.1 Basic flare arrangement
 4
 Knock-out pot
 Flow control valve
 Gas booster
 Slam-shut valve
 Flame arrestor
 Flare shroudcontainingburner
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4.4 Flame typesIn a diffusion flame flare, air diffuses into the landfillgas leaving the burner. If there is no mechanism forincreasing turbulence to provide rapid mixing of fueland air, the flame will be deficient in air (reducing).Consequently, a long time is needed for completionof the reaction, and the flame is long, luminous andpossibly sooty. This type of flare is similar to a Bunsenburner with the pre-aeration port closed.
 The alternative design is the pre-aerated flare, whichmixes primary air and landfill gas before the burner.Often the primary air enters through a venturiarrangement so that the rate at which it is drawn independs on the flow rate of landfill gas. The apertureof the venturi can be adjusted manually orautomatically. A pre-aerated open flare is akin to aBunsen burner with the pre-aeration port open.
 4.5 ApplicationsThe primary purpose of a flare is to burn landfill gas,collected by a control system to prevent migrationoff-site. Landfill gas is combusted to reduce the risk offire and explosion, to reduce odours and to reducethe emission of methane globally. As noted in Section2.2, this system may also include an energy recoveryplant, in which case the flare will be on standby readyto dispose of landfill gas should the plant beunavailable, or as a back-up to burn surplus gascontinuously. The back-up might be a large flare runat a low rate (subject to turn-down constraints), or asmall flare might be provided to run at full load witha larger flare on standby in case of failure of theenergy recovery system. The capacity of the energyrecovery scheme will usually be less than the gasproduction rate since it is advantageous for it to run
 Environment Agency Guidance on Landfill Gas Flaring Version 2.120
 Figure 4.2 Duty/standby gas boosters after a moistureremoval pot
 on full load. On the other hand, a flare might be theonly disposal route and so may be runningcontinuously at its operating capacity.
 Some sites might operate solely with a flare. Onothers, an energy recovery scheme might beimplemented once there is a sufficient gas supply,and so the use of the flare will change. As the gasproduction rate falls with increasing age, the requiredflare capacity decreases. This factor might beaccounted for by the use of several small flares, thereplacement of a large flare with a small flare, orrunning a flare intermittently. The frequency andduration of flare operation are dependent on thelandfill gas migration status and the risk assessment.A further variant is the temporary installation of aflare if it is needed for only a short time in one place.The phasing of waste emplacement might make itimpracticable to use a central flare compound, orthere might be a very localised problem such asodour. Many manufacturers offer skid-mounted unitsto allow mobility. However, a generator may beneeded for mobile flares to power the controls andgas pumping unit.
 4.6 RequirementsFrom the above, and the discussions earlier in theguidance notes, it is apparent that there are severalimportant features that a flare should offer in additionto low emissions. These are:
 ● flexibility, so that it can cope with a range of flowrates and methane concentrations;
 ● as a standby, the ability to respond quickly to asudden increase or decrease in demand;
 ● to run for long periods unattended, particularly ona closed landfill – it is likely that staff with specialistcombustion skills will not be immediately availableeven on an operational site.
 In addition to the features associated with the day-to-day operation of the flare, other considerations relateto its location and ability to withstand exposure to allweather conditions, which will affect its long-termservice.
 A permanent flare system with its heavy base willplace a large stress on the ground on which it isplaced. Therefore, it is important to check the load-bearing capacity of the ground. Unless it is absolutelyimpossible, the flare should be located on originalground and not fill, which is likely to have aninsufficient load-bearing capacity and be susceptibleto differential settlement. If the flare must be locatedon waste, then a firm base should be provided.
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 Ideally, the flare system should be located at a higherlevel than the gas collection system to minimise therisk of liquid draining into it. Condensate removalpots are not normally designed to accommodatelarge in-flows of liquid from the gas field.
 As a flare is exposed to all weather conditions, it isimportant that the finish on the exterior of the flare isweatherproof as well as heat-resistant. Also thestructure of the flare must be designed to withstandwind stresses. Ancillary items such as control andinstrumentation equipment, including cabling, mustbe protected. Provision of housing makesmaintenance tasks easier, but explosion hazards mustbe considered.
 Noise control is a relevant objective, and, where notadequately covered by the site planning permission,may be subject to control via waste managementlicence conditions. This issue will in future require tobe more fully addressed as landfill sites fall within theremit of the PPC Regulations and environmental noiselimits are imposed where deemed to be required.
 Figure 4.3 Enclosed flare station
 Figure 4.4 Low-height, low-emissions flare
 The preference for locating flares on original groundwill often lead to them being placed on the peripheryof sites, hence increasing the probability that therewill be trees and buildings nearby. The effect on theseand on employees must be considered. Where thereare residential areas nearby, noise from the flare maybe a significant factor. Noise is generated both by theoperation of equipment such as the blower and bycombustion itself. Whilst there are conventionalmethods of providing sound insulation for plantitems, it is less easy to reduce the impact ofcombustion noise, which tends to be low-frequencyat around 17 Hz. Some manufacturers claim that theirburner designs minimise noise production, and someinclude an acoustic lining in the flare stack.
 Where the flare is near the general public, in additionto noise considerations, the local planning authoritymight wish to restrict the height of the flare to reduceits visual impact. However, they should be aware ofthe fact that some manufacturers have developedflare designs to overcome the problems caused by aheight restriction by employing modified burnersystems.
 Support fuels for low-calorific-value landfill gas may berequired in specific locations. It should be noted,however, that the use of high-grade energy to supportthe disposal of a waste gas should not be employedunless absolutely necessary, for example in closeproximity to residential development, where flaring isessential. Such an approach will increase carbondioxide emissions and, in view of the cost implications,have limited sustainability. As a guide, the Non-FossilFuel Obligation (NFFO) scheme25 requires supportfuels to be used on a <10% basis. As an alternative tosupport fuels, one or a combination of the followingmay deal with the presence of low-calorific-valuelandfill gas and still enable flaring to occur:
 ● Operating a flare on a timer to draw off gases onlywhen the quality is adequate for combustion – caremust be taken to ensure that off-site migrationcontrol objectives are not compromised.
 ● Employing a specially designed low-calorific-valuegas burner.
 ● Paying closer attention to the question of gas wellbalancing to maximise the extracted methanecontent of landfill gas, to control oxygen ingressand to extract landfill gas at its production rate. Itmay be necessary to install more gas extractionwells (closer spacing) working under low pressureto avoid oxygen ingress. If oxygen is drawn into thewaste mass by over-extraction, then landfill firesmay result.26
 25 NFFO is a scheme by which electricity companies are “obliged” tobuy a fixed amount of power from non-fossil power producers.
 26 Department of the Environment (1995) Waste Management Paper26B Landfill Design, Construction and Operational Practice, HMSO.
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In remote locations, or situations where the plantmay run unattended for long periods, it may beappropriate to fit a telemetry system that will notifythe responsible authorities of any operational failurethat may affect plant operation. Telemetry systemscan operate through the telephone line network, bymeans of radio waves or via a cellular telephonenetwork. Such systems can advise by speech or digitalcommunications of any monitored variable, whetherdigital or analogue, that is out of range.
 4.7 Open flaresIn the general case of diffusion and pre-aerated openflares, there is often a shield around the burner toprotect the flame from the wind. The flame may,however, extend beyond the top of the shield byseveral metres. Good mixing of air and fuel at theburner shortens the flame and reduces its luminosity.Mixing is improved by good burner design and pre-aeration, which also allow some degree ofcombustion control through adjustment of the flowof air.
 Open flares have the advantages of being inexpensiveand relatively simple, which are very importantfactors when there are no emission standards.However, open flares are inefficient, resulting in verypoor emissions compared with those from enclosedflares. Operators find it attractive to have equipmentthat can be relied upon to keep running with little orno attention. However, as noted in Chapter 2, goodcombustion depends upon maintaining a sufficientlyhigh temperature for a certain length of time and alsothorough mixing of the air and fuel. For a number ofreasons, open flares cannot be relied upon to ensuregood burnout and hence low emissions:
 ● An open flare with its unconfined flame cannotnormally achieve high temperatures.
 ● Luminous flames, in particular, radiate heat andthere is no means of reducing these heat losses.
 ● Ambient air cools the periphery of the flame andtends to quench the reactions.
 ● Without some method of containing the gases,residence times are very short and cannot bedefined.
 The radiation of heat from an open flare is, in itself, ahealth and safety disadvantage, in addition to itseffect on the efficiency of combustion. The burnermust be elevated sufficiently high to avoid excessivelevels of radiated heat which could be experienced byoperators working beneath the flare.
 Emissions from an open flare are not easy to measureand interpret. Obtaining a representative sample ofthe combustion gases is very difficult, and isimpracticable for routine monitoring. Samplingwithin or close to the flame will give high levels ofunburned hydrocarbons and carbon monoxide.Recent measurements have demonstrated levels of8–15% methane and 2% carbon monoxide.However, if the sample is collected away from theflame, the off-gases will have dispersed into theatmosphere. Also the location of the flame and theplume of off-gases will vary depending upon winddirection, thus making a permanent monitoringfacility impracticable.
 4.8 Enclosed flares4.8.1 Structure
 In an enclosed flare, the burner or burners are locatedat the base of a shroud, which is usually, but notalways, circular in cross-section. Because of the shapeof the flame, the height of a cylindrical shroud isoften at least 2–3 times the diameter (the choice ofheight of flare is discussed in more depth later). Somemanufacturers offer rectilinear-shaped chambers, butwith a cylindrical shroud it is easier to maintain auniform temperature across the chamber, eliminatingcold zones where incomplete combustion can occur.
 4.8.2 Retention time
 The shroud may be designed to provide a certainretention (or residence) time and be insulated tomaintain a particular combustion chambertemperature, or it might simply be used to hide theflame or reduce noise. The residence time required byDutch and German (HMfUR)27 regulations is in excessof 0.3 seconds, which is adequate for 98–99%destruction of hydrocarbons.28 However, theregulatory authorities in the USA require a minimumresidence time in the range of 0.6–1.0 seconds at850°C to ensure the destruction of chlorinated tracecomponents such as tetrachloroethylene andmethylene chloride.
 These guidance notes recommend a minimumretention time of 0.3 seconds at a minimumtemperature of 1,000°C or similar standard offeringequivalent performance.
 4.8.3 Insulation
 Good insulation and lining of the shroud can reduceheat losses so that temperatures of 1,000–1,200°Ccan be achieved in the combustion chamber and the
 Environment Agency Guidance on Landfill Gas Flaring Version 2.122
 27 See Section 6.2.2.28 Giles, D.L. (1989) Landfill Gas Flare Design Basics. Proceedings GRCDA
 12th Annual Int. Landfill Gas Symposium, Monterey USA, 20–23
 March. Governmental Refuse Collection and Disposal Association,Publication GLFG No. 0017, pp. 165–172.
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 temperature of the outer skin reduced to about80–100°C. In these conditions, a mild steelconstruction with a paint finish is possible. However,in windy conditions the top 0.5–1 metre of shroudmay be exposed to high temperatures, caused bydown-wash of the hot combustion gases induced bythe low pressure on the downwind side. In suchcircumstances, this part of the flare is better made ofstainless steel.
 A ceramic fibre, in modular or blanket form, is oftenused for insulation rather than refractory bricks, sinceit is not damaged by variations in temperature, anddoes not spall. However, very high temperatures, inexcess of about 1,200–1,300°C, which might befound particularly in the vicinity of the burner, candestroy the metal retaining clips. A furtherdisadvantage of using clips is that they conduct heatto the outer shell and create hot spots there. To avoidthese problems, some manufacturers bond the fibreto the shroud.
 To reduce heat losses further, some manufacturersprovide a refractory-lined disc, or ‘hat’, above the topof the flare that reflects heat back into thecombustion chamber. It also helps to keep rain out ofthe flare stack. The disadvantage of this item is that itprevents the free upward movement of the exhaustgases and so is not recommended.
 4.8.4 Air supply
 In most cases, combustion air is drawn into the flareunder natural draught. As the theoretical draught isdirectly proportional to the height of the shroud,height may be an important factor in determiningthe flow of air. Where other mechanisms areemployed to entrain air, height is of less significance.
 There can be problems with a supply of air undernatural draught. Under very windy conditions, in abottom-entry flare with no surround, the air maybypass the inlet. Baffles may need to be incorporatedbelow the base to encourage the diversion of air intothe flare. It is also possible that, in high winds, oneside of the shroud may receive too much air and theother too little, so that one side runs too cold and theother too hot. Consequently there is the danger ofcombustion being incomplete on one side, whilst onthe other excessive NOx might be formed and therefractory damaged.
 It is possible to install a blower to supply air underforced draught, so avoiding any problems that maybe associated with natural draught. This leads toadditional capital and running costs.
 Tall flares are preferable to shorter flares as:
 ● they are better able to induce sufficient combustionair;
 ● they are more likely to provide an adequateretention time for the entire gas stream;
 ● the temperature distribution is more uniform – withshort, wide stacks there is an increased risk of poormixing of gases near the walls, and tall flares areless likely to develop cold spots where combustionwill be poor;
 ● they allow better dispersion of the off-gases intothe atmosphere.
 4.8.5 Process control
 Combustion control consists of automaticallyadjusting the total air intake according to thecombustion temperature (commonly measured by athermocouple located at some point within theshroud). In a natural draught flare, the intake of air isoften through sets of louvres (see Figure 2.7), theirposition determining the flow rate.
 Where automatic flame temperature control is notprovided, it should be noted that the maintenance ofminimum flame temperatures across a range ofoperating conditions cannot be assured.
 4.8.6 Burners
 Enclosed flares can contain a single burner withseveral tips, or an array of multiple burners each withits own gas supply. Where multiple burners are used,it may be possible to operate the flare over a differentrange of flow rates of landfill gas by activating only aselection of burners at any one time. This is achievedby manual control, though it could be achievedthrough an automatic feed-forward control loop.However, such flares should be designed to ensurethat there are no cool zones within the shroud underany burner on/off conditions.
 Manufacturers offer a variety of burner designs tocreate turbulent mixing of landfill gas andcombustion air. Some also include baffles within theshroud, but these cause an additional pressure lossthat restricts the flow of air induced under naturaldraught. The velocity at which the gas leaves theburner tip is very important; to prevent flash-back,this velocity must be greater than the flamepropagation speed.
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4.8.7 Turn-down
 Turn-down is the ratio of minimum gas flow tomaximum gas flow under which satisfactoryoperating conditions will be maintained. Turn-downdepends upon the range of rates of heat release forwhich the flare is designed, and permissible exitvelocities from the burner tip. The turn-down ratiowill therefore affect the flare emission significantly. Ingeneral, manufacturers quote ratios of 4:1 or 5:1,based on heat release, for a flare operating undergood combustion conditions and a range of methaneconcentrations of around 20–60% by volume.
 It is possible to turn a flare down to achieve a 10:1turn-down, or greater, but the emission standard isunlikely to be met and such a turn-down is difficult toachieve because of the variability in methane content.The optimum requirement is a chamber that can takethe maximum turn-down without overheating andthe minimum turn-down without being too cool. Alow rate of heat release will not allow highcombustion temperatures to be achieved.
 4.8.8 Start-up and shut-down
 Start-up consists basically of turning on the supply oflandfill gas to the burner, attempting to ignite it andchecking for ignition by means of the flame detector.If ignition is unsuccessful, then the flare might shutdown or ignition might be tried again after a settime. Care has to be taken to avoid the risk ofexplosion caused by an accumulation of gas (therehas been a recorded instance of this occurring).
 Where a flare is operated on a timer, being switchedon and off at pre-programmed intervals during theday, it is important to ensure that the timingsequences selected facilitate reliable operation. It maybe, for example, that gas must be vented from a longpipeline prior to ignition being attempted. Sufficienttime, dependent on plant design, must be allowedfor the explosive mixture of gases to dissipate inorder to optimise the concentration of methanebefore ignition proceeds.
 4.8.9 Applications
 Enclosed flares are needed to meet strict operatingand emission standards. In the past, in the UK,enclosed flares have been selected only where alandfill operator wishes or is required to meet TA Luftemission standards,29 or the local planning authoritystipulates that the flame must not be visible. It isrecommended that, in the future, they are requiredas standard. A site-specific risk assessment should beused to determine the most appropriate landfill gascontrol option.
 4.9 Individual elementsA number of items, identified in Section 4.2, areincluded in most flaring systems. A selection of thedifferent design components available are describedbelow and their relative merits discussed.
 4.9.1 Gas conditioning
 Conditioning is usually carried out using acondensate knock-out vessel, or two vessels in series,in conjunction with demister pads. The conditioningequipment might remove solid debris in addition tomoisture from the gas. Some manufacturers supplycyclones as part of the conditioning system. Solidscan be:
 ● particles of plastic, present in newly installed gaspipelines;
 ● dust from intermediate cover material or fines fromother waste;
 ● deposits of ash.
 4.9.2 Gas booster
 The gas booster or blower is designed to develop ahead of around 3–15 kPa to provide the requireddischarge pressure at the burner tip. Centrifugalblowers, which readily allow variable flow rates, aregenerally used and are equipped with temperatureand pressure gauges on the inlet and outlet sides.They can be belt-driven or have a direct drive. Belt-driven blowers may cost less to buy but require morefrequent attention to maintain the belts and bearings.Whatever type of equipment is used, it is essentialthat it is suitable for operating in a potentiallyexplosive atmosphere. In addition, since landfill gascontains corrosive vapours and some particulatematter, it is desirable to protect the blower fromthese aggressive constituents in case they are notcompletely removed by the conditioning unit. Tomaximise the availability of the flare, a second blowercan be provided as a back-up in case of routinemaintenance or failure of the primary unit.
 4.9.3 Flame arrestor
 Flame arrestors are normally located in the flare feedline. Sometimes they are also located in the landfillgas supply on one or both sides of the gas blower, asthis item is a potential source of sparks. Flamearrestors should be fitted with a high-temperatureswitch, to provide an alarm indication if a flame isburning on the element and cut off the supply of gas.They must be cleaned regularly, and it is normal
 Environment Agency Guidance on Landfill Gas Flaring Version 2.124
 29 See Section 6.2.2.
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 practice to have a spare available. Pressure differentialmeasurement across flame arrestors can be used toassess maintenance requirements.
 4.9.4 Ignition
 There are two main types of automatic ignitionsystem. One uses a propane pilot burner, and theother a landfill gas pilot burner. Propane ignition maybe more effective in cases where the methaneconcentrations are as low as 20%, but it should beremembered that frequent ignition attempts wouldresult in a greater consumption of propane. Wherethis is brought to site in bottles, the cost of runningsuch an ignition system may be appreciable. It is alsopossible to put the ignition system on a timer so thatit sparks for a set length of time within a certainperiod.
 Within the two categories of ignition system there arefurther choices of technique. For example, regardingpropane ignition, one manufacturer favours the useof a torch rather than flame-front ignition. Torchesgive a smoother start-up, but cannot withstandtemperatures above about 1,200°C, whilst withflame-front ignition there is a danger of explosionshould ignition fail several times and an explosivemixture accumulate in the flare.
 4.9.5 Flame detection
 There are two principal methods of flame detection,thermocouples and ultraviolet (UV) light sensors.Owing to the heat capacity of a thermocouple, thereis a lag between the extinction of the flame and itsregistration. A UV sensor responds rapidly, but thelens can easily be fouled, and so regular cleaning isnecessary. The frequency with which a thermocouplemust be replaced ranges from six months to twoyears, depending partly on the extremes oftemperature or the corrosive environment to which itis exposed. The bulb, which is the sensingcomponent in a UV sensor, costs in the order of£100. Bulb manufacturers recommend replacementonce a year, but they can last up to five years.
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5.1 IntroductionThere exists a wide range of instruments formonitoring landfill gas flare systems. Some of thesehave an operational requirement, in that they arerequired to enable the equipment to be run correctly.Others are employed to monitor the performance ofthe equipment. Within this latter category areinstruments that give useful information to assesswhat is happening with the plant and the gas field aswell as instruments to ensure compliance withperformance specifications and environmentalrequirements.
 5.2 Requirements formonitoring techniquesA monitoring technique should be designed to meetseveral criteria. These include:
 ● suitability for the type of monitoring required, i.e.compliance or process control;
 ● measurement of important parameters;
 ● collection of data representative of all emissions,accounting for variations within the gascomposition and volume and with time, i.e. fromappropriate points spatially and temporally;
 ● provision of accurate and reproducible data, whichcan be referred to standard conditions;
 ● sufficiently reliable and robust equipment for theconditions involved;
 ● safety.
 It is also important that the technique complies withrelevant standards. Several standards already existworld-wide for the monitoring of stationary emissionsources. They tend to be designed for stackmonitoring, and so are applicable to enclosed ratherthan open flares. Some of the standards that can bereferred to for monitoring of landfill gas flares arelisted in Section 6.2.
 5.3 Problems associated withmonitoring flaresMonitoring of landfill gas flares to provide arepresentative result is not straightforward. Theproblems faced vary with the type of flare. Allemissions from landfill gas flares will be variable interms of flow rate and composition as a result of thenature of the gas source. There are the overall trendsthat result from the ageing of the waste, on top ofwhich are superimposed the fluctuations arising frominhomogeneities in the waste and changingmeteorological conditions. Consequently,combustion conditions and the products ofcombustion vary over time. Thus a fully automaticcombustion control system is required.
 It is also very difficult to ensure that measurementsare representative of emissions from the flare as awhole. In the case of open flares, in particular, this isdue to the instability in the location of the flame,which varies with wind speed and direction, and thegas flow rate. In addition, regardless of flare type, theflame itself comprises a number of zones, dependingupon the way in which air is mixed with the landfillgas and the quality of the gas as a fuel, and it isimportant to sample from a point at whichcombustion is complete. It is doubtful thatmeaningful emission results can be obtained fromopen flares at all.
 In enclosed flares there will be variations in gascomposition across the stack. This is known asstratification and results from poor mixing in large-diameter ducts at low gas velocities. Unlike a chimneystack, the duct through which the flared gases flowcan be of several very different designs, andrepresentative sampling points need to be determinedfor each. There are additional factors arising fromvariations in the flow of landfill gas which affect theflow regime in the duct and thus how well mixed thegas is at any one point. The flare may contain manyburners, with only some in operation at any one time,and there may be a variable flow of induced air fromjust below the burners.
 Environment Agency Guidance on Landfill Gas Flaring Version 2.126
 Instrumentation
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 Monitoring conditions in a landfill gas flare can bevery severe. The temperature should be 1,000°C ormore; some modern flares operate at up to 1,200°C.Also the atmosphere is corrosive, containing acidgases such as SO2 and, particularly in the case ofyoung waste, HCl and HF in the presence ofmoisture.
 Monitoring of open flares presents several health andsafety problems. Safe access to the elevated dischargepoint is difficult. In addition, the environment nearthe flame is dangerous owing to the instability of thelocation of the flame, the explosive and noxiousatmosphere, and the radiative heat emitted.
 The general conclusions of the study project uponwhich these guidance notes are based were asfollows:
 ● Even under stable test rig conditions, combustion isan unsteady process producing unavoidabletemporal variations. In such circumstances, “single-shot” measurements may be misleading. Time-averaged readings are, therefore, essential.
 ● Differences in the results obtained may beimportant, especially if a plant is close to exceedingthe emissions limits against which it performance isbeing monitored.
 ● Discrimination between NO and NO2 can be aproblem.
 ● NOx tends to be overestimated and SO2underestimated.
 Further research has been commissioned by theEnvironment Agency’s Waste Regulation &Management R&D Programme on analyticaltechniques and monitoring of landfill gas flares.
 5.4 Monitoring locationsEasily accessible, safe and functionalmonitoring/sampling points should be retrofitted toenclosed flares as appropriate in locations where theyare currently absent. These should be easily accessiblein accordance with all relevant health and safetylegislation.
 In addition to the choice of equipment to use, thereare two approaches to monitoring emissions: single-point and multi-point. The extent to which each,with careful selection, will obtain a representativemeasurement is discussed below.
 5.4.1 Single-point monitoring
 For an enclosed flare, it is necessary to ensure thatthe sample is indicative of the whole emission andhas not been compromised by stratification. Apreliminary monitoring exercise should be carried outto examine the velocity, oxygen and temperatureprofiles across the width of the combustion chamber.The parameters should be measured simultaneously.
 Monitoring of open flares is vulnerable to greatuncertainties due to instabilities in the position of theflame, uncontrolled addition of air and rapid dilutionin the ambient atmosphere.
 5.4.2 Multi-point monitoring
 Multi-point methods are designed to overcome theproblems of single-point monitoring and arerecommended for use with enclosed landfill gas flares.The gas is monitored at several locations in a two- orthree-dimensional array, either simultaneously orconsecutively. In a closed flare, it is possible to employestablished stack monitoring techniques withallowance for the very high temperatures and thevariety of configurations of combustion chamber.These may include the use of an averaging pitot-tubetype of probe, which allows sampling simultaneouslyfrom a series of points along its length. Alternatively, amultiple-sample-point array may be used. This wouldbe based on the guidance in BS 606930 or the simplerBS 3405,31 which specifies only four sampling pointsfor ducts with a diameter less than 2 m (enclosedflares usually have diameters of about 1–2 m).
 5.5 Recommended monitoringregimesMonitoring should be carried out as summarised inTable 5.1 according to site circumstances.
 Table 5.1 Recommendations for monitoring regimes to beapplied to enclosed flares
 Level Inputs Outputs (inlet gas)
 1st CH4, CO2, TemperatureO2 and gas flow rate
 2nd As above As above, plus bulk components (O2, CO, NOx, CO2, THC), trace components including HCl, HF and SO2 and retention time
 30 BS 6069–4.3 (1992) Characterisation of Air Quality. Stationary SourceEmissions. Method for the manual gravimetric determination ofconcentration and mass flow rate of particulate material in gas-carrying ducts.
 31 BS 3405 (1983) Method for Measurement of Particulate EmissionIncluding Grit and Dust (Simplified method).
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● First level monitoring should be carried out on acontinuous and logged basis, with telemetry, sinceit provides the basic information needed forcontrolling the flare and demonstrates the degreeof operation. The data obtained also allow the gasfield to be balanced and controlled.
 ● Second level monitoring is necessary periodically orwhen there is some significant change in thecomposition of the landfill gas or method ofoperation of the flare. This may occur, for example,when a new phase of a site is brought on-line or theplant is newly commissioned or re-commissionedafter a change of location. It provides moreinformation about the completeness of combustion,the main combustion products and the majoremissions. This should typically be carried outannually, dependent on the presence of populationcentres or other environmentally sensitive areas andprovided that the plant is maintained according tothe manufacturer’s recommendations. Second levelmonitoring is targeted at good indicators ofpotentially hazardous components in flare emissions.Such frequency and selection of trace species wouldalso be subject to the findings of the environmentalimpact assessment from requirement No. 7.
 A monitoring protocol for enclosed flares is beingdeveloped under a separate R&D projectcommissioned by the Agency32 and inpartnership with industry-sponsored research.Upon completion, it is expected that the protocolwill succeed the recommended monitoringregimes contained in this guidance document.
 5.6 Monitoring techniquesMonitoring techniques associated with landfill gasflares may be divided into four basic categories:extractive, in-stack, cross-stack, and remote. For a fulldiscussion of the relative merits of each, the readershould refer to the source documentation.33
 The actual cost of the monitoring system required for aparticular purpose will depend upon the number ofparameters specified, the accuracy required, theinstrument’s robustness and its specified availability. Oneoption is for the operator to have a maintenancecontract tailored to the availability required. All electricalequipment should comply with appropriate relevantstandards. Due regard should be given to the corrosiveand aggressive properties of combusted landfill gas andeffective particulate and moisture filtration used tominimise the effect on monitoring equipment.
 5.6.1 Extractive monitoring
 Extractive monitoring differs from other types in thatit involves the collection of a sample of combustedgas and transport away to an analyser. It can be runas either a continuous or a periodic method. Themost important consideration in setting up anextractive system, apart from the selection ofappropriate sampling locations, is ensuring that thegas sample integrity is maintained and not altered bychemical reaction. It is also essential that chemicallyresistant probes and associated tubing are used.Temperature must be maintained above dew point toprevent condensation from occurring.
 Some of the above potential interference effects canbe overcome by passing the gas through a column orsolution of an appropriate chemical medium. Thelikely effect of interference gases should beconsidered prior to employing a particularinstrument. Sample components such as acid gasesand hydrocarbons may damage equipment,including sensors, pumps and flow meters. Particularcare must therefore be taken in this regard.
 5.6.2 In-stack monitoring
 These are sometimes referred to as in-situ techniques.The key feature is that the sensing device is in thestack and the results are conveyed as an electronicsignal. There are two main configurations: theequipment can operate in “cross-stack” mode usingthe duct itself as the measurement cell, or the sensormay employ a shorter cell length and be supportedwithin the hot gas in the stack. An “in-stack”technique can produce real-time, continuous data butmay inherently be less reliable than extractive analysisbecause interferences cannot be removed in-situ.
 5.6.3 Cross-stack monitoring – optical sensors
 Cross-stack optical techniques measure gasconcentrations in a stack by measuring the change inspectrum of a beam of light as it travels across thestack between a transmitter unit and a receiver unit.They are an example of an integrated-pathmeasurement technique. The four methods of cross-stack monitoring that may be relevant for use onlandfill gas flares are as follows:
 ● dual-wavelength;
 ● gas filter correlation;
 ● DOAS (differential optical absorptionspectroscopy);
 ● FTIR (Fourier transform infrared).
 Environment Agency Guidance on Landfill Gas Flaring Version 2.128
 32 Monitoring Protocol for Landfill Gas Flare Emissions, EnvironmentAgency R&D Project P1-405.
 33 Guidance on the Emissions from Different Types of Landfill Gas Flares,Environment Agency R&D Report CWM 142/96A, 1997.
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 Technique Component Gases with cross-sensitivity to target component
 Infrared CO2 H2O, particulates, SO2, NO2
 Non-dispersive infrared SO2 H2O, CO2, CO, NO, NO2, SO3, particulates
 NO, N2O
 CH4 H2O, particulates, NO2
 CO H2O, particulates
 HCl H2O, CO2, aldehydes, NO
 Ultraviolet SO2 UV absorbers
 Non-dispersive ultraviolet SO2 CO2, CO, NO, NO2, SO3, hydrocarbons, particulates
 Electrochemical SO2 H2O, NH3, H2S
 HCl SO2, NO2, SO3, NH3, H2O, CO2, Cl2
 HF SO2, NO2, SO3, NH3, H2O, CO2, Cl2, metal fluorides, hydroxides
 O2 SO2, NOx, acid gases
 CO
 NO
 NO2
 Fluorescence SO2 NO2
 Flame photometric Total sulphur H2O, SO3
 Flame ionisation Hydrocarbons Other hydrocarbons, reduced response for hydrocarbons containing O, N, Cl
 Mass spectrometry CO N2
 Paramagnetic analyser O2
 Chemiluminescence NO, NOx, NO2
 Traditional wet chemistry SO2, SO3, HF, HCl
 Filtration Particulates
 Table 5.2 Extractive gas sampling techniques
 Technique Component Interferences
 Infrared Hydrocarbons H2O, NO2
 CO H2O, particulates
 HCl H2O, particulates, CO2, aldehydes, NO
 Non-dispersive infrared SO2 H2O, CO2, CO, NO, NO2, SO3, particulates
 NOx H2O, particulates
 Ultraviolet SO2 H2O
 Table 5.3 In-stack monitoring techniques
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5.6.4 Remote sensing
 Remote sensing techniques measure gasconcentrations by monitoring the extent to whichradiation (either optical or microwave) is scatteredand absorbed as it travels through the measurementpath. They do not require any physical contact withthe measurement region. Remote sensing techniquesthat require equipment at both ends of themeasurement path were covered above under cross-stack monitoring. This section is restricted totechniques that do not require access to both ends ofthe measurement path. All of the remote sensingtechniques of relevance make use of the interactionof optical radiation with the gas. Three differentprinciples are used, namely:
 ● COSPEC (correlates absorption spectra withreference spectra);
 ● passive FTIR (Fourier transform infrared);
 ● DIAL (differential absorption LIDAR).
 5.6.5 Other monitored parameters
 Other parameters that may require to be monitoredinclude the following:
 ● temperature of the gas entering and leaving thegas booster;
 ● temperature of the flame;
 ● temperature of the combustion chamber;
 ● pressure of the gas at various stages through thecollection and combustion system;
 ● landfill gas flow.
 5.7 Quality managementAnother related factor is the quality of the monitoringbeing carried out, whether in-house or by externalconsultants. Stack emissions monitoring is a verycompetitive business, and consultants vary fromthose with purpose-designed and -built mobilelaboratories to some with a few portable instrumentsthat can be put in the back of a car. The generalstandards being applied are being improved,particularly by the launch of the Source TestingAssociation (STA).
 One of the main objectives of the STA is to improveauditing and so increase confidence that operators’emissions data are reliable. The main criteria may besummarised as follows:
 ● the use and strict adherence to recognised standardmethods (BSI, CEN and ISO);
 ● the use of non-standard methods only afterapproved validation;
 ● participation in proficiency testing;
 ● the use of approved measurement protocols;
 ● the use of standard reporting forms, which wouldinclude process measures as well as emission data;
 ● accreditation of all relevant on-site sampling andlaboratory analytical methods with the UKAccreditation Service (UKAS, formerly NAMAS);
 ● certification and registration of stack testingpersonnel or consultants under a professionalcompetency scheme, preferably based on a BSIstandard – such certification should be specific tolandfill gas flares.
 Environment Agency Guidance on Landfill Gas Flaring Version 2.130
 Figure 5.1 In-stack enclosed flare monitoring with grid of probes (right) for emissions monitoring
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 6.1 IntroductionThe recommendations contained in these guidancenotes comprise the first approach to providing a setof standards for landfill gas flares. This chapterreviews relevant emission standards and concludeswith a brief statement of the principles behind therecommendations for emission standards containedin this document.
 6.2 Existing national flareemission standards
 6.2.1 France
 There are no regulations at present, but it is likelythat there will soon be standards requiring a flametemperature of >900°C and limits on emissions ofSO2, NO2, CO, dust and HCl.
 6.2.2 Germany
 Limits are specified at national and state level. Limitsgiven in the national Technical Directive for AirPollution Abatement (TA Luft) and by the HessischesMinistry for Environmental Protection and ReactorSafety (HMfUR) are summarised in Table 6.1.
 6.2.3 The Netherlands
 Dutch standards are contained in the NederlandseEmissie Richtlijn Lucht (NER). Chapter 3 of thatdocument provides requirements and restrictions forlandfill gas flaring, and in particular paragraph 3.3details 47 special guidelines for specific processes.Amongst these guidelines is G1 Treatment of gasesfrom landfills, waste fermentation and anaerobicwastewater treatment plant. The Dutch regulatorsrecognise that measuring emissions is difficult;therefore standards relate to the operation of theflare. Flaring requirements contained in Section G1are that the exit temperature must be 900°C and the
 retention time must be at least 0.3 seconds. The flaremust be of the enclosed type unless it is intendedonly as back-up for occasional maintenance ordisruption of utilisation, in which case an open flarewill suffice.
 The sulphur content (H2S + organic sulphurcompounds) of landfill gas to be treated in a flaremust be lower than 0.0050% (50 ppm). If this valuecannot be met, a sulphur removal efficiency of 98% is required.
 By using an enclosed flare with control over thecombustion temperature and a sufficiently longretention time, the operator complies with therequirement to minimise dioxins as specified inparagraph 3.2 of the NER (unless the halogenatedhydrocarbons content deviates from “normal”).
 Emission standards
 Table 6.1 German emission limits (mg/Nm3, dry gas at 3% O2[24 h average] unless stated otherwise)
 Component TA Luft HMfUR
 1986 1996* 1989
 Particulates 5 10 5
 CO 100 50 100
 NOx (NO + NO2) 500 200 200
 SOx (SO2 + SO3) 35
 SO2 50 500
 HCl 30 10 30
 HF 5 1 5
 H2S 5
 C(org) 20 10 20
 Cd 0.2 0.05 –
 Hg – 0.05 –
 Total metals – 0.5 –
 PCDD/PCDF – 0.18 0.18 I-TEQ (ng/m3)
 * Unadopted.
 6
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 6.2.4 Switzerland
 The Clean Air Act of Switzerland (LRV, 1992) stipulates the limits in Table 6.2.
 6.2.5 United States
 The details of regulation differ from state to state.Typically, a destruction and removal efficiency (DRE)of 95, 98 or 99% is required, and emissions of NOxand CO are limited according to the thermal output(expressed as MJ) of the flare. Limit values for NOxand CO are expressed in terms of thermal capacityand lie in the ranges 25.8–34.4 mg NOx/MJ and51.6–120 mg CO/MJ, respectively.
 6.3 Incineration andcombustion plant in the UKTable 6.3 compares UK emission limits for both largeand small incineration plant, and combustion plant.In making this comparison, it is important to note thefollowing:
 ● The limits cited relate to plant burning differentfuels, including waste oils, municipal solid waste,general waste, natural gas and chemical waste.
 ● The size of the plant for which the regulatory limitsapply is important. To allow an approximatecomparison, illustrative thermal ratings of thedifferent systems are quoted.
 ● The concentration data are not directly comparablebecause the limits for different plant are related todifferent standard conditions (excess oxygen valuesfrom 3 to 11% apply in different cases).
 Flares may also be considered through the planningprocess, controlled by local authorities. Factors suchas the National Air Quality Strategy (NAQS) and AirQuality Management Areas (AQMA) as well as theGeneral Development Procedure Order (GDPO) mayall be brought to bear.
 Table 6.2 Swiss emission limits (mg/Nm3, dry gas at 3% O2)
 Dust CO NOx SO2 HCl HF C(org) Cd Hg Total other metals
 20 60 80 50 20 2 20 0.1 0.1 1
 Table 6.3 Selected UK emission limits for other combustion and incineration plants
 Plant/reference Capacity Emissions limit (mg/Nm3) (MW thermal)
 CO Organic NOx SO2 HCl HF C as NO2
 Waste oil burner, PG 1/1 (91) <0.4 – – – – – –
 Waste oil burner, PG 1/1 (91) 0.4 to <3 – – – – – 5
 Waste oil burner, PG 1/1 (91) 3 and more – – 650 2,250 100 5
 MSW-derived fuels, PP 1/5 >3 100 20 – 300 50 2
 Natural-gas-fired boilers, PG 1/3 (91) 20–50 – – 200 35 – –
 Chemical incineration, IPR 5/1 20–30 50 – 650 50 30 2
 MSW incineration, IPR 5/3 10–150 100 20 350 300 30 2
 Clinical waste incineration <1 t/h 100 20 – 300 100 –
 Clinical waste incineration >1 t/h 50 20 350 300 30 2
 Sewage sludge incineration <1 t/h 100 20 – 300 100 4
 Sewage sludge incineration >1 t/h 50 20 650 300 30 2
 34 Emissions from Landfill Gas Energy Recovery Plant – Monitoring Protocols.Environment Agency R&D Technical Report P248 (in preparation).
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 A current R&D project commissioned by theEnvironment Agency is under way to provideguidance on emissions from gas engines running onlandfill gas.34
 6.4 Discussion of standardsGiven the intrinsic difficulties of measuring theemissions from landfill gas flares, the approach ofregulating the design and operation standardsadopted in the Netherlands has its attractions. Such astandard is readily achievable and should provide anadequate degree of protection to the public and tothe environment.
 Most future sites in the UK are likely to fall into alarger size range, flaring typically 1,000 cubic metresper hour (1,000 m3/h; circa 5 MWth with 50%methane) or more. The net thermal energy of suchsystems is substantial and equivalent to those ofprocesses for which standards are set by theEnvironment Agency. The constituents of landfill gasand the emissions from its flaring include:
 ● oxides of sulphur, and other sulphur compounds;
 ● oxides of nitrogen;
 ● oxides of carbon;
 ● organic compounds and partial oxidation products;
 ● halogens and their compounds.
 Given the above, it is, therefore, consideredreasonable that waste management licences shouldimpose maximum emission concentrations on landfillgas flares in addition to a design and operationalstandard. It should be borne in mind, however, thatflaring landfill gas disposes of a hazardous gas with ahigh global warming potential that will otherwiseleak directly to the atmosphere over many years.
 Such emissions standards might be set more tightlywith increased thermal rating, for example, as forwaste oil burners (see Table 6.3). If standards are setin this way, site operators might be tempted to optfor a multi-flare system if this is cheaper. To guardagainst this, standards should be set on a site basisrather than on the basis of an individual flare.
 In practice, it is possible to obtain both a combustionchamber temperature of 1,000°C and a minimumretention time of 0.3 seconds whilst having a flameburning with inadequate combustion air and/orturbulence to ensure adequate mixing. To guardagainst this, the approach taken in these guidancenotes is to combine that taken in the Netherlands,stating the design and operation standards, with
 bulk-component emission limits. These latterparameters will indicate that the plant is operatingcorrectly.
 To overcome any practical difficulties in monitoringflares, especially small ones, under field conditions,the adoption of “process type approval” may beconsidered in specific circumstances. It is notconsidered that such compliance could beguaranteed at present. On the other hand, thisapproach would be cost-effective and would facilitatethe modelling of sites with multiple flares andassessing their impact on health and theenvironment.
 The performance of a flare system should be verifiedupon first use to ensure that it complies with thestandards required herein. Thereafter, monitoring andverification should follow the procedures outlined inrequirement No. 5.
 6.5 The UK emission standardThe interim standard to be adopted by theEnvironment Agency and SEPA in controlling theemissions from flare stacks is outlined below.
 The combustion air supply should be controlled so as to achieve a minimum temperature of 1,000°C and 0.3 seconds retention time at this temperaturewhatever the landfill gas composition and throughputwithin the design parameters. Alternative performancecriteria may be deemed more appropriate if they offerequivalent performance and meet the desiredemission standard detailed in the paragraph below.
 To ensure that flare systems are operating correctly,they should not exceed the following emissionconcentrations when referred to normal temperatureand pressure (NTP = 0°C and 1,013 mbar) and 3%oxygen:
 carbon monoxide (CO) – 50 mg/Nm3
 oxides of nitrogen (NOx) – 150 mg/Nm3
 unburned hydrocarbons – 10 mg/Nm3
 Compliance with the above emission standard hasbeen demonstrated at a number of UK landfill sites as being achievable.
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 7.4 Environment Agency WasteRegulation & Managementresearch programme –published reportsMethane emissions from different landfill categories.R&D Technical Report P233a (CWM 141/97),Published July 1999
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 7.5 Environment Agency WasteRegulation & Managementresearch programme – currentR&D projects relevant to landfill gasThe following is a list of current projects with projectnumber, status and contractor details.
 Measurement of gas potential for landfilled material(biological methane potential test). R&D Project P1-219, active contract – Minton, Treharne & Davies
 Landfill methane measurement protocols (flux box).R&D Project P1-271, active contract – WS Atkins
 Gassim – landfill gas risk assessment tool. R&D ProjectP1-295, completed project (Software and UserManual) – Golder Associates & LQM. Details anddemonstration version available atwww.gassim.co.uk
 Development of guidance on the effects of gas cleanupon the emissions from landfill gas utilisation equipment.R&D Project P1-330, active contract – LQM
 Guidance on best practice management of landfill gas(review of WP27). R&D Project P1-343b, activecontract – Entec
 Minimising methane emissions from municipal landfills.R&D Project P1-357, active contract – incollaboration with Biffaward and Shanks.fIRSt – WSAtkins led consortium
 Development of a monitoring protocol for landfill gasflare emissions. R&D Project P1-405, active contract –AEA Technology
 Monitoring protocol for emissions from landfill gasutilisation systems. R&D Project P1-406, activecontract – Entec
 Investigation of landfill gas trace components:composition and emission. R&D Project P1-438, activecontract – Komex
 Quantification of trace components in landfill gas. R&D Project P1-491, active contract – Komex
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 As will be evident from the contents of theseguidance notes, the selection of a flare stack involvesattention to a great many diverse, and often very site-specific, requirements. The following tabulation ofsome of the key matters that should be considered bylandfill operators is provided more as an aide-mémoirethan as a definitive statement of selection criteria. Thedetailed design is the responsibility of the flaremanufacturer.
 A landfill gas flare system will typically comprise fourprincipal sections, centred around the main gasbooster. These are as follows:
 ● inlet pipework, including a valved inlet manifoldand dewatering facilities;
 ● a gas booster (also referred to as a suction fan, anextraction fan or gas blower), which places anegative pressure or suction on the gas field anddelivers the gas under pressure to the flare system;
 ● interconnecting pipework between the gas boosterand the flare, sometimes including filters, valvesand pressure regulators;
 ● the landfill gas combustion plant.
 The following sections highlight some of the keyaspects within these four sections that will beinvolved in an assessment of fitness-for-purpose.
 Appendix 1:
 Flare component selection criteria
 Table A1.1 Inlet pipework
 Inlet pipework will be typically subjected to wet, corrosivegases. Both material type and surface finish may play a part inthe selection process
 It is often the case that larger valves will offer less control thansmaller valves. Valve materials must be suitable for a wet corrosiveenvironment. It is the design/method of operation rather than the size of the valve that governs the degree of flow control
 Provision for leachate removal should be made at all low pointsin the system. At each point, the rate of condensate removalshould be capable of preventing line blockage
 Vessels should be of a suitable material to withstand prolonged submersion in a corrosive environment, and of a size capable of dealing with all the condensate produced
 Level switches, for advance warning about the build-up ofcondensate, must be capable of working in a dirty environment where solids may interfere with moving parts
 Instrumentation should be robust enough to operate withminimum servicing and operation in a harsh environment. All electrical feeds to the devices located on or in the pipeworkshould comply with relevant standards pertaining to their use in potentially explosive atmospheres
 Item Factors involved Comments
 Materials of construction
 Valves
 Condensate removal
 Condensate collection
 Liquid level switches
 Instrumentation
 Strength and corrosionresistance
 Size, durability and design
 Corrosion resistance and duty
 Volume and corrosionresistance
 Reliability and durability
 Zoning and durability
 A1
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 Table A1.3 Interconnecting pipework
 Inlet pipework will be typically subjected to wet, corrosivegases. Both material type and surface finish may play a part inthe selection process
 Some flow meters require a minimum amount of straight,uninterrupted pipe
 Flares with a pilot line will require an actuated main controlvalve, and enclosed flares will require it to be fail-safe (“slam-shut”) for safety reasons. The operator may require a slam-shutvalve to prevent passive venting when the flare is not burning
 Some valves provide good flow control and poor isolation, andsome provide good isolation and poor flow control. Ideally, flowcontrol should involve both types of requirement
 Item Factors involved Comments
 Materials of construction
 Length of run
 Flare type and operationalrequirements
 Manual control valve
 Strength and corrosionresistance
 Gas conditioning requirements
 Slam-shut
 Size and function
 Table A1.2 Gas boosters
 Impellors and fan casings will be operating in moist, corrosivegas. Preferably they should be made in stainless steel or othersuitable material, such as carbon steel and cast iron, but thesematerials can fail
 Field pipework will dictate the amount of pressure lossexperienced at the flow rate required to deal with the gasproduced. Some end-uses, such as generation schemes, mayrequire specific outlet pressures
 Higher flow rates require bigger fans and so bigger motors. Themotor needs to be correctly zoned for the application:zone 2 – where an explosive mixture may occur, or zone 1 – where an explosive mixture will occur
 The choice is between direct drive and belt drive. Direct drivefans require less maintenance and provide a tidier, quieter unit.The belt drive unit is easier to maintain, as the motor is separatefrom the fan, and different sized pulleys allow for variation infan speed
 Most shut-downs are safety-related and occur to prevent harmto personnel or components. Panels should be flexible enoughto allow for all customer requirements to be met. An automaticshut-down on all plant is required
 Item Factors involved Comments
 Materials of construction
 Total pressure head
 Motor specification
 Drive connection
 Shut-down signals fromcontinuous monitoring
 Corrosion resistance andquality
 Field pipework size and gasend-use
 Zoning and fan weight
 Flexibility and durability
 Safety and operationalrequirements
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 Table A1.4 Flare stack
 See requirement No. 1
 In locations of high sensitivity to lateral migration, it is essentialto have established emergency procedures and to fit standbyequipment
 Adequate sampling points, particularly in the stack, will assistwith monitoring compliance. These must be safe, functionaland easily accessible. Provision of continuous monitoring andsuitable telemetry link
 Combustion chamber temperature control is essential if aminimum burn temperature is stipulated. The amount of airallowed into the burn zone should be automatically controlledthrough a motorised unit such as a damper, thus maintainingoptimal fuel/air ratio
 Maintaining high temperatures across a wide range of flowrates is best achieved using individually valved burners,potentially capable of reacting to changes in delivery pressureautomatically
 High-temperature flares can be adequately protected fromcorrosion by hot dipped galvanising. At least the top 1 m of theshroud should be fabricated from stainless steel
 Ceramic blanket lining should be of an adequate thickness toprevent damage to the shroud. All high-temperature fixingsshould be ceramic or better
 High-temperature shut-downs should be fired from at leastthree positions inside the stack. Duty/standby thermocouplesare recommended to prevent heat damage on a thermocouplefailure
 Flare height is dictated by the residence time required toachieve complete burn. As the flow rate increases, so do flarediameter and height. The technology is in place to reduce flareheight and maintain residence time using internal exhaust gasrecirculation. Plume dispersion from wide-diameter flares is lesseffective than from the equivalent taller, narrow flares
 The four main controls available are temperature control,combustion air control, exhaust gas recirculation and stagedburning
 Manufacturers should be ISO 9001 accredited, fabricationshould be carried out by coded welders, and all electrical workshould be to IEE Regulations, 16th edition (or subsequent)
 Item Factors involved Comments
 Open or enclosed flare?
 Are duty/standby gas boostersrequired?
 Are monitoring facilitiesavailable?
 Flame temperature control
 Method of achieving turn-down
 Shroud materials
 Thermal insulation materials
 High-temperature shut-down
 Flare height
 Exhaust gas quality
 Safety
 Period and purpose of use
 Maximum permitted downtime prior to issuing an alert
 Requirements of the sitelicence
 Exhaust gas requirements
 Wide range of gas productionrates
 Flare type and duty
 Desired burn temperature
 Safety
 Planning permission
 Environmental impact
 Applicable British andEuropean standards
 A flare stack is selected primarily to meet health and safety concerns. These concerns are defined in terms ofthe impact that the unit will have on the environment, both positive and negative. In circumstances wherelandfill gas is generated in excess of 2,000 m3/h, it is usually necessary to utilise more than one flare.
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 Routine maintenance of a flare should only take threeto four days each year. Manufacturers generally offerservice contracts to carry out this work.
 The checks most frequently cited by manufacturersand operators include:
 ● checking the liquid level in the knock-out pots;
 ● checking belts and bearings on the gas booster;
 ● checking the pressure drop across filters and flamearrestors, as this indicates fouling;
 ● cleaning the lens on a UV flame detector.
 If the flare is a standby to an energy recovery scheme,then it is important to check the regulators thatcontrol the switch-over of gas supply to the flare.
 An example maintenance schedule for a high-temperature flare with electrical ignition and a UVflame detector is shown below. Not all of thecomponents referenced will be present on all flares.
 Specific guidance must be sought from themanufacturer of individual flaring systems. Flares canoperate uninterrupted and unattended for severaldays, provided that suitable telemetry links areestablished and maintained.
 Appendix 2:
 Flare maintenance checklist
 Flare maintenance schedule frequency (subject to site-specific needs)
 Task Weekly Monthly Quarterly Annually
 Check flow rate, pressure, temperature and monitor inlet gases x
 Check electrical control panel x
 Check temperature control loop components x
 Check control of ignition electrode x
 Replace ignition electrode x
 Clean UV lamp x
 Replace UV lamp x
 Check/clean filter in inlet knock-out pot x
 Check/clean/replace filters in gas sampling lines x
 Check operation of all alarm functions x
 Check operation of telemetry system x
 Clean flame arrestors x
 Check/clean motorised valves x
 Check condition of air throttle or damper x
 Check thermocouples x
 Check condition of terminal boxes x
 Check condition of thermal insulation x
 Check infrastructure integrity to assess balancing and x xperimeter boreholes to ensure the gas control system is operating optimally
 Check maintenance log x
 A2
 Table A2.1
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 A3
 Every visit to an operating extraction and flare systemby both regulators and contractedtechnical/maintenance staff will have a specificnumber of objectives, principal amongst which is toensure that the system is performing as is required bythe dictates of the situation.
 A checklist cannot be a substitute for understanding,but the following table is offered as a guide to thetype of matters that should be verified during a
 routine visit. The topics of importance may besubdivided as follows:
 ● Flare operational requirements
 ● Extraction system
 ● Site operational requirements
 ● Environmental compliance
 ● Health and safety
 Appendix 3:
 Operational effectiveness checklist
 Site visit checklist
 Temperature, excess air and retention time
 Available for inspection
 Available for use
 Competent personnel on-call
 Is the system fully operational?
 Effective balancing will be evident from gas quality and siterecords. Well balancing must be carried out by technicallycompetent and trained staff
 Is this designed effectively?
 High O2 implies a leaking system or over-extraction. This mightalso be detected with a high N2 content, determined bydeducting CH4, CO2 and O2 percentages from 100
 Is the system operational?
 Condensate blockages characterised by a “sloshing” sound andindicated by rapid fluctuations in gas flow rate, temperatureand increasing negative pressure
 Lack of planning will lead to excessive downtime
 Insufficient or poorly installed wells may meet the letter, but notthe intention, of a licence
 Item Factors involved Comments
 Flare operational requirements
 Extraction system
 Site operational requirements
 Flame/combustion process
 Maintenance record
 Operations manual
 Operator training
 General condition
 Well balancing
 Well installation programme
 Oxygen content
 General condition
 Liquid in gas collectionpipework
 Are day-to-day site-works andgas management coordinated?
 Is the well installation pro-gramme designed to controlmigration effectively?
 Do the extraction system andits operation meet the re-quirements of site licence?
 Table A3.1
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 Instrumental monitoring for verification
 Available for inspection and up-to-date, complete with regularwritten reviews
 Within the section designated as meeting the designrequirement
 Item Factors involved Comments
 Site operational requirements
 Environmental compliance
 Health and safety
 Are the operating instructionsavailable for use by theoperators?
 Is the emission standard beingachieved?
 Are there odours?
 Is there excessive noise?
 Do flames or black smokeappear from the top of theflare?
 Monitoring records of inlet and outlet gas quality
 Is the surrounding radiativeheat excessive?
 Does the flame temperaturematch the specification?
 Can the residence time beascertained?
 Are there low-temperaturespots within the chamber?
 Is casual access by the publicprevented?
 Are clear instructions on howto stop and isolate the unitreadily available?
 Are emissions monitoringrequirements being compliedwith?
 Is the type and design of flaresuitable for the location?
 Are emergency procedures inplace and effectively dis-seminated and understood?
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 There are many indicative calculations that can bemade with regard to the combustion process. Thesample calculations provided below derive key datafor assessing whether or not a flare will meettechnology performance criteria. The calculationsinclude the following:
 1 Combustion air requirement
 2 Normalised exhaust gas flow rate
 3 Temperature-corrected exhaust gas flow rate
 4 Stack exit velocity
 5 Retention time
 6 Gas normalisation
 7 Combustion heat release
 8 Landfill gas yield calculation for indicating when tocommence extraction
 To assist with understanding of the methodemployed, a hypothetical flare operating with a flowrate of 1,000 normalised35 cubic metres per hour(Nm3/h) of landfill gas with 50% methane and at atemperature of 1,000°C is used as the basis for thecalculations unless otherwise stated.
 A4.1 Combustion air requirement
 Combustion air is employed both to oxidise themethane and to cool the flame. The exact amount ofair required is a function of the heat losses in thespecific flare considered. Where, for example, more
 insulation is employed on the walls of an enclosedflare’s combustion chamber, the air requirement maybe greater and vice versa.
 The below table provides typical air requirements foran enclosed flare. These may vary from flare to flareas a function of heat loss control. To calculate the airrequirement at NTP:
 Combustion air requirement at
 1,000°C = 1,000 Nm3/h x 0.50 (%age CH4) x 22.3
 = 11,150 Nm3/h
 The combustion equation is:
 CH4 + 2O2 = CO2 + 2H2O
 ● Nitrogen is 78.084% of air
 ● Oxygen is 20.946% of air
 ● The balance is 0.97%
 A4.2 Normalised exhaust gas flow rate
 Total exhaust gas flow rate
 = 1,000 Nm3/h (landfill gas) + 11,150 Nm3/h (air)
 = 12,150 Nm3/h
 Appendix 4:
 Sample calculations
 Exhaust temp. (°C) 750 850 1,000 1,100
 Excess air (air/CH4) 32 27.4 22.3 19.55
 Excess air (%) 236 187 133.5 105.5
 Typical combustion air requirements36
 A4
 35 Normalised temperature and pressure (NTP) = 0°C and 1,013 mbarabsolute pressure.
 On this basis, the amount of air required forstoichiometric combustion is 9.55 parts perpart of methane.
 Table A4.1
 36 Kalani, L. and Nardelli, R. (1996) Landfill Gas Flare Emissions. SWANA20th Annual Landfill Gas Symposium, Monterey, CA, USA, 25 March1996. Original in Imperial units. Air volumes extrapolated to
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 A4.3 Temperature-corrected exhaust gas flow rate
 Actual exhaust gas flow rate (corrected for temperature)
 = 12,150 x (1,000 + 273.15) 37
 273.15= 56,631 m3/h at 1,000°C
 A4.4 Stack exit velocity
 Assume the internal diameter of the flare is 1.5 m.
 Cross-sectional area of combustion chamber
 = pr2 (p = 3.142; r = radius)
 = 1.767 m2
 Stack exit velocity at a temperature of 1,000°C
 = 56,6311.767
 = 8.9 m/s
 It should be remembered that exhaust gases will cool as they leave a flare. The cooling process usuallybegins before the gases reach the exit point. Theactual exit temperature, therefore, will be less thanthe design temperature. It is prudent to allow onehalf-diameter for loss of design temperature. Inpractice, the point for loss of design temperatureshould be measured.
 A4.5 Retention time
 Retention time is the period that exhaust gases areheld at the design combustion temperature, orabove. Assume the height of the flare at the designtemperature is 4 m.
 Retention time = height of flare at design temperature (m)
 stack velocity at design temperature (m/s)
 = 48.9
 = 0.45 s
 A4.6 Gas normalisation
 Gas normalisation = (gas reading) x (20.8 – O2 normalisation)
 20.8 – O2 gas reading
 O2 normalisation to 3% for flares.
 A4.7 Combustion heat release
 The potential net thermal energy input (capacity) of alandfill gas control system is given approximately by
 capacity = V x (Hmethane x Fmethane + Hhydrogen x Fhydrogen)/3,600 (MW)
 whereV = rate of landfill gas extraction (Nm3/h)
 Hmethane = net calorific value (CV) of methane, 35.9MJ/Nm3
 Fmethane = fractional methane content of landfill gas
 Hhydrogen = net CV of hydrogen, 10.8 MJ/Nm3
 Fhydrogen = fractional hydrogen content of landfill gas
 For the hypothetical flare of this worked example:
 combustion heat release
 = 1,000 Nm3/h x 35.9 MJ/Nm3 x 0.50 (%age CH4)/3,600
 = 4.99 MW
 A4.8 Landfill gas yield calculation for indicatingwhen to commence extraction
 Landfill gas generation 5–10 m3 CH4/t yr (in municipal solid waste)
 Example 100,000 t landfill dimensions 100 m x 100 mx 10 m deep (assuming 1 t = 1 m3)
 = 500,000 m3 CH4/yr
 = 57.1 m3 CH4/h
 At 60% CH4 (x 1.666) = 95.1 m3 landfill gas/h provides a conservative estimate
 100 m3/h is a practical threshold for flaring (i.e. 500 m3 flare on maximum turn-down).
 37 Absolute zero in Kelvin = –273.15°C.
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 Environmental factors involved in the siting of flareson specific landfill sites are largely to do with thehazards to the environment that exist from bothlandfill gas and flares, as delineated in Chapter 3 ofthese guidance notes, coupled with the operationalneeds of the specific circumstance.
 The main factors involved are placed under thefollowing headings.
 A5.1 Explosion and fire
 It must not be forgotten that flares are burningcomparatively large amounts of fuel gas. Readyaccess should be available for the emergency services,and standard fire prevention measures must be taken.Flares must not be located within enclosed spaces,such as within buildings, unless the building isproperly designed to operate according to therelevant British and European Standards governingthe use of electrical equipment in potentiallyhazardous atmospheres. Flares should also not belocated near to trees or other structures that mayactually ignite in high temperatures. Manufacturer’srecommendations must be sought and followed withregard to the minimum spacings required.
 A5.2 Asphyxia
 Where enclosures are used to prevent nuisance fromnoise or to offer protection from the weather, andhuman access is possible, it must not be forgottenthat landfill gas is an asphyxiant. There must beadequate ventilation or systematic safeguards toensure that atmospheres that could asphyxiate arenot given the opportunity to so do. For similarreasons, it is also advisable to avoid the location offlares in hollows, or other such locations whereventing gases may collect.
 A5.3 Human health
 Human health is at risk from many factors. As well asthe points covered above, the question of hazardousemissions is addressed here. Studies in Germany38
 indicated that at one site landfill gas was travelling3 km in a plume, with as little as only 10% dilution. Itmay well be that in sites of particular sensitivitydetailed dispersion analysis should be carried out tovalidate safety assumptions. Every attempt should bemade to ensure that the plume from a flare, nomatter how high a quality, should not be allowed topass directly to a dwelling or human habitation underprevailing wind conditions.
 A5.4 Odour nuisance
 As has been recorded elsewhere,40 with open flares itis possible with some models to have a largeunburned fraction passing straight through a flame. Itis for this reason that some open flares can actuallycause odour problems, often resulting in complaintsbeing made to landfill operators and regulators bythe general public. Such odours are generally causedby trace components of landfill gas, whichnevertheless exceed their associated low-odourthreshold values. The source table documents themore significant compounds and their adopted odourthresholds relevant to landfill gas or flare emissions.41
 The table also demonstrates the overall efficacy offlaring in achieving significant reductions in odorantconcentrations through a combination of destructiveoxidation and dilution (with combustion air). Even so,the potential for odour nuisance from flaring remains,although it is generally to a lesser extent and thecharacter of the odour may be different:
 ● The process of gas collection results in a concentratedpoint source of emission, in contrast to the diffuseemissions from uncontrolled landfill gas.
 Appendix 5:
 Flare siting criteria
 A5
 38 Gerhardt, H.J. Model studies on gas dispersion from landfills.Proceedings Sardinia 1993, 4th International Landfill Symposium,11–15 October, vol. I, pp. 669-679.
 40 Gerhardt, H.J. Model studies on gas dispersion from landfills.Proceedings Sardinia 1993, 4th International Landfill Symposium,11–15 October, vol. I, pp. 669–679.
 41 Guidance on the Emissions from Different Types of Landfill Gas Flares, Environment Agency R&D Report CWM 142/96A, 1997.
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 ● A few potent organosulphurous and other odorantscan be produced in flaring, probably as a result ofinefficient combustion and residence time (seeChapter 5), although overall their concentration isreduced.
 ● Some of the products of combustion – SO2, HF andNO2 – have low to medium AOTs. The AOTs ofsome odorous organic compounds are below theirlimits of analytical detection, and hence, even if notdetected in flare emissions, they might contributeto malodour.
 Highest observed concentrations and adopted odour thresholds (AOTs) for selected compounds39
 Compound AOT Highest (mg/m3) observed
 concentration(mg/m3)
 LFG Flare
 hydrogen sulphide 0.0001 20 0.9 ethanal 0.1 12 2.7
 propane thiol 0.00014 29.8 ND ethyl butanoate 0.28 350 ND
 methane thiol 0.0002 430 ND ethyl propanoate 136 ND
 diethyl disulphide 0.0003 19.8 ND ethyl ethenoate 0.4 240 ND
 ethane thiol 0.00046 24* 0.0002 ethyl benzene 0.4 428 0.5
 butanoic acid 0.001 210 0.06 xylenes 0.54 1,100 1.0
 pentane thiol 0.003 6.6 ND pentenes 0.6 210 3.4
 dimethyl sulphide 0.0037 135 1.7 toluene 0.7 1,700 0.7
 dimethyl disulphide 0.004 40 0.14 carbon disulphide 0.7 48 7.9
 furfural 0.008 3.2 ND undecanes 0.8 290 0.64
 diethyl sulphide 0.01 3.1 0.13 sulphur dioxide 1.0 ND 53
 chlorotoluene 0.01 7.7 ND octanes 1.0 675 0.05
 butyl benzene 0.012 160 0.6 decanes 1.0 650 1.5
 phenols 0.02 1.6 ND heptenes 1.0 103 ND
 limonene 0.02 470* 0.4 butenes 1.2 170 5.7
 butyl ethanoate 0.03 60 ND butan-2-one 2.0 160 0.2
 hydrogen fluoride 0.03 ND 5.5 nonanes 2.0 400 0.5
 butane thiol 0.04 16.1 ND heptanes 2.1 1,054 ND
 propyl benzene 0.04 490 1.2 trichloroethylene 3.0 182 0.9
 methyl butanoate 0.05 305* ND propan-2-one 3.0 4,300 0.1
 naphthalene 0.05 21 0.01 octenes 5.0 144 ND
 styrene 0.07 150 ND methanol 6.0 400 3,580
 dipropyl ether 0.07 220 ND benzene 9.0 114 0.8
 butan-1-ol 0.077 170 0.1 propanol 10 210 0.07
 hexenes 0.08 316 ND chloromethane 21 1,300 0.1
 nitrogen dioxide 0.1 ND 256 chloroethene 39 264 ND
 butan-2-ol 0.1 210 0.6 ethanol 100 3,200 2.3
 * Concentration as ppm.ND not detected.
 Compound AOT Highest (mg/m3) observed
 concentration(mg/m3)
 LFG Flare
 39 Guidance on the Emissions from Different Types of Landfill Gas Flares, Environment Agency R&D Report CWM 142/96A, 1997.
 Table A5.1
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 prove to be. The second source of heat is through thewalls of a combustion chamber. Where thecombustion chamber has inadequate insulation, theoutside surface temperature may be an actual danger.
 Manufacturers should be asked to demonstrate thecontrol of heat built into their flares. Radiative effectsare typically evident within a 10 m zone from a flare,dependent on height.
 A5.7 Visual impact
 Whilst combustion engineers and individuals with aneye for art nouveau may appreciate the structuralform of flare stacks, it is rare that they might beconsidered to have contributed to the natural beautyof a locality. For this reason, it is best to avoid thesiting of flares on high points within a site, unlessthere is no other alternative location. Theresponsibility for visual impact rests with localplanning authorities, who may specify individualrequirements.
 A5.8 Ground type
 A flare should preferably be located on firm originalground. Flares will often need to be in position formany years, and there is a temptation to place themon the landfill itself. Whilst this can be done with theproper civil engineering precautions in place, thesewill probably include piles and concrete rafts. Overthe longer term, the surface of a landfill will settle,often significantly. Even a modest amount ofdifferential settlement can result in an unsafeinstallation.
 A5.9 Operational requirements
 A flare should be easily accessible for operation andmaintenance. Where a flare is to be located on the farside of a site, for example, an access road should beprovided.
 Landfill gas often emerges from the ground in awarm saturated condition. As the gas cools, largequantities of condensate can be formed.
 It is generally preferable to have this condensatefalling away from the inlet to the flare, rather thaninto the flare condensate knock-out pot. The flarecondensate knock-out pot is designed to collectwater from the gas that is formed in the pot itselfrather than to deal with large quantities that flow intothe flare from the pipeline. Where a low point cannotbe avoided, the unit should be designed to cater forlarge condensate flows.
 A5.5 Noise pollution
 Flares can be very noisy. As well as the noise of themechanical equipment involved, there may also be anelement caused by the combustion process itself.Preferably a flare should be located away frombuildings. Where this is not possible, it may benecessary to employ extensive sound attenuationmeasures. These may include brick buildings withsound baffles on ventilation ports. Noise levels are thesubject of local planning requirements, and due regardshould be given to background noise levels on a site-specific basis when designing flares, particularly atlandfill sites in close proximity to residentialdevelopment. The gas booster may be encapsulated ina soundproof box as a noise reduction measure. Noiselevels in the order of 45 dB(A) at 10 m from a flare canbe achieved. A noise reduction of 3 dB(A) can beexpected if the distance from source is doubled, e.g.the noise level at 1.3 m above ground level at adistance of 20 m from an enclosed flare is measured at70 dB(A) and 67 dB(A) at 40 m from the flare.
 Under rare conditions the low-frequency vibrationderived from the turbulence within enclosed flarescan induce resonance within nearby structures suchas buildings and vehicles. The effects of the vibrationcan include nausea and headaches. The effect isattenuated with distance, so extreme care must betaken to ensure that flares are not sited within therange of such receptors.
 A5.6 Heat
 All flares produce heat. The first source is radiativeheat from the flame. This is only present in openflares or enclosed flares operating above their designpoint. With an enclosed flare, the unit should beoperated within its performance limits, whatever they
 Figure A5.1 High-temperature, low-emissions enclosed flarewithin a brick enclosure to reduce noise impact
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A6.1 Glossary of terms
 Adiabatic Occurring without loss or gain ofheat.
 Aerobic In the presence of oxygen.
 Air-staging The input of air into a burner atdifferent levels to manage flametemperatures and control theformation of NOx.
 Anaerobic In the absence of oxygen.
 Asphyxiation The lack of oxygen in the blooddue to restricted oxygen intake.
 Blow-off A combustion condition in whichthe flame front moves away fromthe burner to a point where it isterminally unstable andextinguished.
 Burnout Completeness of combustion.
 Calorific value The heat liberated by thecomplete combustion of a unitquantity of fuel. The gross (orhigher) calorific value is the totalheat available after the waterformed as a combustion producthas condensed. The net (orlower) calorific value signifies thatthe water formed is still vapour.
 Combustion air The air supplied to burn the fuel.
 Condensate The condensed water andassociated soluble compoundsderived from the landfill gasstream.
 Diffusion flame Flame in which no combustion aircontacts the fuel upstream of theburner head or stabiliser.
 Emission A material that is expelled orreleased to the environment.Usually applied to gaseous orodorous discharges to the air.
 Environment Agency Guidance on Landfill Gas Flaring Version 2.150
 Environmental The effect of any operation onimpact the surrounding environment.
 Excess The air, above the combustion stoichiometric requirement, air that is supplied to assist the
 combustion of a fuel.
 Flame speed The speed, normal to (burning velocity) the mixture flow, at which the
 flame front travels through a fuelvapour/oxidant mixture.
 Flammability limits The limits, expressed as theconcentration of fuel in oxidant,within which the fuel/oxidantmixture will ignite. The upper(rich) limit is the point abovewhich there is too high aconcentration of fuel to ignite.The lower (lean) limit is the pointbelow which there is not enoughconcentration of fuel.
 Flammable A substance capable ofsupporting combustion in air.
 Flash-back A combustion condition in whichthe flame front moves upstreamand into the burner body, whereit may or may not extinguish(applies to pre-mix burners).
 Flue gas The function of removing recirculation exhaust gases from a burner exit
 and feeding them back into theburner with combustion air tocontrol NOx formation.
 Forced draught Air supplied by externalmechanical means such as a fanor blower.
 Fuel Any substance that will react withan oxidant with the release ofheat energy.
 Appendix 6:
 Glossary and abbreviations
 A6
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 Fuel staging Passing fuel into a combustionchamber at different locations tospread flame intensity andcontrol NOx.
 Gas migration The movement of gas from thewastes within a landfill site toadjoining strata, or emission intothe atmosphere.
 Landfill The engineered deposit of wasteinto or onto land in such a waythat pollution of the environmentis minimised or prevented and,through restoration, providesland that may be used foranother purpose.
 Landfill gas All the gases generated fromlandfilled waste.
 Leachate Polluted water emerging from alandfill, originating from wateringress or biological degradation.
 Lower explosive See “Lower flammability limit”.limit (LEL)
 Lower The lowest percentage by volume flammability of a mixture of flammable gas withlimit (LFL) air that will propagate a flame.
 Monitoring The physical examination,measurement by portableinstrument, and analysis ofsamples to provide informationfor assessment of conditions.
 Natural draught Air induced into the burner bythe pressure differentialgenerated across the burner dueto gas temperature changes andchimney height.
 Odour The smell of a material orcollection of materials.
 Odour threshold Lowest concentration of an value odorous substance that can be
 detected by sense of smell.
 Operational sites Sites that are not completelyfilled, operating under a licence,including sites that aretemporarily closed for whateverreason.
 Oxidant A substance (usually oxygen inair) that reacts with the fuel inthe combustion process.
 Photochemical Pollution resulting from the effectsair pollution of light and other electromagnetic
 radiation on airborne chemicals.
 Pre-mix burners A class of burner in which thecombustion air and fuel aremixed to varying degrees beforethey leave the burner nozzle.
 Primary air A proportion of the combustionair that initially mixes with thefuel prior to exit from the burnerport. See also “Secondary air”.
 Retention time The time period at which the gasesare at a specified temperature.
 Reticulation The process of stripping outunwanted gases.
 Sampling point Sampling points are at thecentres of equal areas for circularand rectangular ducts. Samplingpoints should not be locatedwithin 3% of the sampling linelength (if d or l > 1 m) or 3 cm (ifd or 1 < 1 m) from the inner ductwall.42
 Secondary air Combustion air introduced intothe flame after the burner port orexit. See also “Primary air”.
 Soot Submicrometre particles ofcarbon that arise from gas-phasecombustion with inadequate air.
 Stoichiometric The exact proportions in whichsubstances react. For combustion,the theoretical minimum amountof air or oxygen required toconsume the fuel completely.
 Stratosphere The atmospheric layer in whichtemperature increases withheight.
 Sub-stoichiometric When there is insufficient air oroxygen to allow completecombustion of the fuel.
 Tertiary air An auxiliary air supply in additionto primary and secondary air,which may be addeddownstream of the flame to stagethe combustion process.
 Toxic A substance or material that canproduce a detrimental effect onhuman, animal or plant life.
 Turn-down ratio The ratio of the maximum firingrate of a burner and theminimum. A 2:1 ratio means thatthe minimum is half themaximum fuel firing rate.
 42 Environment Agency Technical Guidance Document (Monitoring) M1Sampling and Safety Requirements for Monitoring Releases to Atmosphere.
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 Upper explosive See “Upper flammability limit”limit (UEL)
 Upper The highest percentage flammability by volume of a mixture of limit (UFL) flammable gas with air that will
 propagate a flame.
 Volatilisation Release of constituents in wasteas gases when the temperature israised.
 A6.2 Abbreviations
 AOT adopted odour thresholds
 AQMA Air Quality Management Area
 CFC chlorofluorocarbon
 COSPEC correlated spectroscopy (correlatesabsorption spectra with reference spectra)
 CV calorific value
 DIAL differential absorption LIDAR
 DOAS differential optical absorptionspectroscopy
 DRE destruction and removal efficiency
 FTIR Fourier transform infrared
 GDPO General Development Procedure Order
 GWP global warming potential
 HCFC hydrochlorofluorocarbon
 HCl hydrogen chloride
 HF hydrogen fluoride
 I-TEQ international toxicity equivalent (anormalised expression of concentrationfor PCDDs and PCDFs)
 LEL lower explosive limit
 LFG landfill gas
 LFL lower flammability limit
 LIDAR light detection and ranging
 MJ megajoules
 MSW municipal solid waste
 MW molecular weight
 NAQS National Air Quality Strategy
 ND not detected
 NFFO Non-Fossil Fuel Obligation
 NMOC non-methane organic compound
 NMVOC non-methane volatile organic compound
 NOx oxides of nitrogen, including nitric oxide(NO), nitrogen dioxide (NO2) and nitrousoxide (N2O)
 NTP normal temperature and pressure (0°Cand 1,013 mbar)
 PAH polycyclic aromatic hydrocarbon
 PCB polychlorinated biphenyl
 PCDD polychlorinated dibenzodioxin
 PCDF polychlorinated dibenzofuran
 PTFE polytetrafluoroethylene
 SOx oxides of sulphur, including sulphur oxide(SO) and sulphur dioxide (SO2)
 STA Source Testing Association
 THC total hydrocarbons
 TLV threshold limit value
 TOC total organic carbon
 UEL upper explosive limit
 UFL upper flammability limit
 UKAS UK Accreditation Service
 UV ultraviolet
 VOC volatile organic compound
 WMP Waste Management Paper
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www.environment-agency.gov.uk
 We welcome feedback including comments about the content and
 presentation of this report.
 If you are happy with our service please tell us. It helps us to identify
 good practice and rewards our staff. If you are unhappy with our
 service, please let us know how we can improve it.
 For further copies of this report or other reports published by the
 Environment Agency, contact general enquiries on 0845 9333111
 or email us on [email protected]
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