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EXECUTIVE SUhlhlARY 

I. Background 

Thc Greenhouse Gas Pollution Revmtion Project - Clirmte Chanp Supplemart (GEPCCS) 
was initiated in May 2000. Funded by thc United States .4gmq f a  htcmwml 
Developrnenb'lndta htiss~on (LlSAIDmsDL4). the project is being implcmcnted by the LOUIS 
Berger Group fne. (LBG) Global En\lraurmt Team. The main purpose of thc prqect a to 
provide technical assistance to build capactfy and factlitate demonsbation prolccts that result in 
the reduction of greedwuse gas (GHG) emissrons. The project has s u  components m \ m g  
emission reduction initiatives in various sectors rncludtng in-. UIIIIWS. tntqcm and 
municipal solid waste management. 

This rrport focuses on the adoption of i m p r o d  soltd waste managemrnt pncuccr by 
muntcipal~ties. wbch would lead to a reduchon of methane emtsstons from IandIills Sphctfiall?, 
the report a d d m  Ik plannlng and design of a santtaq I d 1 1 1  prqect tn a sckct c in  m\vlvmg 
proper management of munictpal solid waste for the Rdurhon of melhane gas a major 
conmbutor to c t lmte change The repon looks at mthane recovety. flanng and reuse. o m n g  
other ophons 

This report is the third in a series of four reports on thc d u c t i o n  and reuse of metham d m  
from municipal solid waste. 

a Training .Ycc& Assessment 

As part of the first activities. a training needs assessment m ' A )  was conduct4 m Fcbnnr?. -m)l 
by LBG!GEP-CCS uith the support of Global Energy F'amxn (Global). It =as a t m d  at d i o g  
the development of a detailed training plan for municipal aurhonbes and orher organtzations 
engaged in solid waste management acttv~ties. The T N A  rvas conducted at fi\r clnes. m l y  
Pune, Chennai, Bangalwe, Guntur and Jaipur. Thc choice of cines was detcnnincd by the 
potential for mahane m o k q  and reuse in t h e  c~ties, and level of interest demonsaated by the 
city a u h t i c s  to USAIDiTNDI.4. in c-hon with sanous urban mfixmumm and 
en\ironmental m~tialives. 

The intaacuons wth the city aurhonna revealed a ngn i fhn t  lack of h t  
conqmstmg and aaae-tocmrgy (WE) pojccts. mciudtng landfill mcthanc recovery and muse 
and b~omethanahon Mwconr. there PppPred to be earnns aboul ways to conply with Ik bm 
recently released 'Municipal Sohd Wmm (Mana#emrnl a d  Hondlu~g, R v l a  2GiM b? 
Mmtstn. of En.txonment and Forests (MOW S t h a p a t  consulta~ons u ~ t h  a \mcq of 
ofiictals at the GOI, state and local lebrlt as wrI1 as prognm expmr from US.rUD%dm 
confirmed t k  informahon and knouledgc gaps amongst Inun1crp.l au~honncs Acrordm@t. it 
was decided that the tratnlng content would pronde mom c m p k t s  on h e  hmdvrrnuls of 
integmted solid uasle planntng and man~gcmcnt. h s  would ocr\r as a prwquuttc to ctprunng 
benefit from uhlinng sol~d u 3 t e  for pmduct~ve tncludmg mcttpM gas m k r ~  and 
Ruse 
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b. Training of Municipal Aulhorities/Urban Local Bodies Across India 

Based on the R I A  conducted in February 2001 and subsequent discussions, LBGIGEP-CCS 
designed and conducted a series of trainings entitled "Tools for Improved Solid Waste 
Management and Treatment". The trainings were held at Chennai, Jaipur and Ahmedabad in 
December 2001, in partnership with the Tamil Nadu Urban Development Project (TNUDP), 
HCM Rajasthan Inst~tute of Public Administration (RIPA), and City Managers Association of 
Gujarat (CMAG) respectively (all three of which have strong linkages with the USAID RUDO 
and FIRE projects). 

The training plan encompassed several components relating to the fundamentals of MSW 
management, MoEF guideline compliance, waste treatment options with a focus on landfill 
methane mitigation1 recovery and approaches to project development with private sector 
participation. Apart from international experiences, studies were also presented by project 
developers working to implement WTE technolopes in India. The perspectives of MNES, CPCB 
and state PCB's were included through presentations made by the~r respective representatives. 

Concurrently with the trainings, GEP-CCS organized a National Roundtable on solid waste 
management and disposal practices which was attended by over 200 delegates from cities all over 
India. 

As an outcome of these activities, MSW management officials are now much better informed 
and positioned to develop and implement strategies for MSW management that meet MOEF 
requirements while simultaneously mitigating methane emissions from MSW. In addition, 
participant input helped GEP-CCS identify opportunities for high impact, technical assistance in 
the subsequent subtasks of the project's methane mitigation component. 

11. This Report: Planning and Design of a Demonstration Projed 

Following the training series, a representative project was required to be developed for methane 
recovery and reuse, including specific design aspects related to measurement, monitoring and 
verification of methane emissions from a selected landfill1 municipal waste site. The project was 
also required to explore potential funding options for the GHG emission reductions achieved. 

The feedback received in the course of the training activities, the roundtable and the interactions 
with other institutional players had, however, revealed that the solid waste management (SWM) 
practices currently prevalent in most cities were incapable of ensuring systematic collection of 
waste, its transportation and disposal/treatrnent in a manner that is financially or environmentally 
sustainable. This was attributable to several lacunae, some of the more significant of which were 
as follows: 

Information gaps on appropriate landfill designs1 specifications and associated costs for 
Indian conditions 

Lack of regulatory clarity, specifically with respect to the MOEF guidelines on SWM 

me Louis Berger Group. Inc. Greenhouse Gor Pollution Prevention Projrci-Climate Chonge Supplement 
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Ambtguthes m tnstltuhonal rcsponstbrl~hes for soitd waste management bcmrcn vmou 
agencies at Ihe local, natc and nattonal levels 

inadequate fundtng sources 

Constraints on land a\ailability 

Development of a methane m o \ T  and reuse project from nascence. m awh a context. a a s  
constdered pmIure, more so @\en that first t t m  landfill-gas related trnnsrctlons rqutrc a 
signtficant amount of organrzattonal leamtng on techtcal. lopshcal and commrrctal aspccIs 

Accordmgly, drrusstons were held between chc LBGlGEPCCS team ard USAIDlndta. and it 
uas  agreed that the focus of the demonshahon project asstgnment needed to be m m t c d  to sutt 
the grolmd realtt) so as to create the most impact for uhan managers tn Indta l k  ~nsaws IIUI 
emerged was that Ihe drmonshab~l  project would take a hotrst~c approach todnng at tnte@-aud 
soltd u2sle management, ~ 7 t h  nonetheless, a clear ~nboducoon to the GHG cmtuton m k t t o n  
aspects of a hfSW p-olect 

The o\erall atm of h s  phase was therefore to take the aammg tmplemnlcd In the W t n g  
stages to the next level by actually workmg uith one ctty (a) to burld the c l p a c t f ?  for and to 
pro\ide the techntcal asststance to complete an tntcpted SHW p-olect. and (b) to pro\i& 
gutdance on tncorporattng GHG cmsstons reduction planning into muntcrpal landfills 

a Site Selcciien: .Uunic@al Corponuion of hIIg&n 

Subsequent to consultations with key stakeholdas. and other p p m  cxpms tn tk 
L'S.4ID;Indta Regional Urban Development Office. chc city of Bangalore was u k l e d  & tk 
LBG:GEP-CCS RoJect for implementation and technical assistance o f t h ~ s  phoe.  The chom of 
the city was detmnined by the follo~ing factors: 

The ctty authonnes were seen to be pmach\e and worlung ailh a local pojm dewloper 
tn desrgntng a santtar) landfill 
Landfill gas reco\rry/ reuse opt~ons wcrc already betng e.rpl& for the nca 
landfill 
Reltmnary GHG crmsnon reducbons ucrc bemg tncorpaatcd mu, landfill p h m g  
shatepes and desrgn 
h\ol\ement of key muntctpal stakeholder rqmsmtah\s  namcl?. Banplore 4 c m  
 ask FWC and IDECK' 
Full adaptm and mponsc to the MOWS mun~c~pal waste rmrvgrmnt drrcctrrrs of 
2000 

Most important however. was the on-gotng inttisu\e on the put of thc Bangalom htrauztpl 
Corporahon, in partnmhrp with BATF and IDECK, to develop Iuo conposttng san t t a~  landfill 
projects that would pmperly treat and d t s p m  of the c~ty 's  mrrmc~pl soltd a a n e  T ~ I C  landfills 

A jomt \cdlac brrrcro IDFC. HDFC a d  thc Go>1 of KlraraL.. @I& a mamla* to &?lop 
mfrasmcnrrC POJCCD through pnratc punctpallw. rrstst m p o j ~ i t  dnrkpnn ud uudcmkc 
uncsmrnu III pmjcca 
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were to be developed at the sites, Kamahalli and Kyalasonahalli, with a capacity of 800 and 600 
MT mixed MSW 1 day respectively. An independent project consultant - Mahindra Acres 
Consulting Engineers (MACE) - had been appointed, and had carried out detailed technical 
feasibility studies for the two sites. As part of the same, processing technologies had been 
evaluated along with detailed costing and design. The financial viability analysis had been 
performed by iDECK, and was being followed up by preparation of the project documentation for 
private participation. The two project proposals were therefore seen to be at an advanced stage of 
planning and potential financing. 

An association with the GEP-CCS project with the above initiative was considered desirable for 
two reasons. Firstly, it would enable the technical assistance to be directed to a project(s) with a 
greater probability of being implemented, thereby reducing the nsk of the TA investments getting 
lost due to the inability of the targeted local urban body, and1 or project promoter to cany an 
initiative through to implementation. Secondly, the involvement of iDECK, a financial 
intermediary, would help address a serious constraint in the Indian context, namely that of project 
funding. Given that one of the objectives of this phase was to explore funding options for the 
project, the involvement of a potential investor - iDECK - from the inception of the proposal, 
greatly added to the attractiveness of the initiative. As a further step, discussions were also 
initiated with WFC (iDECK's promoter) to explore possibilities of earning carbon credlt 
revenues for the project. In addition to these reasons, the fact that the projects were to be based on 
private sector participation suggested an approach1 model with greater potential for being 
replicated in other cities. 

b. LBWGEP-CSS Technical Assistance to IDECK and BMC 

Through consultation and discussions with iDECK the LBGIGEP-CCS team assistance on the 
project design was defined: 

To provide TA to BMC rn the design phase of the project. 

To review and identify information gaps with respect to GHG mitigation, in the detailed 
project reports prepared by MACE. These project reports would he the basis for 
developing the bid documents. 

To provide a discussion of "best practice" for GHG mitigation, including measurement, 
monitoring and verification, and technologies that could be applied to these and other 
landfill sltes in India. 

The TA on the project was ongoing during 2002 in various inter-actions with DECK, including 
providing DECK with opportunities to increase its knowledge on the various aspects of GHG 
emissions, greenhouse gas mitigation project development and carbon accounting. The review of 
the project documents was performed in July-August, 2002 by the LBGIGEPCCS team which 
consisted of the LBGIGEPCCS technical team, in association with Global Energy Partners, LLC 
(Global). 

The review yielded several insights on GHG related issues required to be addressed as part of the 
landfill design, and highlighted specific information gaps that needed to be addressed in future 
planning exercises. The experience also generated inputs that would enable the preparation of 
appropriate toolkits1 manuals for use by municipalities1 other stakeholders to incorporate GHG 
mitigation into landfill projects. 

7lrr Iouir Berger Group. I n r  Greenhouse Gor Pollulion Prewnrron Proje-Climote Chonps Supplement 
d 



The draft report prepad was rhen presented to DECK and BMC f a  coimncnts dru 
techntcal ream so chat these comments could be Wren mto consrderauon before tk f i i  rrpolt 
was submned The final reporl lhem served as a guide and a ref-c to mfam thr BhlC and 
DECK as they prrpared the project for the Go1 appm\al process and rhc prqm b d  documnu 
ucre dc\clopcd 

Intportantly, tlus assistance pronded an oppoituntty to sharpen the mdcmUdmg of thc key 
elements rqu~rcd  to be addressed b) future technrcal assrstancc for rmpro\mg uastc and landfill 
desrgn and management in lndra - a prerequisite lo any subvgwnl saluc added u u  of mmictpol 
waste, mcludtng that of mcthanc crmss~ons recovery and reuse. 

The overall Rport and fd ings ,  included m thc follnamg sections have ban orpnlzcd to c o w  
and address the following: 

• Central Revitw of IDECK Dct.Ucd Rolccl Report 
The General Rencw includes the obsmahons and ~ n f i c a w n  of t e d m d  
mformahon -- m the WECK Project Rcpwts, in regard to g w d m s c  gas (GHGI 
nnhgabon The review section also p-ondes a drscusston of "best prachcr' f a  GHG 
mhgatlon. mcludtng mcasurcmenL monttonng and \mficatron. and r e c h l o g ~ ~  l tvt  
could be applied lo these and o h  landfill nra tn lndra 'Ihc re\ior a x  done hsd on 
"Detatled F'mject Reports" complcrcd for the Kannahallr and K)-.llsonahlli sr ta  
m Bangalm by Mahrndra .4cm Consulhng Engtncm (MACE) 'Ihc heL(.ACE R c p n  
may form the basts for developtng a tender f a  the future implnnenurt~m of lhes 
PrOJec~ 

Ludfill D u b .  Cu CoUcctkm u d  CHC Emksiom 
.An rllumahve reconuncndatron and grncrpl pnchces arc tncludcd m IJus Mwn 
dtscussrng sanitary landfill desrgn. gas collectton systems and energ? p j a t  a 
methane recovery and reuse project 

= Best Practka for LFC Recavcn u d  GHC Mithatbm 
The Best h b c a  sectton pm\ides a bnef supplement LFG R e f o w r q  and GHG 
Mrhgation and monrmends sutlablc practKcs for GHG nnhgrbon e N m  at rhcst 
landfills mth a gurde to addiuonal mtcrnattonal resoclrccs and tnfmmhon ksc 
urclude. 

I Maslarnmts  of methane e m n m  fw mautmng. vu~ficatron and 
modeling pclrpmer, 

2. Expected gas musstons based on applrcablc models to the Indun 
SIWhon. 

3 Gas rccovmy from dr landfill, flanng cquipncn~ ~ t t r l  f a  
uttluabon. 

4 Mtcrobtal mclhane oxtdalton as an alternah\r to gas collcctton for GHG 
ahatemmt oxtdahon 
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Resnurre Cuidc for Future Oorrations 
1h1s reu1urL.c gu~de 15 mended to prov~dc some ~nstghts Into the GllG mltlgatlon 
process for MSW and landfill to gas operations. First a guide is provided for the typical 
steps that can be followed for the project development process. A calculational tool is 
provided based on the review conducted for the Bangalore projects. Several examples of 
LFG case studies from developing counhies and the US are then suppl~ed. Lastly, 
suggestions are provided for future MSW and LFG training activities along with 
recommcndations for Indian municipalities. Annex A provides a listing of background 
information that is highly recommended for reference use as municipal officials initiate 
the process of developing landfills for compliance and GHG mitigation. 

111. Demonstration Project Status: Results of the LBGIGEP-CCS Interventions 

Afler receiving the final required Go1 approval for the project, on March 7, 2003, lhe 
Bangalore Municipal Corporation issued the tender notification inviting Interested parties 
to purchaselsubmit qualification documents for the landfill project. A copy of the notice 
that appeared in the "Times of India" is attached under Appendix: 1 

7he Lovir Berger Group. Inr Grecnhoure Gor Pollul#on Prevenrlon Project-Clmore Chongr SuppImcnt 
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SaaYGALORE MAHANAGAM PAE~KE- 
TENDER PdrDTZFICATIIQN 

Ns. EWSWMJPS2S ? 13/40C=?-C:3 Dated . 063-03-2003 
~ "-.- * 

~ { ~ B E ~ E L O P M E N T  OF~NASSE PROCEFISlNG & 
: ENGINEERED SANITARY LANOFiLL FACItfTtES 1 I"  -- . . . ..-, i f  
Eancalnre F#ah;?na~ara Paliice (BhrlP). nvlres :?lr~nricar:nr.s 
frarn'lntctrested partrti~s in aecadanc6 with the ~ & ~ u c ; s t  for 
Quatificatian (UFO) D~ument in wdor ia shoT;\ist competent 
parties who could suts.wc:~u~-~tfy bib to develr=p. uperais and 
maintain a municipal s&id !,was?@ pracatsssing ana eng:nf:wf 
sanatary IaarfJitt facility (the P r u j w r )  under a long term Bui 
Qperate and Transfer (SOT) Concession. 
' T h e  RFQ Document containing tfss project p r a f i  
irastrlnctioras to appli~nts and criteria for evatuatiun nay 
obtain& from the office of : 

ocumants : 

canf srence 

Last date for 
submission of 
A p p l i c a t i o n  Aprlf 30,2QO3 upto 17UQ hrs )iST 
fmpiication Due 
Date] 

The RFQ Oourment can tds obtained by post f coufi-ier upon 
a written request  addressed to V.P. lkkeri, Deputy 
Comrnfsslcmerr (Htte#th). BNIP frarn the abavr, mentioned 
address along with a demand draf for the total amount 
payable towards the cost of the document and additional 
postal expenses of Rs. 1 Wt- ( R u p e e s  One Hundred and 
Fifty Only) tor d e i i ~ ~ f y  within India. and U S  $441- 
(USD l=orty Four Oniy) cx Rs, 200CY- f Rupees Twolhousrsnd 

I i aniy) for delivery outside india. BMP wit! not responsibte 
/ fcw any delay, l a s s  or non-racsipt af RFQ Owurnent sent by 
I g Post f Courier. Sd/- 
i V.P- Ikkct;rf. 

I w Deputy ~ o r n r n i s s i ~ e r  (Healthl-i 1 
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Bangalore MSW Project Assessment WUZ003 

1.0 INTRODUCTION 
The overall objective of this project is to provide guidance to municipalities who wish to 
incorporate GHG emissions reduction planning into municipal landfills. While current 
estimated methane emissions from MSW sources in India are relatively low, there is an 
opportunity for addressing future growth in emissions at an early stage. Using the IPCC 
(1996) default values of 45 kg methane I MT of waste (65 m3MT), and 0.35 kg 
MSWheadIday gives an annual emission of some 5.7 kg CHdhead (for 1995). Stated 
differently, annual India-wide production of 30.5 million tons of MSW by the urban 
population yields about 1.4 million tons (Tg) of methane, or, at conversion of CHI to C02 
of 21 on a weight basis, about 30 milion tons of C02 equivalent. Garg et al., 2001, using 
these default values and estimates, calculated 1.8 Tg of methane from MSW (probably 
based on a higher MSW generation figure). This estimate (1.8 Tg methane) is currently 
some 10% of total uroiected Indian anth10~0~enic methane emissions, and is eauivalent . - . - 
to almost 40 million tonnes of COZ emissions, or 3% of total Indian GHG emissions, 

( however, given the current method of diswsal for Indian MSW, which is mostly . - 
( disposed of using open dumps and burning, rather than anaerobic landfills actual 

greenhouse gas emissions would likely be much higher than presently estimated. With 
I rapidly growing MSW generation (some 50 million tonnes are estimated to be produced 

currently), waste composition changes, and increasing efforts at MSW collection and 
disposal, GHG emissions from MSW could increase significantly in the future. 

Most importantly, however, the rapid development of this sector due to new MSW 
disposal regulations coming into force, provides opportunities for timely technological 
and market intervention to reduce GHG emissions modest costs. Indeed, large capital 
investments are being contemplated for MSW disposal, and in some cases, advanced 

( technologies are being considered that are not yet used in more developed countries. 
Thus, this is an opportune time to develop projects that have potential for GHG 

I mitigation. 

Bangalore, one of the top ten cities in India in terms of population, has identified five 
I potential landfill sites. At two of these sites, Kannahalli and Kyalasonahalli, iDECK and 

MACE propose to establish sanitary landfills (of 800 and 600 MT mixed MSWIday 
j capacity). These landfills will incorporate sorting, composting, and landfill operations. 

Two "Detailed Project Reports" were prepared for these sites, and these reports are the 
subject of the present review. The two projects and reports are essentially identical, 
except for the smaller size of the compost plant at the second site and the lower level of 
detail of that (Kyalasonahalli) Report. Thus, herein only the first, the Kannahalli, , 
Report is addressed, except as otherwise stated. The present review provides "expert 

! opinion" on these Detailed Project Reports, specifically as these relate to GHG emissions. 

, As all aspects of the design and operations of the proposed MSW composting and 
landfilling operations can potentially impact GHG emissions, either positively or 
negatively, these are reviewed in some detail. In Section 2, general issues and comments 

i related to the technical aspects of the projects are covered, while Section 3 deals more 
specifically with GHG related issues, including collection and abatement methods. 



Section 4 discusses current "best practices". including modeling, measurement. 
monitoring, and verification of GHG emissions from both the landfills and cornposting 
operations, as well as innovative approaches, specifically the u x  o f  MSW compost to 
promote microbial oxidation of methane in the landfill cover prior to landfill closure and. 
for longer-term GHG mitigation. 
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REPORTS P 



GENERAL REVIEW OF THE DETAILED PROJECT REPORTS 

2.1 Waste Quantities and Composition 
The Report states that Bangalore, with a population of 4.3 million, produces some 2.425 
MT MSWIday, or 920,000 MT MSW m. or almost 0.6 k&IL.mrso6dav. Home\-er. Moulik 
(2000) quoting a CPCB (Central ~o l l u ion  Conbnl ~oard)&vey  of i997. gves  a waste 
collection for Bangalore of 2000 tons (800.000 MTiyr). or about 0.5 kgpmon. the -. 
general figure given for cities of this size. The ~ i n d "  Times (January 2.2002) reports a 
current waste collection of 2,200 tonnes daily. Overall these figures arr reasonably clow 
and need not be further discussed. 

The Kq?tlasonahalli site is to collect garbage from about 1.75 million people. for a total of 
600 MT per day (some 0.34 kg penon'day), and the Kannahalli site, about 800 hfT day 
from about 2.54 million people (0.3 15 kg' personlday). Looking at the individual w a d  
data provided in the reports, MSW generation rates range from as linle over 0. I to almost 
I k9 /pe~n/day .  Some variation in collections would be expected depending on 
neighborhood (e.g. senlements, commercial disbicts, etc.). but overall this seam to be 
rather a large range in volume. Demolition debris. hospital wastes and indusbial wlaer 
from organized collection will not be included in the MSW delivered to W planu. 
Both rapid population growth and increasing per capita MSW generation is forrsrm. 
with an annual increment of 4% in MSW collection. The municipality is in process of 
adding additional landfill sites and it is anticipated that one or more of rhe additional sites 
will be online to handle the growing volume. Thus, the design of these sy~lems is based 
on receiving only the above stated initial levels of wastes. 600 and 800 tons 'day 
respectively, for the entire duration of the projects (e.g. the life-time of h e  c o w  
plants). and any additional wastes being produced should not affect the conclusions set 
forth in this report. 

The composition of MSW is critical to determining potential GHG emissions. One p p  
in the m r t  documents identified is the laek of soecific information for Banqalore MSW: - 
only generic information is provided. 

I .  Page 2-2 (also 4-8) states "Mia waste has 30 to 40% organic maner on a dry weight 
basis, which along with a moishlre conteat of 5E/4 makes it some 60 - 80% 
component of the wet waste meam'. We believe this calculation could be in m 
and should be reexamined and potentially rwased. 

2. Composition Table 2.3, from a NEERI (1995) study, pm\ides da!a on the 'physical 
characteristics" MSW as a function of the population sizes. Alrhough the nurnbas 
are given with a precision of two decimal places, statistical information is  no^ 

provided, the data appears variable, is not normalized (e.g. to Im$), and no eeods 
are apparent when going from smaller to larger population centerr. The l a r g d  
differences are between the population centers of from 2 to 5 million (n =3) and over 
5 million population (n= 4). nith "compostable man& of some 57.'. and 31.. (a-et 
weight basis) respectively, which is almost a two-fold difference. 



3. Table 2.3 provides data on "waste as physically seen", with "organic matter" at 78% 
(comprising leafy biomass, h i t s ,  vegetables, lawn clippings, fodder, food residues, 
animal wastes), with paper at 3%, textiles at 2%. "coconut" at almost 3%, leather 
about 3% and plastics listed at almost 4%. The remaining "non-biodegradables" were 
only 6%. In our opinion, the latter is a rather low figure for Indian MSW, which 
typically has inerts of over 25%. 

4. Table 2.7 presents "composition of Indian MSW", which lists "biodegradables" at 
52%, earth (stones, rubble, sand, etc.) at 31% and paper at 5%. No moisture content 
is provided. 

5. Table 3.16 provides a "Profile of Solid Wastes", based on other data, and gives some 
ranges: organic matter 60-75%. mud, dust ash, 15 -20%, paper 5 -lo%, plastic 5 - 
lo%, glass 3-6% and others at 2-5% (ranges total to 90 - 126%). "The waste also has 
high moisture content". 

6. Table 4.3 provides "physical composition" ranges, lists additional categories, such as 
"garbage" at 16 -20%, leaves 14-16%, coconut shell 5-6%, paper 5-6%, plastic and 
rags 10-12%, textiles 2-3%, ash and silt 25-30%, stone 1 -2%, earthenware 8 -lo%, 
and ignited coal 5.6%. 

7. Other data, this time from CPCB for Indian MSW, suggests a composition of some 
40% vegetable wasteslleaves, 4% grass, 1% paper, 1% plastic, 1% metals, 1% glass, 
42% stones and ash, and 12% miscellany (add to over 100% due to rounding up to 
1% the minor constituents). 

8. Ramin Yazdani, in his TNA Report on Bangalore, gives the following composition: 
Combustible 30%, paper 3%, plastic 3%, metal 2%, glass 2%, "recyclables" 20%, 
rock and dirt 30%, and miscellaneous 10%. The moisture content is given as  40% 
and the density as 420 kgim3. This is, again, not Bangalore-specific waste but a 
generic Indian waste composition. (He also mentions other data, including a "rock 
and dirt" content of almost 40%). 

9. Chemical composition in Table 4.2 gives a moisture range of 40 -50% and organic 
matter of 30-35%, a C content of 15 - 20% and C/N ratio of 25 - 40. Elsewhere 
(pages 4-22 and 6-77) the refuse composition is given as 50% organic fraction, with 
50-55% carbohydrates and 5% protein. 

10. Bulk density is variously given as 400 to 600 Kdm3 (Table 4.2) or 1,000 Kg/m3 (in 
situ) @age 4-22,6-76) or as 400 Kg /m3 on page 7-23, which details the composting 
operation. Bulk density of composted material going to the landfill is stated as 700 
Kg Im3, while MSW going directly to the landfills (presumably demolition debris and 
such) has a density of 1,200 kgIm3. 

11. The calorific value for MSW is quoted as "only 800 to 1,400 Kjlkg". This is a wide 
range. Table 2.5 quotes a range of 800 KjKg (for the largest cities) to 1000 KjKg 
(for small municipalities). This is a more plausible range, and a 900 KjKg average 
is probably appropriate. 

12. There is little quantitative information to support the moisture content, which is 
perhaps even more site- specific than composition. Both reports indicate that "the 
waste generated in Bangalore has high moisture content." The average annual 
precipitation is some 97 cm (38 inches), which puts this location at a moderately wet 
climate. However, more detailed information in this regard would be appropriate 
and necessary for more accurate GHG emission calculations. 
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In conchision, there is limited information available on Bangalore, or even of generic 
Indian MSW composition on which a quantitative analysis of GHG emissions should be 
based. Comparing data from different d i e s  is not possible in this instarre as each data 
set uses different terminology. and prob4des no information about methodology or 
statistical significance, which make comparisons highly challenging. One of the 
important issues for future work would be to gather data on actual MSW composition. 
We do know thai that Indian MSW has lower hea~  of combuslion, less paper, les w l s .  
less plastic, less glass, but more food wastes. higher moishue content. and more ineN 
(soil, dirt. etc.) than U.S. garbage. It will be difficult, therefore. to project GHG 
emissions from this and similar projects without gathering more specific information. 

2.2 Waste Composition 
For the task at hand, we assumed the waste composition for Indian MSW, as identified in 
Table I .  It should be noted that &is is not meant to be an actual or even as a 
representative example, only our best estimate of what type of waste may be prcscnt in 
Bangalore. Note that we do not consider the effect of monsoons on the waste 
composition, when it would be wener. One recommendation is to measure BPngalore 
MSW during the operation of the compost plants. However, for the present 'first cut' 
analysis the data in Table 1 should be adequate. It should be mted ha t  MSW 
composition data for the U.S. can also be rather variable and uncatain. 

TABLE 1: 
ASSUhIED MSW COMPOSITION FOR BANGALORE 

COMPONENT % Total ?6 Moisture Dry 96 Total Hz0 % Toral 9. Dry Rasis 
MSW Component MSW MSW of MSW 

Food Waste 40 66 13.6 26.4 23.8 
Garden Waste I5 60 6 9.0 10~5 
Paper Waste 5 25 4 I 7.0 
Plastic 4 0 4 0 7.0 
Textiles 3 20 2.4 0.6 4.2 
Wood 4 25 3 I 5.3 
Metals 2 0 2 0 3.5 
GladCeramics 2 0 2 0 3.5 
Ash. Soil, Dirt 25 25 20 5 35 
Otherlneru none 0 0 0 0 
TOTAL 100 - 57 43 100 

TABLE NOTES: 
1. The above compositions are somewhat low on moisture (typical moisture may be 
closer to 50?4 and would be even higher in the monsoon season) 
2. For comparison: U.S. waste has some 9?0 food wastes, 19% @en (rhough 
these are probably less degradable rhan lndian garden wastes). 33% paper. and 7. 

other organics. 
3. Ultimate methane production yields for this waste composition is about 35 mi of 
methane :WT. approximately 4& ofthe ultimate methane yield of U.S. wastes. 
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2.3 Composting Operations 
The Bangalore MSW projects contain composting operations and attached landfills to 
handle the initial rejects and post-composting remnants. The composting process 
determines the amounts and biodegradability of the wastes landfilled and their GHG 
emissions potential. Also, composting itself is potentially a source of methane emissions 
(see Section V). Due to the central nature of the composting systems to these Projects, 
they are addressed in some detail and discussed in terms of their potential impacts on 
GHG emissions. (See also Ramin Yazdani, TNA Report of his site visit of February 14, 
2001 to Bangalore). 

The Kamataka Compost Development Corporation (KCDC) has almost 25 years 
experience in composting MSW in Bangalore, and thus the technical and commercial 
viability of this operation is well established. However, we noted that the windrows 
described in the MACF document seem to be somewhat larger than those observed 
during the February 2001 site visit by Ramin Yazdani. A minor point: Chapters 4 and 5, 
describe using bacteria for "bio augmentation" with "specially developed innocullam 
[sic]" (pages 4-88,4-89, for examples). Herbal extracts are also to be used for odor 
control. We are not aware of any scientific evidence for the efficacy of adding any 
bacterial cultures or herbal extract to improve composting processes and thus might 
recommend against their use. One issue is the fraction of MSW handled by the compost 
operations. Page 5-2: ".. ..cornposting can handle up to 30 to 60 percent of a city's MSW 
srre am..." The fraction of MSW landfilled, out of the 800 MTlday handled by this 
facility (Kannahalli) is given as 15% (120 MT, Option 1) to 30% (240 MT, Option 2), 
with a density of 1.2 MTI~ ' .  To this is added the composted MSW rejected during final 
processing of the compost, given as 105 MT (Option 1) and 70 tons (Option 2), with a 
density of 0.7 M T / ~ ~ .  The daily total loading on the landfills would then be some 225 
MT (250 m3)lday for Option 1 and 310 tons (300 m') /day for Option 2, summarized in 
Table 2: 

TABLE 2: 
COMPOSTING AND LANDFILL mows AT KANNAHALL~ 

Total To To To Compost Compost Total Total 
Option MSW MSW Landfill Compost Landfill Remnants RemnantsLandfill Landfill 

TPD TPY TPD TPD TPY TPD TPY TPY m3/y  

1 800 292000 120 680 43800 105 38325 82125 91250 
2 800 292000 240 560 87600 70 25550 113150 109500 

It should be noted that the fractions of MSW actually composted (as documented in the 
Reports) is some 85% to 70% of the incoming MSW, which appears on the high end and 
perhaps higher than stated current experience and practice. Composting reduces the 
weight of MSW by some 50%, though perhaps the remnants are less reduced in weight. 
The lack of information on the composition of the rejects or remnants is a gap identified 
in the report. Overall the design assumptions appear to tend towards a "best case 
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scenario". The experience of the KCDC in wmposting Bangalore MSW should be 
reviewed for an 'everyday' scenario. 

"The performance of composting units in Bangalore has been a mixed bag' (Page 3-31). 
Although not amplified in the Report, we understand lhis to be due to problems with 
compost quality, inherent with MSW, due to lack of initial segregation or separation 
which results in plastic, glass and metal in the compost. Marketing has also been difticuh 
with MSW compost with prices (page 3-3 1 to 3-33) being about 1.000 RupeesWT (see 
also Yazdani Report). However, the Reports (e.g. Chapter 9, elsewhere) nates sales 
price of some 1,550 (US 53 IMT), escalating some 12% every two yms. However. 
these matters are not fiuther addressed here. There is not discussed the ~ p e  of waste 
that would be landfilled, in either option. The plant design and p n r m  economics 
(Chapter 9 "Estimated Cost of Operations") are based only on Option 2. 

The compost process is assumed to be wmpleted &er 6 weeks (42 days). and thae is 
little provision for curing and storage of compost on-site. More land is being acquired, 
which is needed to expand the compost operation to the full 680 TPD. as the present 
Kannahalii site only accommodates some 500 TPD. The plan is not to haea,se the &us 
to these sites over time. The calculations for the volume of windrows, in our opinion. 
appear to have been overestimated by almost two-fold in the Reports (the actual number 
is about 12 m3ninear meters, rather than the 23.5 m31m stated on page 7-23. line 6). The 
exact value depends on the actual shape of the windrow (e.g. hemispherical or stnight 
side with dome, as shown schematically on page 7-23). Thus the cornposting opmtion 
may require about mice the area anticipated. This calculation should be checked. 
(Yazdani reports that KCDC operates a 350 MTi'day wmposting plant on 15 acres now). 
Also the windrows appear to be rather large in comparison to best practice windrow size. 

The stated quantity of the "Digested Garbage" produced is gvem 364 TPD. ac some 900 
~ ~ l m ' .  an almost 50% by weight and 70% by volume reduction. In our opinion, this 
result seems to be significantly overstated. The digested garbage is lhen processed by 
two stages of trommel screens to separate recyrlables, producing 336 TPD of 
"Semi finished Goods" and finally 280 TDP "Finished Goods". The loss fractions are re- 
digestables (to be ground and returned to composting) and "remnants". which are 
landfilled. From (his basis 800/. of the MSW is "biodegradable" and cornposting will 
reduce the total weight of that fraction by 5077 (Wer 9). This calculates as a deause 
in some 84 tons due to the processing of the "Digested Garbage". However. the Reporl 
(Table 8.4) states that the "remnants" from the composting plant rhac are to be landfilled 
amount to 105 TPD (year one, Option I) or 70 TPD for Option 2. These mass balawx 
appear inconsistent and should be rechecked. 

From a GHG pempective, these are passive windrow compwting operations. which 
apparently are only turned once a week. The large size of ihe windrows. their 
compaction, and infrequent luming, suggests that passive air dillision will be the limiting 
factor (as it always is for passive systems), and there will be problems with o h  and 
time to completion. The greatest impact. however, may be on compost quality. which is 
critical for its marketing. Sufficient experience exists in India. and Bangalore. to allow 
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an in-depth discussion of these processes. From a GHG perspective, the major issue is 
the amount o f  methane gas that would be generated from the compost piles, as well as the 
fraction and methane potential of MSW that will be landfilled, both unknowns and 
further discussed in the next section of this report. 
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Landfill Design, Gas Collection and GHG 
Emission 



3.0 LANDFILL DESIGN, GAS COLLECTION AND GHG 
EMISSIONS 

3.1 Landfill Design: Size and Longevity of the Landfills 
As was the case for composting, the background discussion of the landfill designs 
(Chapter 6, 100 pages) is generic and lacks practical detail that will be essential as the 
projects proceed. One statement, on page 6-76, proffers that: "It has been estimated that 
150- 250 m3 of landfill gas is produced per ton of MSW". Actually, we believe that this 
generic value is applicable for U.S. MSW. Based on a detailed review of the literature 
and on LFG production data for 19 U.S. landfills, Vogt and Augenstein (1997) estimated 
about 175 ( 1 5 0  200) m 3 / M ~  of LFG produced per ton of MSW. We estimate (see also 
Table 1) that Indian MSW would produce less than half as much LFG, some 70 (50 to 
90) m3 LFGIMT, or 35 m3/CHdMT waste (LFG is 50150 CHdCOz). 

In Chapter 8 the landfill volumes are given as 41,634 m2 (about I0 acres) plus another 
22,673 m3 for infrastructure (road, leachate pond, dirt piles, etc.). The excavation depth 
is 5 meters below grade and the average embankment height 13 m above grade (5 to 21 m 
range). The available volume for waste deposition is given as 678,722 m3 (after allowing 
10% for soil cover and 10% for compaction). From Table 2, a lifetime of 6.2 to 7.44 
years is projected. (The Kyalasonahalli site is somewhat larger and with less MSW 
composted its life expectancy is longer). The daily cells would be a paralled piped some 
25 m long x 5 m wide and 2.5 m high with a 3:1 slope at the face, or some 124 m2Iday 
(for 310 m3/ day of waste as received, page 8-14, vs. 300 m3/d calculated above for 
Option 2 -this is a small discrepancy). 

At 10% of the total volume, the soil cover is rather modest. A ~ l e  of thumb is that daily 
soil covers require closer to 25% of the landfill air space, plus intermediate, pre-monsoon 
and final soil covers. Another point is the expected density of the waste, which appears 
high for the rejects and even for the remnants. There is no discussion of the compaction 
required, for which several passes of heavy equipment are needed. These issues should 
be further addressed in the final design, which should also consider increasing landfill 
capacity by "piling it higher and deeper". These issues are beyond the scope of the 
present report, but should be mentioned as they pertain to the GHG emission. 

A best practice recommendation is that the daily cover should not be soil, but, rather, 
composted MSW remnants. The source separated /rejected MSW would be placed first 
in the daily cell, then compacted, followed by the compost remnants and further 
compaction. MSW compost is being used extensively in the U.S. (in California) for daily 
cover, and has been permitted by the state's solid waste regulatory authority. It is 
effective in preventing vectors (birds, rodents, etc.), odors and wind dispersion of waste. 
Perhaps most important in the present context, it is plausible that this composting cover, 
if provided with adequate initial moisture, will be an effective banier to GHG (methane) 
emissions fiom the landfill. Indeed, about half of the methane from the landfill will 
likely be released before the final capping of the landfill. This is discussed further in 
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Section 4. The excess excavation dirt, most of which does not appear to be used as soil 
cover in any event, may need to be disposed of. 

The life of the landfill calculated as 6.2 years for Option 2 (the default option for the 
economic calculations), could be considerably shortened if the rejects or remnants are 
greater than assumed or if the compost plant has down-tima or problemg or if the 
densities are not what they are expected, or if compaction is not as efIicient, or if soil 
coven (if used) are of greater depth, etc. 

More importantly, there appears to be a discrepancy W e e n  the designs of the compost 
plant which is given as 700 tons, while for Option 2, the basis for economic calculations. 
only some 560 TPD of waste is actually 10 be wmposted. Considering the mixed sucms 
of other compost plants in India, and other available information, then is a high 
probability that much greater amounts of MSW would be vtually diverted to the landfill. 
As per the MACE document, the cornposting plant is to produce compost at only 60.4 of 
capacity the first year, going up to 70?4 and 80% in years 2 and 3 (see Table 9.10). 
staying at that level thereafter (e.g. Chapter 9), though it is not clear from assumptions 
what the basis for this figure is. The excess material wouM need to be landfilled. 
Calculating the exact adjustments is not necessary, but it is clear tha~ these factors 
significantly reduce landfill longevity, unless less MSW is delivered to the plants 
initially. The issue of landfill longevity is not further addressed. 

Another issue is the density of the waste. The remnants are given as a 0.7 aith 
the other waste "unit weight of civil debris, etc." given a density of 1.2 M T ~ .  This 
compares to raw mixed MSW at 0.4 M T / ~ '  and a final compost product at 0.9 hfT.'m3. 
We assume that the basis for chese landfilled densities are after wmpaction but that is not 
stated. These estimates also appear on the high side. Table 8.7 and Page 8.8, 
characterize the MSW being diverted to landfills "civil debris, etc.'. but that appears not 
to be the case. It is reasonable to assume that the material diverled from the composl 
plant is not the same as that being composed. A better definition ofthe name of the 
rejects and remnant being landfilled should be provided. 

Overall the landfill configuration (I60 x 260 m) is based on the top to bonom design 
characteristics. as indicated in Figure 1. 
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FIGURE I : 
SPECIFIED LANDFILL DESIGN DEPTHS 

TOP OF LANDFILL (vegetated) 
450 mm VegetationiSurface Layer, uses excavated soil material 
150 ntm Drainage Layer, Granular Soil Material hydraulic conductivity 1 x cndsec; 
1.5 mm HPDE Geo Membrane 
600 ntm Bamer Layer, excavated soil with bentonite, hydraulic conductivity 1x10" cndsec 
200 mm Gas Venting Layer, Granular soil material, hydraulic conductivity 1 x 10.' d s e c  

150 m diameter x 10 m perforated gas collection pipe in Gas Venting Layer 
MUNICIPAL SOLID WASTE LAYERS (average over whole site some 16 m deep) 
150 mm Drainage Layer, Granular soil material, hydraulic conductivity I x 10.' cndsec. 
1.5 mm HDPE GeoMemhrane, 2% slope with 150 mm dia. HDPE pipe for drainage. 
900 mm Composite Layer, Excavated Soil with bentonite, hydraulic condnctivity 10.'cndsec 
BOlTOM OF LANDFILL 

i 
Due to the increase potential for clogging of these leachate collection pipes if they are 
embedded in the HDPE linlng, best practice indicates that they should be buried in a layer 
of gravel, or some similar high porosity material. Soil, even if "granular", is not adequate 
for this purpose. Shredded tires can be used, if available. A clogged leachate collection 
system could potentially result in the whole landfill becoming water logged before final 
capping - and make LFG recovery (discussed below) problematic. If waste becomes 
fully water-saturated, waste slope stability can become a concern 

Viewing the desi$ h m  a GHG emission reduction context, achieving the stated low 
permeability (10- cdsec)  with bentonite "amended" excavation soil would require soil 

( 
testing and experience. In general this is not recommended, as it is difficult to mix the 
bentonite well enough into the soil and results are generally not satisfactory. A best 
practice choice would be a GCL, "geosynthetic clay layer" which is clay layer 
sandwiched inside a geosynthetic liner. This is approved in the U.S. as a substitute for a 
2 A clay liner, can be easily rolled out and provides a 10~~cm/sec banier. It is cheaper 

i than a bentonite amended soil and has a better performance. This is particularly 
recommended for the covers, which, due to settling, will crack, leading to fissures 

< through which the LFG can escape and water penetrate (resulting in increased GHG 
emissions). A GCL layer will also save on air space (increase landfill capacity). 

1 

Best practice is also to use a LDPE, Hypalon or polypropylene liner as a top cover. 
LDPE has, for example, a 200% elongation rating, vs. only 50% for HPDE, which is 

\ likely to rip when the landfill settles, leading to LFG release and water penetration. Due 
to low tensile strength, which leads to failure during landfill setting, HPDE is not 
recommended as a top cover. 

Good surface drainage, along with a LDPE liner GCL underlayer will be sufficient to 
prevent most infiltration into the landfills, the major concern. Actually, with the non- 
reactive nature of waste to be landfilled in this case, leachate production is much less of a 
problem than in more conventional landfills. The "gas venting layer" is discussed 
further in the next section. 
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The discussions of the bottom liner specification and leachate drainage systems designs 
(pages 8-15 to 8-28) p-t some issues. Experience shows that a HDPE l ina  is likely 
to be penebated and punctured during compaction of the waste placed in the landfill. A 
50 to 60 cm deep protection layer is likely to be required. Allematively. it would be 
possible to use selected waste materials, such as the rejects h m  the compon operatiom 
as long as these do not have metal or other sharp objects. 

We did not review other design issues which do not impact GHG emissions, such as 
slope stability. which are covered in some detail in the Report, nor the cost estimate. nor 
did we address the reasonableness of the designs or costs in context of the Indian 
situation. In briet the total cost of the landfill conshuction (materials and civil 
engineering costs) is somewhat above USS 1.6 million (80 million Rupm), of which 
some U S W K  are for the HDPE liner, with the cost of the final soil liner and covers of 
similar costs (See Section 10, "Estimated Cost of Operations" spreadsheet). The 
leachate drainage and gas collection systems are of much more modest cost. These 
costs appear reasonable. 

Some 3 10 m3/day of waste is to be placed into the landfill (Page 8-14), based on first- 
year Option 2 (although that is 3 10 MT/day, 300 m3/day), providing for one daily cell of 
some 5 m wide, 25 m long and 2.5 m high. The daily cells will be c o v d  with 15 to 30 
cm of soil. However, as suesested above. and hrrrher disc& below. rrcommended 
best practice would be to repTace much or all of the daily soil cova  with composed 
remnants, which would increase landfill capacity and also Iowa costs. A much thtcka . - 
soil cover is to be provided before the monsoons, which appears appropriate. Overall ihe 
detailed designs of the landfills are not hrrrher addressed. only the landfill gas and GHG 
issues are discussed in the next section. 

3.2 Landfill Gas Collection Design 
The discussion of landfill gas in Chapter 6 of the Report was, as stated above, quite 
general, even in the section headed "Indian conditions" @age 6 -76). Chapta 8 provides 
a similar general discussion of landfill gas. For example, it states that a gas production of 
6.3 ~n'/~r.&fT of waste (LFG, landfill gas, roughly 50150 CHJCe) would be genen~ed 
"in enhanced decomposition mode" in "conholled landfills" @age 8-30). but u4thout 
discussion of these terms or what type of waste material is being considered. or the 
timing of such releases. We believe this is actually US EPA data, for active landfills. It 
is important to note, for r e f m e ,  that these numbers are considered uncdain and 
variable even for U.S. conditions. At this rate of emissions, all landfill gas (some 175 m' 
LFGMT) would be produced o v a  about 25 ytars. Of course. because of the first onkr 
exponential decay assumed. about half the gas would be produced in the first ten )ram, 
and these emisdon rates refer to active landfills. 

The Reports then state that for this site "the gas g-tion will be much less . . . hence the 
gas generation has been considered at 351 standard cubic m a a s  of gas per daf. This 
number is actually almost exactly 10,000 standard cubic fee! i day, suggesting a 
conversion from English units. The report does not state what the timehame for this 
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emission is. Nor how this figure was derived. It must be assumed that this is to be at 
closure, starting at five years (see Chapter lo), when the gas vents are emplaced (as the 
calculation for gas vents are based on this number, and these are not placed until the final 
closure). However, as further discussed below, by this time most, at least half, of the gas 
will already have been produced. Still, assuming a full landfill, some 650,000 tons 
placed (the density is almost one for Option 2, see Table 3 above), this would give only 
some 0.2 m3lY/ton deposited in the landfill, roughly 30-fold lower than the quoted EPA 
estimate. 

This appears low based on the following analysis and assumptions: 

1. A lower LFG potential for Indian wastes of70 m 3 / ~ ~  (35 m3 of C W T  see Table 
217 

2. A lower emission for the waste actually landfilled in this case, assumed at only 'A' of 
above, 

3. A faster decay coefficient (due to higher temperature, mbisture) during the initial 
placement (resulting in half of the LFG released before closure and placement of final 
cover); and 

4. A slow-down in decay after closure (e.g. to only 10% of remaining potential per 
year). 

In this case, for 650,000 tons of waste in place at closure, the projected LFG emissions 
would be: 

(700,000 MTx 70 LFG/MTLfor I] x 0.25 [2] x 0.5 [3] x 0 I [4])/365 = 1700 m3 LFG/day, 

This is almost five-fold higher than the 351 m3/day projected in the Report. There is no 
indication of the basis for that calculation (unlike the detailed examples in prior sections 
dealing with liners and leachate). This issue is at the heart of this present analysis and is 
further discussed below. First, however, the LFG gas collection system is addressed. 

The Report further states @age 8-30) that "it is common practice to provide one vent pipe 
per 7500 standard cubic meters of gas per year", thus coming to an estimate of 17 vent 
pipes required, based on the above assumed 351 m31day production of LFG. In our 
experience there seems to be little common practice in this field. Some authorities state 
that vent pipes should be provided approximately every acre (or even acre and a half). 
Others believe that gas collection pipes should be spaced some 40 to 60 m apart (about 
each half acre to acre). Both single vertical and vertical pipes connected to lateral 
(horizontal) buried pipes are used, the horizontal pipes reducing the need for a large 
number of vertical pipes. The presence of a plastic membrane to seal the landfill also 
greatly reduces gas releases through fissures and cracks (the major, and often 
unrecognized, pathway for gas release from unlined systems) and also reduces the need 
for gas collection pipes. At the stated gas production rate (351 m3/day) the flow through 
the 15 cm diameter pipes is relatively low (1.3 c d s e c  gas flow) that if, indeed, the pipes 
are the path of least resistance these would easily collect all the gas generated under the 
liner. (Calculation: flow rate of 351 m3/d, divide by 31.5 million seclyear = 4 Vsec, then 
divide by cross area for 17 pipes, or 17 x 176 cm2 for the 15 cm diameter pipe). Even at 
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a gas production rate that is 4% times higher than the estimated, gas production rate of 
some 1600 m3!day, a gas flow of some 7 d s a  is still quite d l  in tams  of m y  
backpressure due to the piping. Thus, we don't believe this assumption presew any 
problems. Indeed, the number of collection pipes, at 17, may appear somewhat o v a  
designed for the task. 

A key issue is if the "granular soil" with 10.' cmlscc hydraulic Fonductivity would allow 
the unrestricted flow of the LFG gas to the pipes. This would be hue under dry 
conditions. However, soil with this hydraulic conductivity typically contains tine sand 
which would become wef possibly by inliltration, or while being placed, or by 
condensation, and. in any event, would quickly become saturated and thus blinded to gas 
flow. For this layer, best practices recommend pea gravel. which would drain reawnably 
well and maintain a very low pressure drop for gas flow. Shredded tires can also be usd. 
If there are no such materials available locally, or if too expensive for the prcscnt design 
and location, another alternative would be to place the vents vertically into the landfill. 
penetrating to some depth, rather than horizontal collection pipes close to rhe d e .  
Some best practices recommend vertical gas wells going down at least 6 maas, 
penetrating through the liner and with a larger diameter pipe extending into the waste and 
the 15cm inside of it, to avoid breakage when the landfill m l e s  and rscommad m e  10 
to 12 such vents. Then should be a gravel la)- surrounding the pipes to prevent 
clogging (as s h o w  on Page 8-32, rarher then the design shown on Page 8-34. and in the 
attached drawings). Pipes would be placed prior to closing the landfill site. Horizontal 
pipes connecting to the vertical ones can be considered, but are not necessary considering 
the low amount of gas that will be produced in this case. 

The surface cap and liner would prevent almost all gas escaping through the top, and if 
properly designed. also laterally. The LFG will f i  the path of lean resistance, and thus 
migrate through the waste layer. It would therefore be sufficient in such a care for ttK 
gas collation pipes to be lccated horizontally near the surface of the landfill. as designed, 
rather than vertically, as above. However, in that case, even if the entire "gas venting 
layer" is not gravel, gravel should be used to bury the perforated pipes in tbe gas \plhng 
layer and the gravel should extend h m  the barrier layer to the uaste l a p  below. to 
avoid the pipes filling with water or becoming clogged with soil. It is more likely h~ 
the gas would migrate through the waste layer than the gas-venting l a p .  aad reach the 
perforated pipes thrwgh the gravel layer sumding than. 

The report indicates that the vents would be mmected on top of tbe final cover with a 
network of v i m  to collect the aas with a blowa and then burned in a flare. l i k e  is no 
further disc-ion or design of &ese it-, e i k  here or in Chapter 10, and no costs for 
the gas collection and flaring equipment appear to be allocated. However, the Report 
indiiates that this strategy would be in Comblimce with MSW 2000 rules. 

We find a significant challenge with the relatively low flow me. some 40 aandard cubic 
feet (scf) ! min, (or even less than 10 sctrmin if the lower gas productim m e  is 
considered). llis requires a very low head blower. and most imponant, a v a y  1- 
turndown ratio for the flare system. Indeed, due to barometric prrsurc changes, rhae 
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would be a great variation in the methane extracted from the landfill. The blower would 
continue to suck in gas, but this would result in entrainment of air and dilution of the 
methane gas with air. The standard procedure is to use a methane measuring instrument 
and adjust the flow to the flare by means of a throttle valve to maintain a methane 
composition of some 50%. When the methane concentration increases above 55%, flow 
(e.g. blower suction) is increased, when it drops below 45% it is decreased. The 
instrument of choice for measuring methane is a thermal conductivity detector, which is a 
simple method that can be readily read by minimally trained personnel. 

Alternatively, FID detectors can be used, which are more sensitive. Almost all landfills 
in the U.S. use this method or variations thereof with reasonable success. For relatively 
large landfills and high gas production rates, the flow is relatively steady and needs only 
to be checked weekly initially, or even less frequently once gas production stabilizes after 
landfill closure. 

Another major challenge is keeping the flare lit. The variability in the gas flow and the 
limited turndown ratio for most flares can be an operational problem for relatively small 
landfills. This is likely to be a more significant issue here, where smaller gas flows are 
collected over four hectares. Even with a low head (1 psi) blower, this would present 
problems. Open flares have typically only a 5 to 1 turndown ratio; a larger turndown 
ratio flare would be required for the present application. Another issue is that the open 
flares will blow out in the wind, particularly at low and variable flows, however enclosed 
flares are very expensive. 

For the Bangalore Landfills and anticipated relatively low gas production rates, managing 
such a system would be challenging. Three or four of the vents can be ganged together 
with flexible tubing and connected to one flare to minimize the cost of these systems (and 
also to provide sufficient gas for the flares). In our expert opinion this option would be 
the optimal system for minimizing GHG production by these landfills. 

One potential problem is moisture condensation in the collection pipes. Due to water 
saturation of the gas, the lines will quickly clog with water unless provisions are made for 
condensate traps and water removal. This requires that the horizontal collection lines be 
on a gradient, with a U-shaped tube allowing for water overflow without allowing gas 
escape (or sucking in air). This is relatively simple, but does require that the collection 
lines be designed with this in mind (a low spot is required to allow water shedding). 
These flares (see Appendix HI) avoid the problem of active management while 
preventing the emissions of methane to the atmosphere, by not requiring blowers. 

We also reviewed additional specific design issues for these landfills. For example, the 
design of the landfill should prevent lateral flow of LFG, which to our knowledge was 
not addressed in the Reports. From a GHG abatement perspective, the amount of gas 
likely to be produced, and mitigated, at this site is relatively small, however this project 
can serve as an example to assist other municipalities look at the incorporation of GHG 
reduction components as they develop sanitary landfills, as discussed in the next section. 
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4.0 BEST PRACTICES FOR LFG RECOVERY AND GHG 
MITIGATION 

4.1 Introduction 
This Section provides a brief supplement to the above discussions for further guidance on 
the topics addressed in this Report and the development of suitable practices for GHG 
mitigation efforts at these landfills with a guide to additional resources and information. 

SWANA (The Solid Waste Association of North American) has a number of practical 
reports, in particular the "Landfill Gas Operation& Maintenance - Manual of Practice", a 
detailed "HOW-TO" manual for LFG gas management, recovery, measurements, etc. 
There is an enormous volume of literature on landfill gas, which cannot be reviewed in 
any detail, nor would be particularly useful in this context. For example, the proceedings 
of technical meetings for landfills, LFG, MSW and similar conferences contain many 
technical papers of interest, but these are generally too specific and narrow for practical 
purposes. For one example, the literature on modeling landfill gas emissions is extensive, 
but not directly applicable to the present situation, with its unique wastes and 
environmental conditions. For another example, the papers in "peer reviewed" journals 
are generally very research oriented (e.g. academic) and not practical. Appendix I 
provides a short listing of additional annotated rcference nlaterials that could be used in 
the development of a training and operations manual for India. 

Application of the LFG models and practices to the present case is limited to the context, 
the size ofthe Bangalore landfills, their eventual gas production potential, and typical - .  
Indian wastes. while the Bangalore landfills are below the U S. for fugitive emkions 
threshold, smaller landfills do routinely collect landfill gas. In most cases these landfills 
are deeper than the present one, and withdraw from deeper vents. This would result in 
more steady gas collection, with concentrations changing more slowly than in surface gas 
collection systems. Still, the design for the Bangalore Landfills, with a sealed cap, should 
be able to prevent LFG migrating off-site, which is the major requirement for all landfills. 

From the above discussions four major issues need to be further addressed in any 
evaluation of these Bangalore landfill projects for GHG abatement, in the context ofbest 
practices as they may be relevant to India: 
1. Measurements of methane emissions for monitoring, verification and modeling 

purposes; 
2. Expected gas emissions based on applicable models to the Indian situation; 
3. Gas recovery from the landfill, flaring equipment, potential for utilization; and 
4. Microbial methane oxidation as an alternative to gas collection for GHG abatement 

oxidation. 

These topics are addressed briefly below, concluding with a step-by-step guide for 
looking at GHG emissions in a MSW landfill project. 
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4.2 Landfill Gas Measurement, Monitoring and Modeling 
Mwuring LFG production from landfills is not easy and to our knowledge few methods 
ha\re been tested for Indian conditions. Basically there are two ?pes: active and paslve 
measuring methods. 

4.2.1 Active Collection, Measuring and Modeling of LFG Production 
.An active collection system, as designed for the Bangdore Landfills, uses perforated 
vertical and, sometimes, horizontal. pipes, gas collection lines, blowas, flow rcgulvas 
(throttle valves), condensation watm haps, etc.. to collect all, or at least most, of the LFG 
produced. For GHG mitigation measurement of the gas mass flow and composition is 
needed, which requires analytical instNments for gas composition and accurate 
measurements of gas flows. These must be carried out over relatively long paiods and 
integrated. This is difficult even for short periods, practically impossible for longs ones 
under field conditions. Most importantly, there is no assurance chat the collection +em 
actually docs collect all or most of the landfill gas. Only large landfills. with good cap 
designs, deep gas collection systems, documented history of waste loading. and active 
collection systems allow collection of reawnable data on gas compositions and mass 
flows. Such data can realistically be collected for only brief periods. 

To obtain information on actual LFG (e.g. GHG) production from landfills. Vogt and 
Augenstein (1997) studied 19 U.S. landfills. collecting some 300 data points on their 
LFG production. These data points were then ploned on various models. which included 
landfill slze (loading), waste age (when deposited, whcn closed), moisture and 
temperature. The data fell into a reasonably close fbenm than anticipated) range, bat 
represented by a simple exponential decay model. In the model the gas genemion (G) 
h m  all of the tom (or cubic meters of landfill x 0.6) I?om the initial time of waste 
placement over the years is given by: 

G=kxLore ( - expk , )  
Where G = methane generation per year, ~ ~ ~ o n n e ' y e a r  
k = rate constant, ( I lpux)  
Lo =yield (in  tonne) 
e = base of natural logarithm 
t = time bom placemen1 of the waste in question 

With suitable constants for the US, about 75% of gas m v a y  values will be within -30 
to + SOe% of this model's prediction. In o h  words there is site-specific variability but 
this model is reasonably good. (Some ofthe earlier LFG models w a e  too optimistic by 
several-fold, overoptimistic, resulting in failure of a n u m b  of v e n m ) .  For h e  L1.S. a 
k = 0.04 to 0.08 (the range dependent mainly on moisture), and with an 'ultimate' gas 
potential low of some 175 (140 to 180) m' of LFC IMT of landfill gas. Collection 
emciencies of 70 to 90 percent were estimated. More complex mathematical models 
would also fit the data, but are no more predictive than the simple first order decay 
model. This model results in a peak in gas production as the landfill is filled followed 
thereafter by a slow decay as the landfill organics decompose. At the lower k value, rhc 
landfill will remain "active" (e.8. ail1 emitting over 5'' of original gas levels) for some 



40 years. One reason for this is that most of the organics in U.S. landfills are paper, 
which decomposes rather slowly under the typical (initially dry) moisture conditions in 
U.S. landfills. 

For India and developing world in general we recommend: 

k = 0.15 year-l (likely to range from 0.1-0.25 u s e  average 0.15) 
Lo = 35 liters CHdtonne (likely range 15-40) 

The above model and input parameters can be used as a "calculational tool" to estimate 
GHG emissions from landfills in India. 

It should be noted that the operation of an active LFG collection system with efficient gas 
recovery is an extensive engineering procedure. To allow flow adjustments each of the 
wells must be equipped with a throttle valve and ca. 1-2 cm hole allowing insertion of a 
Pitot Tube, for flow measurements, and otherwise stopped. The wells must be adjusted 
individually based on the gas composition readings (as discussed above). There is no 
simpler way to do this, or to avoid it. For large landfills, where there is active gas 
collection for power applications this is justified. Also for such systems the gas flows 
vary little enough that such adjustments need not be made too frequently. For small 
landfills and where gas is only flared, this is generally not worthwhile and the quality of 
the information, or of the gas collected is generally poor, but does not generally matter. 
For GHG applications, better data is would be required. 

In brief, gas collection with short-term measurements of composition and mass flow is 
the only available method for measuring LFG gas emissions. This is further detailed 
below. 

4.2.2 Passive Measuring Methods 
Passive measuring methods involve measuring gases released h m  the landfill surface, 
without active collection (e.g. blowers). These can be accomplished through collection 
chambers or measuring gaseous plumes above the landfill. These methods are not 
generally appropriate to day-to-day operations and are imprecise, but can be used as a 
"first cut" assessment. 

The static chamber method has the advantage of being far less expensive and thus 
ap ealing in the present context. This technique involves covering a section (typically 1 4 m ) of ground with a plastic chamber and allowing the gas to diffuse from the ground into 
the chamber for a few hours, then sampling the gas and measuring CH4 and C0z (even O2 
and Nz) concentrations. The difiiculties are the enormous point to point variability, 
typically several orders of magnitude, and even day to day reproducibility for the same 
location is not good. The reason is that gas emissions from the cap of a landfill are not 
homogeneous, rather most of the gas is emitted from fissures, cracks and similar venting 
regions. Active chambers incorporate a slow air flow through the chamber allowing for 
longer-term collection of a more representative sample of vented gas. Above ground 
methane plume measurements can be carried out, using FTIR (Fourier transform infrared) 
measurements, which can be correlated with local micrometeorological measurements 
(mainly wind velocity and direction) in sophisticated dispersion models to produce a 



general source term for the entire landfill. or a good part of i t  Aside bum their 
sophistication, they are generally not as accurate as one would hope. (e.g. tbe modeling of 
the achlal release is not good). To overcome this limitation traca re)epcs have ban 
used, such as SFs or N20 which can be detected a! low levels. This improves the m h s .  
but increases costs and still suffers from limited accuracy. These above ground 
measurement techniques require rather flat ground and low wind velocities. la brief, 
these are considered research tools, not suitable for routine work. 

Many investigators measure below-ground gas compositions in sim or by sample 
exbaction. These meanmments can indicak air-intrusion into tbe subsurface, and are 
recommended as routine measurements in landfills, but have l i a e  relevance to flues and 
thus GHG emission. 

Isotope analysis has been used to determine if the methane gas emitted from landfills has 
been oxidized by methanotrophic bacteria during its migration through tbe landfill cover. 
The methane oxidizers have a slight preference for lower weight isbtopes, t h u  tbe 
"c/"c ratio of CZt decreases in gas vented through a microbial oxidation la)=. 
compared to that from the deeper landfill. An interesting technique, but not useful for 
routine measurements. 

Biodegradability and methane yield potential can be used to &ain an maximum >ield for 
CH., production, by placing the waste into closed wntaimers, amending these with 
nutrients and water, incubating and measuring the gas released over lime. weeks to 
months. One difficulty is that even 'Wnths" is a short interval compared to landfill 
time, while the contact with nutrients and bacterial inoculum is h a  in these botrles than 
in landfills. Also sampling of the waste is a problem, as well as gas leakage. In 
conclusion, no passive measurement techniques can be recommended as a gmaal 
practice, and none are specifically applicable to the field projects, in parlicular under 
Indian conditions. The best approach would appear to use the LFG models to pndKl 
GHG emissions. 

4.2.3 Representative Measurement Technique - 'Bioreactor" Landtill 
A number of measurements are important for a controlled or "b iomor"  landfill 
operation. Many, evm most, of these measurements an above and beyood the 
m e a s m e n t s  and practices of conventional laodftlls. These measmments are as h a m  
in Table 1 (taken from Augenstein, D. and R. Yazdani. 1995, "landfill Bi-or 
Insbumentation and Monitoring" from US EPA Seminar Publicahon "Landfill Bi-tor 
Design and Operation" Wilmington DE, March. 

Moisture is critical to biological activity since it is essential for biological activities of 
methane generation. Moisture can be measured in situ by Gypsum blocks. of the rypc 
often used in soil moisture determinations. These moisture -IS rely on tbc k t  chat 
the high dielectric constant of water or landfill leachate increases upacitpaee of a 
"capacitor" consisting of a gypsum block capacitor. The capacitance is indicated directly 
by flow of current at high frequencies (high RF current). Another method of moisture 
determination is that of the conductance of a porous matrix such as mal l  packed poly 



(vinylchloride) beads. Both of these moisture measurement methods are somewhat 
qualitative, and an elevated reading simply indicates that moisture has reached the sensor. 
This knowledge is, however valuable in and of itself since the same moisture level 
capable of elevating sensor readings appears to be closely correlated with much 
(severalfold) increased biological activity. 

Gas composition is critical for purposes of either gas energy use, or simply flaring. 
Methane content must usually be above 30-40 per cent for fueling energy applications. 
The trouble-free burning of gas in a flare usually requires at least 25% methane content. 
Methane content can be measured by thermal conductivity meters sold for the purpose by 
companies. More accurate meters rely on infrared detection and are sold by vendors. 
The most accurate methods rely on gas chromatography (GC). A thermal conductivity 
detector can quantify all gases of interest. Vendors sell molecular sieve columns 
specifically adapted to landfill gas composition. 

The landfill gas generated typically starts off as mostly carbon dioxide. With time 
(usually a few months after generation starts) the gas composition stabilizes at about 55% 
methane and 45% COT When aas is collected bv wells. the wells are "tuned bv - 
increasing extraction rate if gas remains over 50% methane, and decreasing extraction 
rate if falling methane (or nitrogen over bout 15%) suggests undesirably high air 
entrainment 

4.3 Expected Gas Emissions 
Application of the LFG models developed in the U.S. to Indian wastes and condition 
without modification is problematic. First, of course, the waste composition is quite 
different in terms of composition and biodegradability. Most of the biodegradable 
fraction consists of food wastes and related garden wastes that decompose quickly, with 
relatively little slowly decomposing materials such as paper. Also, Indian "garden waste" 
is different from U.S. "green waste", in terms of biodegradability. Temperature and 
moisture conditions are also quite different. Even for similar rainfall in Bangalore to 
some U.S. East Coast conditions, Bangalore landfills will be wetter due to the monsoons, 
and longer time until closure. Further, in the present case the waste being landfilled 
would be of even lower LFG potential than typical Indian wastes; we estimate at only 
1/4Ih, than even the typical Indian MSW, which, in turn, we believe to have a LFG 
potential of only 40% of U.S. wastes. 

Using these factors we estimated LFG production fiom the proposed Bangalore landfills 
at about 1110'~ the potential of U.S. wastes per ton, and much more rapid release ofthe 
gas. Roughly we estimate the yield potential at some 9 m3 CH41MT of landfilled wastes. 
As already discussed above, we suggest a simplified model with a fast initial decay of 
residual food and other easily degradable wastes, with half the LFG potential emitted 
before final closure, followed by a slower decay after landfill closure (k = 0.1, appx. 10% 
per year), giving some 850 m3 CHdday, initially after closure. This is, of course, a crude 
model. 



There are few god ,  documented. examples of LFG recovery from landtills in LDCs An 
applicable example is given from Thailand by Eam-o-pas et al. (1999)For a landfill near 
Bangkok they estimated that the wastes contained a much higher pucentage (20%) of 
"readily biodegradable" waste, compared to the U.S. (14%). The Bangkok had also 
less moderately (7% vs. 28%. k=0.14) and slowly (I 7% vs. 26% k -0.05) degndable 
materials than U.S. wastes, but more inats (56 vs. 33%). Moisture was 50.h by weight, 
vs. 25% for the U.S. These wastes. under the local conditions would relase all their gas 
with a half-life of about one year (k = 0.69). The landfill was saturated with water, and 
LFG production required draining the leachate from it. Based on lhis appmach they 
estimated an overall decay coefficient of 0. I5 wastes, with an LFG gas production me of 
some 100 m31mt of wastes. For a half a million ton (total placgami, 2.4 ha) phase of the 
landfill they projected that at closure they would recover some 300 m3hr  before closurr 
reducing to some 45 m2hr  within ten years of closure. Actual measmments at cha! site 
gave remarkably close results to those projected 310 m'hr of LFG outputs prior to 
closure This is one example of LFG. modeling and actual measurement of LFG h a 
landfill in a developing country that can serve as an example. 

4.4 Microbial Methane Oxidetion in Landfill Covers and Cornposting 
Operations 

A major issue identified above is that much, roughly half, of the potential LFG'GHG 
emissions may escape prior to landfill closure and installation ofthe gas collection pipes. 
This is less of a pmbl& with U.S. landfills, where decay m a  are m k h  slower and thus 
release during filling not as much of a problem. Two solutions present themselves: 
installation of gas recovery systems prior to closure or opention of the landfills to 
maximize microbial methane oxidation. Gas collection prior to closure is not considered 
practical in the present case. thus techniques to promote methane oxidation are 
recommended. 

Another major potential source of methane missions identified above is the composing 
operations. There is very little data on methane emissions from w m p d  opaationr and 
methane emissions would be expected to vary greatly *ith the nature of the wask being 
cornposted and the exact operating conditions. In our comspondmcc with intemationai 
waste expert Dr. Edelmann of Switzerland (7119102). he expected thar for the type of 
compost piles being contemplated in Bangalore (3 m high turned once weekly) a 
"minimum of 10 - 15% methane" would be produced in the o K g ~ r c s  h the compon. 
,4ssuming the balance is only Ca, this would mean that at least as much mahPne is 
produced by the composting opetations as by the landfills. prbaps marc. This is. a 
central issue in anv GHG miti~ation effort from such an d o n .  In this case. where it 
would not be pra&cal to coll&t the gas from the microbial methaoe 
oxidation becomes a plausible control technology option. 

Microbial methane oxidation is carried out by soealled -c bacteria. which 
use methane as an energy source. Such bacteria are ubiquitous in soils and all Qpes of 
environments and their requirements are simple: oxygen, meIhane, some nutrients (N. P, 
etc.) and, of course, moistwe. Moisture is perhaps the critical component: too linle and 
methane oxidizers are not able to grow, t w  much (e.g. exceeding field capacity or 



waterlogging) and gas transfer (diffusion of 0 2  and CHq to the methane oxidizers) limits 
methane oxidation. Microbial methane oxidation has been demonstrated and measured in 
landfill cover soils by a number of investigators, starting with Whalen et al. (1990) a little 
over a decade ago. A large number of publications have demonstrated methane 
oxidation in both simulated landfill covers as well as in actual landfill covers since then, 
although the quantification of this phenomenon, outside the laboratory or under 
experimental conditions, is difficult. 

The most plausible approach to methane oxidation is to manage the compost cover to 
maximize the activity of these organisms. Composted materials are very suitable for such 
purposes because of high surface area, high moisture holding capacity, embedded 
inorganic nutrients, and limited alternative energy sources. It is much better than soil or 
artificial substrates. Recent work from Austria has demonstrated that well cured (aged) 
MSW compost can oxidize more methane than other compost (e.g. partially composted 
MSW, sewage sludge compost) or soils in experimental reactors (e.g. Humer and 
Lechner, 2001). Such compost was also used by these authors as cover over landfills, 
being placed in trenches or as dressing on top landfills. They measured methane 
emissions through the covers both enclosed chambers. The main determinants of 
methane oxidation were the temperature, moisture, depth, compaction and channeling in 
and below the compost layer. 

For the climatic conditions in Bangalore, and considering the ready availability of well 
cured compost at this site, it should be possible to manage compost covers to, indeed, 
maximize methane oxidation in both the landfills and composting operations. For the 
landfills, as mentioned above, compost remnants would be added daily on top of source 
separated MSW. From the data in Table 2, the composted remnants represent about one 
third of the total landfill loading (by volume) which should be adequate, even if this is 
not a high value compost. Based on the experience quoted above, it may be best not to 
compact this dressing too much, though that would require some experience. Another 
issue would be to manage the moisture level of this compost material - this may be the 
critical parameter. 

In brief, the daily landfilling operations thus would entail first filling the daily cell with 
the source separated MSW, compacting this layer, and then adding the compost 
remnants, and compacting this layer only moderately. The remnants would be moistened 
to the desired level, which would he determined by experience, but below field capacity. 
Rather than piling cells on top of each other on a daily basis, it would be best fill these 
systems in layers on, perhaps a monthly basis, to allow the initial methane emissions 
from the placed waste to be released through the compost cover. It may be necessary to 
spray some additional water on top of the compost cover occasionally. Clearly this 
protocol is very preliminary, and would need to be refined based on more information on 
the actual nature of the compost remnants as well as further information on the efficacy 
of the methane oxidation by these covers. This technology is, clearly, still at the early 
stages of development. 
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To determine the actual GHG mitigation effectiveness of these procedure& mwnmadad 
method is to use enclosed chambers placed on top of the landfill cells and measure 
methane emitted. For this purpose, cells with soil w v a  and compost cova shouM bc 
compared, as a function of different parametas (e.g. moisture, compaction, ctc.). 
Collection of sufficient data points would likely allow a comparison of these methods. 

A similar approach could be applied to the compost operations. In this case rhe c o m e  
piles should be dressed with a layer of cured compost, probably half a meter ~L placed 
on the crown of the compost piles. Airflow would be by convection through the sides to 
the top of the pile and, thus. move rhrough the wmposl dressing. Again. the same 
measuring methodology as described above would need to be applied. with gas wllection 
chambers on top of the pile to determine the amount of methane gas produced. 

In both cares, gas compositions should be measured, a~ a minimum and a. 
Methane can be G a p s  best be m e a d  with a portable FID detector. CG could be 
measured routinely through lye absorption, if the concentration is high enough (> 5%). 
Occasional full sis comwsitions (ex. 0 2  and N2 also) should be measllrtd a&h WOUM - . - 
require an on-site gas c&matograph. Techniques such as isotope fiactionakon or 
microbial identification are used but usually not for projects of similar size in rhis 
context. 

Methane oxidation by compost dressings is ail1 an experimental technique tht requires 
considerable data collection and on-site research for validation. As a final poiot. the 
production of NzO during the methane oxidation process must also be comidacd in any 
future analysis. 



Resource Guide For Future Operations II 



5.0 RESOURCE GUIDE FOR FUTURE OPERATIOW 
This resource pi& is intended to provide some kighu into the GtlG nitignioa poass 
forMSWandIaadMtogasoperahs. Fhtweprovideaguide.oatbetypialsceprtba 
caabefdlowedfortheprojeddevdopmcdprocess. Aalar*tiomltodispro~ 
based on the review cooduded for the Bmgdore pojads. Tbm we povide lrcvml 
exarnpksofLFGcasestudies6omdedopmgcolmtriesandtheUS. F w ,  
sugg&mareprovidedforfuturrMSW~LFGtraining~recommeadrdfa 
Indian nnolicipplities. Amex A propmvides a listing of badrground i d '  lbrt is 
highly reconrmeoded as olmidpPloffici.ls initiate the process of dedopmg ~IKIMS fa 
compbhncemd GHG mitigation. 

~ ~ p r o j e a ~ p v i d e a n o p p o m r o i t y f o r n s u r b o a i s s u a r b o v t a a 6 d d  
scaie. Stepsbwldformputoftbeproadunl~totheincorpontimOrGHG 
mitigationpnjedsinkadfills. F i g u r e 2 p o v i d e s a s 1 y t i i p c o c c s s l b r t a a b c ~  
fordevelopnmtofpotentialLFGpropds. T h e s e s t e p a r e d . p e d f t o m ~  
provided through the US EPA Laadhn Mdbaoe O u t d  Rogrrm (LMOP)', dicb 
wwldbeausefulresounrfbrindianrmrnicipalwtbonbes. . . 



More detailed technical steps during Part if of the project development process would 
include the following features: 

1. Collect data on MSW Composition. Waste delivered to the sorting area could be 
manually classified and statistical data collected on the content of various 
components. Moisture contents should be determined by drying (oven, or, if not 
possible, sun dtylng can be used). Waste density is also of interest. Because the 
Development of techniques for GHG mitigation by composting learned projects in 
India (or elsewhere) is a work in progress, waste such as proposed to be landfilled 
should also be prepared, if possible. (It is likely that the KCDC already has such data 
for Bangalore.) 

2. Biodegradability of the MSW. The objective is to determine both the aerobic and 
anaerobic biodegradability of this waste material. It is likely that KCDC has data on 
actual losses during composting operations, and their experience should be reviewed. 
Anaerobic biodegradability data could be estimated from (1) above and prior 
experimental work by others. 

3. Canyout a Design Review for LFG Recovery/Flaring. The above discussion 
identified a number of significant areas. System designs should be reviewed as to 
applicability and effectiveness based on estimates on methane emission, from Data in 
1. and 2. A figure of the recommended passive flare (solar power igniter) is provided 
in Figure 3. 

4. Review Existing Experience on Methane Oxidation in Landfill /Compost Covers. It is 
possible that some half of the landfill GHG emissions may take place before LFG is 
actually collected, and an even greater amount may be generated from the compost 
operation. One practical method for reducing GHG from these sources appears to be 
through controlled microbial methane oxidation. This requires a more detailed 
review of the literature and best practices, for applicability in the Indian context and 
for specific site and waste composition. 

5. Develop a LFG lGHG Model for the hoposed CompostingLandfill Processes. 
Based on the above information, and other literature data it would be possible to 
develop a model for LFG and GHG emissions (including NzO and the fate of C) !?om 
the compostilandfills operations. 

6.  Develop a Data Collection and Analysis Plan for Bangalore Projects. As discussed 
above, there are not readily available methods for directly measuring GHG emissions 
from landfills or, for that matter, compost operations. Gas (including CH4) 
concentrations measured within landfills (as discussed in the Report) are of interest 
only to determine if there is air intrusion, they do not have any relevance to actual 
emissions from the landfill. Integrated measurement of gas flows in the passive 
collection vents would be diff'cult, as these would be veryvariable (being affected by 
barometric pressures). We recommend that the GHG emissions &om the landfills be 
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based on the LFG models and limited data collection. We rccomwnd tbat any data 
collection effort focus on the emissions of C b  from the laadfills during their a&\-e 
operation (e.g. before closure) and on the compost piles, as these arc the sourtes of 
most of the GHG emissions from these systems. The actual me(hods (analy~cal 
instrumentation, etc.) and data collection plan should be developed afta funha 
definition of  these projects. 

FIGURE 3: Typical L u d f i i  Cm Vent Rue 
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5.2 Calculational Tool 
A formula to calculate the gas generation (G), represented in cubic meters per ton of 
MSW, is given by: 

G = k x Lo x e (- exp kt) 
Where G = methane generation per year, ~ ' / t o n n e / ~ e a r  
k =rate constant, (llyears) 
Lo = yield (in M ' I~OM~)  
e = base of natural logarithm 
t = time from placement of the waste in question 

For India and developing world in general we recommend: 

k = 0.15 year-1 (likely to range from 0.1-0.25 - use average 0.15) 
Lo = 35 liters CHl/tonne (likely range 15-40) 

The above model and input parameters can be used as a "calculational tool" to estimate 
GHG emissions from landfills in India. 

5.3 International Case Studies 
The following six cases are provided as illustrations of LFG projects. Most of the 
examples are from the US, with the first two cases 

1. Landfill Gas Generation and Recovery in Thailand: (Reference: Eam-o- 
Pass et al., 2000; See also discussion in Section 4.X) 

This project, located outside Bangkok, attempted gas recovery from the Kangphasaen 
Landfill 80 km northwest of Bangkok. A test was run extracting gas from 39 wells in a 
small shallow section of the landfill. 

The first (and probably common for the developing world) problem encountered was that 
monsoon rains raised the in-landfill water table to within 1-2 meters of the surface. Gas 
cannot be recovered from such a waterlogged landfill because gas well perforations are 
"blinded". The approach taken was to try gas extraction from a deeper portion of the 
landfill. Horizontal boreholes with drainage pipes were placed into the landfill to drain 
the landfill and lower the water table. Horizontal collection pipes were then placed into 
upper levels of the waste. It then proved possible to extract enough gas to fuel 2 x 435 
kWe Waukesha engine-generators. The successful operation of the engines had led to 
substantial reductions in electricity costs. 

One problem with gas recovery at this landfill was that heavy rains kept the landfill 
saturated, with water table up to within a few cm of the top of the fill. It turned out 
necessary to drain the fill before any gas extraction could occur. Horizontal drain pipes 
were put into sides of the landfill to drain the water level down so that gas extraction 
could occur (landfill permeability to gas, i.e., porosity, is required for most of the 
conventional means of gas recovery). Then a gas collection system consisting of 
horizontal pipes was placed over the waste and waste placed over that. Enough gas could 
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be extracted so that 2 x 435 kWe Waukesha Engine-generators cwld supply about half 
the electricity to a nearby university 

2. Vietnam Landfill Projcrt: (Reference: Augenstein et al., 1996) 

A conceptual bioreactor landfill design was carried out for a proposed project thmugh a 
UNDP program in Hanoi, Vietnam. With a wade stream of 500 t o ~ d d a y .  the waste 
was assumed to be high organic, thus with substantial gas potential. The further 
assumption was that landfill containment approximated the rather stringent lining 
requirements of the United States. This was assumed necessary to allow the financing of 
a controlled landfill project by int~national banks andfor aid organizations. 

With these assumptions, the cost of a landfill was found to mnge US 5300,000 to 
S500.000 US per US acre, or h m  750,000 to 1.25 million per hectm. Surprisingly, 
the net outlay per t o m  of waste filled, at 60 A (18M) depth was only US $5-S9 per 
tonne. Furthermore, the incremental cost to implement a "controlled landfill' v- a 
lined conventional landfill to OECD and US containment standards. was calculated to be 
US S 1.20- 1.80 I' tonne. The reason for this low u ~ t  of the controlled landfill is that most 
containment and other costs-such as for control of leachate liquid mined from waste- 
will be present whether full decomposition and gas management is practiced or noi 

With all of these assumptions, the cost of gas, exclusive of cleanup, was projected to be 
about $0.50 US permillion Btu. The electric potential for Hanoi was estimated at a r o d  
6 MWe, a very significant amount for that city. The design assumptions made were 
were recently confirmed by data collected at Yolo County (see below). The m*hane gas 
yield may however have been high by about a factor of two. Even with (his di-t. the 
overall project is still very attractive situation from a renewable energy stadpoint This 
type of project should be considered in all Developing Countries with significant MSW 
collection. 

3. Marina Landfa near Monterey, California: (Ref-: Augenstein and Pacey. 
1996). 

Pacific Gas and Electric and Monterey County annmissioocd and cost shared gas 
extraction tests between 1977 and 1981. lben Plhner Capiul, after a bid process 
installed two Waukesha Engines (first Dee 1983-second Feb 1984) at the Marina 
Landfill. A switchover to Jenbacher (German) d Caterpillar Engines o c c d  in the 
late 9Vs. The generation is now up to (I &male) about 2.5 Megawatts. The Montemy 
Regional Wane Management District (MRWMD) has had a per-kWh paymatt and a 
capacity payment which is earned by being available to g m t e  pow= during the peak 
summer demand season. Marina now avmges about 4 cmtdc'#% from the electrical 
@id. 

As the result of a complex series of transactions and low powa revenue. Palmu Capilai 
gave the Waukesha Engines to hlonterey County for a s~gnificant tax writeom. The 
County replaced Waukesha Engines by low-emission Caterpillar 35 16 and Jmbacha 
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Engines in the late 1990's. About 7 million tonnes of waste now in place. Generation has 
grown to about 2.5 Megawatts. This may be the longest running landfill gas energy 
facility in the world. 

4. Yolo County, California: (Reference: Augenstein 1999) 

Yolo County initially commissioned a landfill gas recovery study in 1983, conducted by 
EMCON Associates. Recoverable gas projections were also made using an available 
model An intricate bid process followed which culminated in installation of 3 
Caterpillar G399 engines at Yolo County. On startup these engines encountered a series 
of problems which are now straightfoxwardly avoidable: Combustion products of 
chlorinated hydrocarbons--common in the landfill gas from discarded solvents and 
aerosol propellants--corroded piston rings and cylinders (now seen as avoidable with 
alkaline engine oils) Hard groundwater resulted in deposits in the engine cooling water 
jacket (avoidable with softer water treatments). Insufficient landfill gas cleanup allowed 
excessive valve and other wear. However repairs and revised operating procedures were 
successful in reducing problems. The engines are in their 14th year of operation, and 
currently producing about 1.5 MWe. 

The Yolo County operation is notable particularly for its piloting and now larger scale 
implementation of a "controlled landfill" approach in which biological conditions are 
optimized to accelerate waste decomposition to methane. This is combined with 
increased recovery of the resultant rapidly generated methane from the usual 65-85% to 
over 90%. The technology has received support from the US Department of Energy 
Greenhouse Gas reduction program as well as the State of California. The Department of 
Energy sees the technology as a waste management route with potential to ultimately 
lessen world greenhouse gas emissions by 3-5%. The State of California sees the 
technology as a way to add 1-3% to the California electricity sup[ply in the form of 
renewable electricity. 

5. Landfill Gas Fueled Boiler: Raleigh, North Carolina: (Reference US EPA, 
Landfill Gas Energy Utilization: Technology Options and Case Studies, 1992) 

In Raleigh, North Carolina, a boiler fueled by about 900 cfm of landfill gas generates 
steam at a rate typically near 24,000 pounds per hour to meet the needs of a 
pharmaceutical plant. The energy conversion system uses gas collected from a nearby 
municipal landfill. It consists of a pipeline system, a boiler, and the building housing it at 
the pharmaceutical plant. Capital investment for the pipeline, pumping station, and boiler 
totals approximately $900,000. Gross revenue from steam sales to the pharmaceutical 
plant are about $450,000 per year. 

The history ofthis project provides another example of complexities that can be 
encountered in attempts to find appropriate landfill gas energy uses, and then to 
implement a system. Securing needed landfill gas rights was difficult; much further 
analysis and investigation was also involved in the selection of an energy application and 
user. 
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6. Prince Gcorga County, Maryland: ( R e f m e  US EPA. Landfill Gas Energy 
Utilization: Technology Options and Case Studis. 1992) 

The Brown Station Road landfill in Price Georges County about 15 miles east of 
downtown Washington DC. Gas from the landfill is use to supply both the electrical and 
the heating needs of a County building complex and also electricity for export sale to & 
local utility. The energy equipment comprises a landfill gas cleanup and pumping 
station, a 2-mile pipeline, three engine generators, and a boiler that s u p p ~ u  the heating 
and hot water system for a local correctional facility. 

The project produces 2.3 MW of elecbical power, which has displaced nearly all ofche 
outside electrical power needs of the facility. With the heating system in place external 
fuel purchases are quite low. The resulting fiscal effect has been significant for the 
county. 

5.4 Training Needs 
Landfills are an established technology that can be mdily adapted for most Indian 
conditions. In addition, because of the new Supreme Court mles on MSW, a landfill 
consauction program is essential. The burden of implementing the MSW ~ l e s  falls 
largely in the shoulders of the urban local bodies (ULBs). The shonesc course tow-d 
compliance with the Rules is train ULB officials, and staff both administrative and 
technical. 

As part of the project development process, it is highly recommended that the ULBs 
engage as soofi as possible in a training program that helps "jumpstart- the pam. 
While several formats are possible for implementing a baining progam, folloaiog is a 
possible outline for ULBs to follow, working in conjunction with regional infnrrrmcnrrc 
authorities such as iDECK and various federal agencies such as the Minimy of Urban 
Affairs. 

What follows is a stylized outline for a fiveday baining wurse to train Indian enginem 
in the design and operations of Landfills. The training course curricula is summarid in 
Figure 4. This training course would have as an objective to allow officials from the 
LXB - and perhaps other professionals representing the he consulting enginaring 
community. regulatory authorities and other regional agency officials to proceed to a! 
least the site seledion and preliminary designs for landfills. It would allow municipal 
and other government officials lo review, evaluate, approve, inspeck and approve such 
landfill designs. It would allow regulatory officials to set the regulatory framworLs 
appropriate for specific local and genaal State and Indian conditions. It would allow 
municipalities to comply in appropriate time and certain budgas with the imminmt 
requirements of the laws. And, most imponantly, it would provide rhe n w  material for a 
program of "demonsbation" pmjects. which would be actual full-scale landfill d a i p  and 
operations projects. 



Such a training course would require a full week. A faculty of some four to five 
technical experts will be required to teach all the different components of landfill design, 
and will require roughly 25 -30 hours of lectures, plus exercises, practical work, reviews, 
discussions, etc. A student body of some 30-40 would be a good number to put through a 
first course. That would provide a sufficient pool of expertise to develop at least the 
initial stage of a landfill technology cadre, that would be able to handle the regulatory, 
administrative, planning, design, construction, operations, monitoring and management 
of such projects and enterprises. With this many instructors and participants, at least two 
concurrent sections would be recommended, with slightly different schedules to allow 
most effective use of instructors. 
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FIGURE 4: Styliznl Landfill Training Cmnc Cmrrbh 

Part I -Overview for Senior Mm.kipll M..8gers 
1. Regulatory issues, cornparing Mia, U.S., EMpem and developing m m e s  

MSW rules governing waste t r e a m  and disposition 
* Benchmsrking - review of case studies from abroad 

2. Assessment process 
= Initial site selection 
= Technical and economic review 

Tender development for management support contract 

Part 11 - Tccbmicd Issues for hlid-Lcvd Mmnkipd M u . g m  
3. Site selection process 

Technical site assessments (geology. wbn planning, etc.1 
Data collection (e.g., rypes of data needed and melhads of collsbon) 

= Benchmarking existing waste volumes and methane emissims 
Legal and social issues 

4. Landfill integration wilh waste collection and bansfer slatbas. delivay mcbods eU. 
Assffsment of current waste practices 
htept ion with 0 t h  related prachca (such as composhng) 

5. Data collectio~'vcrification 
= Waste composition assessment 

Detailed slrrvey of c m t  and anticipated waste volumes 
= Site conditions (e.g., geology and wil moistwe) 

6. Engineering of landfills 
Vendor selection process 
Site preparation process 
Construction and commissioning 

7. Emnging technologies in landfilling 
Biomctor landfills 
Other technology options 

8. Landfill operational practices 
Developing Standard @mating Rocedures (SOPs) 

= Daily procedures (daily cap. monitoring. rotation. etc.) 
GHG hieasuremcnt, Monitoring and Verification systems 

= Power generation options 
9. Long-term issues and monitoring - Landfill mining I 

Granhous gas mitigation 
DcmonsbationpmjecU 

I 
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ANNEX A: 
SELECTED RECOMMENDED LITERATURE CITATIONS ON 

LFGlGHGEMlSSlONS FROM LANDFILLS 

These following annotated literature r e f m a  are i l l d v c .  and are meant only as 
examples of publications that are recommended for development of a future annotved 
resource b a .  for LFG abatement applications in h e l o p &  Countries. Copies of the 
cover pages and executive summaries are provided as part of Annex A. 

1. Augenstein, D.C., and R. Yazdani. "Landfill B i o m t o r  Instrumentation and 
Monitoring" Roceedincs EPA Workshoo on Landfill Bioreactors, Wilmington 
Delaware, 1995. Review of methods for in situ sensors in landfills including 
measurements of gas recovery (gas flow and total flows). including pitot tubes, orifice 
systems. venturis, vortex shedding mclhods, thermal dispersions, W i n e s  and positive 
displacement, along with turndown ratios or ranges, and issues with in field applications. 
Problems in applying such methods for the large variation in gas flows commonly 
observed. This is a key paper. 

2. Augenstein, D. and I. Pacey, 1992 "Landfill Gas E m  Utilization -Technoloq 
Ootions and Case Studies" U.S. EPA Report About 200 pages. This gives case studies 
of landfill gas use at 6 U.S. and 5 U. K. sites, including modeling. the tuning of landfill 
gas extraction to fuel engines, and many other related practical topics. 

3. Vogt, G. and D. Augenstein 1998, "Comoarison of Models for Redictina Landtill 
Gas Recovnv-a IPlandfill Study" Available from the Solid Wata  Association of North 
AmRica (SWANA) Silver Spring, Md. A study of landfills to correlate methane 
emissions with models. See Text for discussion. This is a detailed technical repon on 
landfill gas measurements. 

4. AugRLstein, D.C., D.L. Wise, N.X. Dat, and N.D. Khien. (19%). "Compostingof 
Municipal Solid Waste and Sewaae slud~e: Potential for he1 m woduction in a 
~eve lo i ing  Counhy". ~esource eo-ation and ~ ~ l i n ~ i 6 :  >65 - 279. Discunion 
of technology for anaerobic cornposting (biorractor laadfills) as applied to a developing 
wunby (Vietnam). Provides liner designs, gas recovery estimates and cost estimates. 

5. Gas C o n h l  Engineering, lnc. (1997) Landfill Gas ODaatiw & Mainteaawe Manual. 
SWANA -(Solid Waste Assuciation of North h a i c a ) .  Appx. pp. 300. Match 1997. 
Detailed technical manual in easy to use format of all thing LFG. Much practical 
information, form L.FG collection to flare opentiom and much, much more. 

6. Edehnann, W. K. Schleiss, and A. Joss. (2000). Ecological, enagetic and Eanmmie 
comparisons of anaerobic digestion with different competing technologies to brat 
biogenlc wastes. Water Sci. Tshn .  41: 263-273 (2000). L d e d  at different 
compostibiogas plants and combinations for C@ and CH4 emissions. ". . . even in 



composts which are reversed very ofien, there also exist significant methane emissions, 
and ii) in digestion plants there is a considerable potential of methane emission even if 
just a small part of the organic breakdown takes place outside the (enclosed) digester. 
The measurements were taken on existing plants.". This is a most important finding for 
GHG emissions, as it demonstrates that composting plants are sources of methane. 
Indeed, composting may produce more CH4 than bioreactor landfills depending on their 
exact operations. 

7. Eam-o-pas, K., T. Wetherill, and B. Panpradist. (2000), Landfill Gas Generation and 
Recovery in Thailand. Proceedings 2nd Inter. Conf. Methane Mitigation. Novosibirsk, 
Russia, pp. 631 - 638. One of the few papers addressing methane emissions from 
landfills in LDCs. The differences in waste composition, moisture content and rainfall, 
temperature, and landfill practices makes most models and conclusions from U.S. and 
European practices inapplicable. Waterlogging was a major problem in the initial 
landfill, for example, making gas recovery impossible. A new landfill with better 
leachate control was operated with LFG recovery. The model used was based on the 
IPCC model based on an exponential decay with discount for gas emission prior to 
landfill closure. The main parameters were the methane generation potential (estimated 
at 50 m3/t) and the decay constant, set at 0.1 Sly, compared to U.S. values of some 100 
m3/t and 0.04. They estimated some 300 m 3 h  of LFG to be recoverable from their 0.5 
million ton landfill (18 m high, density 1 dm3) once it was closed in 2000. Gas 
production is expected to decline by half in ten years. They demonstrates the problems of 
making such estimates and need to consider local conditions, including weather and 
waste composition. 

8. Diot, M., et al., (2001). Using a Landfill Mass Balance Model for examining Methane 
Pathway Field Measurement at Landfills. Proc. SWANA 6" Landfill Symposium, pp. 
193. Compared methane measurements collected, emitted and oxidized with models. 
Reviews measurement methods and results as applied to landfills in France, including 
tracer methods, chamber methods, isotope methods (for bacterial methane oxidation) 
and compares results to models. A good example of the current state-of-the-art. 

9. Dept. of Environment (UK). (1997). Landfill Design, Construction and Operational 
Practice, Waste Management Paper 26B. A detailed design manual with much practical 
information. Comprehensive, practical and useful. 

10. Humer, M., and P. Lechner, (2001). Microorganisms against the Greenhouse Effect 
- Suitable Cover Layers for the Elimination of Methane Emission from Landfills. 
SWANA 6" Landfill Symposium. Excellent paper on using passive diffision baniers of 
composted MSW for microbial oxidation. Demonstrates both the potential, limitations 
and pitfalls in this process. Clearly more R&D is required, but this is an excellent start. 

11. Eden, R.D. and R. Smith, (1999). Guidance on Best Practice Flaring of Landfill Gas 
in the UK. Proc. Sardinia 99, 7Ih In. Waste Management and Landfill Symp., 
Review of the interim internal technical guidance fro best practice flaring of landfill gas" 
from the UK. Excellent guide to best practices as currently established. 
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12. Starka, F., et al. (1999). LFG Biofilteron Old Landfills. Roc. Sardinia 99, f in. 
Waste Management and Landfill Symp. A passlve gas venting system combined with a 
filtering unit containing coal coke. A good example of the use of microbial oxidation for 
the deshuction of methane in an actual landf~ll. 

13. Dammann, B., J. Streese, and R. Stegmann (1999). Microbial Oxidation of Mcthne 
h m  Landfills. Sardinia 99. 7" In. Waste Managmt. Landfill Symp. Bench wale srudia 
with MSW compost. Although experimental, thidata is con%incing, compost works 
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ANNEX B: 
OTHER PERTINENT LITERATURE CITATIONS ON 

LFGlGHGEMlSSlONS FROM LANDFILLS 

The following refercnca are provided for background reference only. Many o f tha t  
sources may not be as suitable for Indian conditions, but are nonetheless worthwhile for 
background purposes. The cover pages and executive summaries are not provided in this 
report. 

1. Savage. G.. L. Diaz, and C. G. Goluelte. (1998). Guidance for Landfillinn Waste in 
Economicallv Develovine Countries. US. Enmmnmenlal Protection Agmcy, EPA- 
600/R-98 040 April 1998. pp. 400. COMMENTS: This is a generic rcporc rhat provides 
a very general, superficial and outdated guide to landfills. Landfill gas issues are kated 
cursorily, with ihe only reference to landfill gas modeling dating to 1979 (!)and most 
other references almost as dated. Technologies listed for LFG management (e.g. landfill 
gas drying using triethylene glycol) arc inappropriate for even dwdopal m b i e s .  

2. Bader, C. D. (2000). "Bioengineering. A Spun in Technology in an Unexpected 
Area" MSW Manaaement 12(4): 32 4 1 (2002). A superficial and comol~cly uacritiul 
review of all new &d novel tkhnoiogies for L~SW m&agemmt, from h e  yolo Counr). 
bioreactor landfill project, to microturbines anaerobic digestion and even ethanol from 

~ - . 
MSW. 

3. SWANA (Solid Waste Association of North America). Annual International Solid 
Waste Exmition. Latest : 39" Annual h e e d i n s .  "WASTECON 2001" (October 
2001, ~ a k m o r e ,  MD). These Proceedings cover k whle  MSW field. incl;ding somc 
half dozen papers on LFG of specialist interest. One paper ( see 117) reviewing bi-tor . . . .  . - 
landfills. 

4. Sullivan, P.S., R. B. Green. (2001). Air emissions. Methaw Genention and 
Recovery and Energy Potential fonn Bioreactor Landfills: Comparing thc Theoretical to 
the Actual." SWANA (Solid Waste Association of No& Am-). Proceedings 3 p  
Annual International Solid Wane Exposition, "WASTECON 2001" (O*oba 2001. 
Baltimore, MD). pp. 243 - 250. A very general m~ew o f m e  half dozm bioreacta 
landfill projects, without specific data presented. Concludes that biorcacbr landfills can 
increase LFG production wilhwt increasing fugitive emiuions. 

5. International Waste Management and Landfill Symposia Tbtse Symposia are 
0rga~Zed by the CISA Environmental Sanitary Engineaiog Cmter, Cagfiari. Italy, and 
are held every two years in Sardinia (latest 8*, held in 2001). Latest Pmadings 
Available: 7" (1999). The proceeding are vmy extensive and expensive. but have few 
papen of specific interest 

6. Gallc.B., J .  Smuclsson. G. Borjcssw and B.H. Svensson. (1999). Mcasurrmcn~ ol 
Methane Emissions from Landfills usmg FTlR SpaWorop)r. Proc Sardinia 99. -* Int. 



Waste Management and Landfill Symposium. CISA Environmental Sanitary 
Engineering Center, Cagliari, Italy, pp. TV-48 -54. This technique is very complex and 
requires "better meteorological supper.. . as well as model development, before reliable 
results can be obtained". 

7. Scharff, H., and A. Hensen. (1999). "Methane Emissions Estimates for Two Landfills 
in the Netherlands using Mobile TDL Measurements". Pror. Sardinia 99, 71h Int. Waste 
Management and Landfill Symposium. CISA Environmental Sanitary Engineering 
Center, Cagliari, Italy, pp. N-48 -54. The technique used, "Tunable Diode Laser" 
measures a methane plumes some 0.5 to 2 km from the source, at a "moderate cost" 
(about $8,000 per "campaign"), but this is a research tool not generally available. Data 
collected could be fitted to the LFG landfill emissions models by "with an assumed 
oxidation level in the top soil of 50%". The authors admit that maybe the model is too 
high and, thus also their assumed surface oxidation. They demonstrated at one landfill 
that a year after start of LFG extraction CH4 emissions dropped by half, but the reliability 
of this is uncertain. An interesting approach, but not validated yet. 

8. Block, D., (2000). "Reducing Greenhouse Gases at Landfills". Biocvcle, April 2000. 
41 - 49. A general overview, including of bioreactors, both aerobic and anaerobic, as 
well a s  of compost covers and C storage in soil from compost applications. Biocycle 
magazine has an editorial policy not to allow any critical commentary ofany technology. 

9. Garg, A., Bhattacharaya, S., P.R. Shukla, and V.K, Dadhwal, (2000). "Regional and 
Sectoral assessment of greenhouse gas emissions in India." Atmospheric Environment, 
35: 2679 -2695. This paper provides a general overview of GHG in India, including an 
estimate of MSW (using IPCC default values). Recommended only for background 
information. 

10. Baldasano, J.M., and C. Sorlano (2000), "Emission of greenhouse gases from 
anaerobic digestion processes: comparison with other municipal and solid waste 
treatments". Water Sci. Tech. 41: 275 - 282. This short paper compares total CH4 plus 
CO2 emissions for various treatment processes based on stoichiometric conversion factors 
(ignoring non-degradable waste fractions or kinetics). Contrary to IPCC guidelines treats 
CO2 emissions from biological sources as a GHG. Composting is considered strictly 
aerobic. Results not interpretable. 

11. Hellmann, B., et al. (1997). , Emission of Climate-Relevant Trace Gases and 
Succession of Microbial Communities during Open Windrow Composting" App. Env. 
Microbial., 63: 101 1-1018 . This paper is one of the few that discusses, and measures, 
CH4 and N20 emissions from compost piles. Emphasizes measurements of microbial 
communities rather than quantitative trace gas emissions. Recommended only for 
background information 

12. Jennings, A. and A. Cox. (2002). "Electronic Nose Technology Applied to Landfill 
Odors." SWANA 7Lh Landfill Symposium. Application of the "electronic nose", which 
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me- several organic contaminants creating odors. Difficulties in wasuraaenn 
detailed. 

13. Cohen, S.H., (2002). International Project Development: Gathaing Dua to Suppon 
the Next Frontier for Landfill Gas Utilization. SWANA 2sh Annual Landfill Gas 
Symposium. 
A project to evaluate LFG utilization aod mitigation oppMmitia in Developing 
Countries. "...data base still in its early stages" Could be a resource base for future 
projects. 

14. Weitz. K. and S. Thomeloc, "EPA Applies MSW-DST to Assas its Oan 
Composting Options". MSW Management 12 (4): 16 - 23 (2002). 
A comparison of three options (landfill, on-site compostin& and off-site composting) for 
treating the waste generated by the U.S. EPA' campus at Research Triangle P A  in N. 
Carolina, using the MSW management "Decision Support Tool" developed by the US 
EPA. This is a v ~ y  small waste generation, about 175 tons of organic refkc (5Th food 
wastes, 35% yard trimmings, and less lhan 10% paper and animal bedding). Still tbe 
results were instructive: on s i t e  composting was the p r e f d  option overall. but 
landfills were superior to off-site composting because of differences in mmpomtion 
impacts. Although interesting not a widely applicable result. 



scenario". The experience of the KCDC in composting Bangalore MSW should be 
reviewed for an 'everyday' scenario. 

"The performance of composting units in Bangalore has been a mixed bag" (Page 3-31). 
Although not amplified in the Report, we understand this to be due to problems with 
compost quality, inherent with MSW, due to lack of initial segregation or separation, 
which results in plastic, glass and metal in the compost. Marketing has also been dificult 
with MSW compost with prices (page 3-31 to 3-33) being about 1,000 RupeeslMT (see 
also Yazdani Report). However, the Reports (e.g. Chapter 9, elsewhere) states sales 
price of some 1,550 (US $3I/MT), escalating some 12% every two years. However, 
these matters are not further addressed here. There is not discussed the type of waste 
that would be landfilled, in either option. The plant design and process economics 
(Chapter 9 "Estimated Cost of Operations") are based only on Option 2. 

The compost process is assumed to be completed after 6 weeks (42 days), and there is 
little provision for curing and storage of compost on-site. More land is being acquired, 
which is needed to expand the compost operation to the full 680 TPD, as the present 
Kannahalli site only accommodates some 500 TPD. The plan is not to increase the flows 
to these sites over time. The calculations for the volume of windrows, in our opinion, 
appear to have been overestimated by almost two-fold in the Reports (the actual number 
is about 12 m3llinear meters, rather than the 23.5 m3/m stated on page 7-23, line 6). The 
exact value depends on the actual shape of the windrow (e.g. hemispherical or straight 
side with dome, as shown schematically on page 7-23). Thus the composting operation 
may require about twice the area anticipated. This calculation should be checked. 
(Yazdani reports that KCDC operates a 350 MTIday composting plant on 15 acres now). 
Also the windrows appear to be rather large in comparison to best practice windrow size. 

The stated quantity of the "Digested Garbage" produced is given 364 TPD, at some 900 
~ g / m ' ,  an almost 50% by weight and 70% by volume reduction. In our opinion, this 
result seems to be significantly overstated. The digested garbage is then processed by 
two stages of trommel screens to separate recyclables, producing 336 TPD of 
"Semifinished Goods" and finally 280 TDP "Finished Goods". The loss !?actions are re- 
digestables (to be ground and returned to composting) and "remnants", which are 
landfilled. From this basis 80% of the MSW is "biodegradable" and composting will 
reduce the total weight of that fraction by 50% (Chapter 9). This calculates as a decrease 
in some 84 tons due to the processing of the "Digested Garbage". However, the Report 
(Table 8.4) states that the "remnants" from the composting plant that are to be landfilled 
amount to 105 TPD (year one, Option 1) or 70 TPD for Option 2. These mass balances 
appear inconsistent and should be rechecked. 

From a GHG perspective, these are passive windrow composting operations, which 
apparently are only turned once a week. The large size of the windrows, their 
compaction, and infrequent turning, suggests that passive air diffusion will be the limiting 
factor (as it always is for passive systems), and there will be problems with odors and 
time to completion. The greatest impact, however, may be on compost quality, which is 
critical for its marketing. Sufficient experience exists in India, and Bangalore, to allow 
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Y an indepth discussion of these process. From a GHG perspective, IIK major issue is 
the amounr of methane gas that would be generated h m  the compost piles, as well as the 
fraction and methane potential of MSW that will be landfilled, borh unlmoums and 

* I -  further discussed in the next section of this report. 
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A number of ladfill bborcrcor mcuurrmcnu a n  be &I# io d o D M &  controltbg, md 
assessing pmgrcsr of stabilization. UKW -Q lachdc moiraPc amuat, moinurr 
movement md tcmpcnnuc within waste, L+ch.tc I b w  and cornpasirloo, rad kwb.tc pH. 
Thc *nee& Puuf-don of tbc orgrnk fmxion a n  be m u s d  dYough gu 6oW m a ,  
p s  composition, and volume duerion. 

Diomsuwr IandGU rmuurcmeno may bc -in6 eompusd wid lnclrurrnrao for 
'convmtiod landflb. For example. p a  ~~ is  n good inda of 
B i o m c r o r g r c r r c o ~ n m r m v u y o r t r E i m e ~ C r o m b o u n ~ ~ . ~ , m d r r r  
ohen ditfrcult to predicr W& hutrumcat ~ g c .  and cumularhc m 
nmswrp. In siw monitoring in fhc Lndtn enriroaWnr rrqubtr rokpt lad 
careful inslJLrion pcbniqua. In-- benron roq\tirc M, rbkh c m  be 03 

breakage; l e d  and seeror proletion c m  k ucompli.hcd by nhur mmas Ddtdiqg 
mclosun: in rugged pipe. This document pmvider a @ of rcu~ar for mriouJ 
meuumnenrc. inswumcnntion rypg md eppmachu for u k h s i q t  Iome COmmoi) 
problems. 

Wirb *conventionalm IandGUing--defiacd hem u rbc p- u mon US. IradIiDF-rua i s  
placed in c d o -  m aisciog re@aLiOas. Thrr i s  no purkular arrcmpt m 
condidom within the waste to fidimtc bb&q$d rrrriopr. Waste doas .ha 
l d h g  ( a h i t  rIowfy), bmwer, and grr m q  h pKt*rd Comarbocll 
landGIling usually has rrtha limited meuurrmcDt needs raodrsd with it. Thoe 
indude monitoring of a s m  rbor+  OW .xd -b rcmtiD r r k w  
co-L ~ o m e t i m c r ~ i r m o n i r o r i n g o f g m d ~ ~ . r d d m c r b a e ~ , d c r r m i a e i f  
thm is underinble mignuon of dissolved or gucwr S p d u  h sup W SWJWdiingr. 

An alumlivc to 'conmiionfl przctia is u, uunae tbe IandfiU n a bkranor iu & oo 
f a & ~ t c  and s p e d  biolo@nl medonr, mcrhne gmenrioo, d - &badno. (This 
has k e n  rcrmed 'mnuolkd tandrdling,' wid, rbc b e d  rrkmd to as a 'biorruuu iandfii.' 
Borh anns are wd below.) Conuolkd W i  a d n n u l p  can todude - w h m e  
d u ~ l t o h b u r t . s e d e w r w f e c 0 r c r y . d ~ o C ~ ~ ~ o o r a . u  
addressed in other--\tioar oi- sytnp~aiwn ~pcrrtion of the ~ . l d ~ n  as a biorrvtor 
will benefit fmm monitoring and control of a vuicg of w e n .  Lvluding @ut mt limired 



are subject m breakage. High forccr on lcrds and bmlrngc can occur u wute  is compacted 
/ or, lute-r, us wdstc subsides with decomposition. 
.L 

Evcn Wlh such limiutions, moisture measurements within the wasre can be of high value. 
Readingr from a sensor can verify arrInl of m o i s ~ r e  nr n given point in wertc. M o t t u n  
madings fmm sensors arrayed in a network throughout rhc wnsu mass prc good indications 
of wherhcr lcachatc recycle or other hydntion means arc effcctivc. Hystcrcris may k a factor 
(and shorten sensor lifet~me), but thcsc arc not great problems; redEcarion of initial rnobture 
arrival is most critical, as it is likely &at, once arcned, waste will m a i n  sufficiently wet for 
biologial activiry. Thc lead breakage problem cur be addrcsscd an discussed below. 

Gas or  mrthmc generation (normalized in tcrnu of wlumo per unit of dry waste) may be 
considered one of the best indicators of thc progress of srabillzodon. The relathrc rnrc oi 
gcnaari-ompmrcd wth  typical h d l i i  mtes of 0.03 ra 0.15 I? mclhrnc per pound of 
waste per year (3 to 10 Ukdyr)indicnm wherher enhancemcnr methods uc successful in 
accclci~ting the normal rare of dnompo8ition. Thc rod cumulative pention-- in turn a 
rcflelion of Qe mas* of wastc conwxud ro w a y  be one of the best reflections of thc 
define to which srabilization is analned md, of coursc, of energy recovery. 

Mc~hods that may be applied to mcaswc gts flow arc shown in Table 2. It should be noted 
. here &ax biomcmr landfi gas recowry mevurcmmts hwe bccn obscrvtd to bc more 

demanding than such mcasukmenu with conventional lmdfis.  The flow (ram bioreacwr C ImndOU secton o r  cells may change mpidly, and wiations of an order of magnimde or more 
(for nrious rrasons) have bccn common (2.4). Figure 2 illwuatc~ flow as measurrd from 

- one t u t  txu in rht Mountain View, California, dcmona~tion cxpcrimenL Similar fluctuations 
have bcm mutinc in other Vials (4). "Conandonal" Iandfii meamnmmt spprotcha using 
lnfrrquent, (say weekly) 'point in time" mcnsurcmeno cnnnor accurately establish the rare of 
generation or the cumulntive generadon total of such a fluctuating e~ flow. In addition, 
limircd nngeabilfties or common p-&pbved picot w k  and oriace me- (and 
vennul and ~ r b i n e  when used) cannot accornmOdrcc odcwf-magnitude flow-mtc variations. 
IdcdV, biomactur landfill gus nxovcry flow monitoring should combine cumulative volume 
measurement wirh wide range and contamhmt msismnce. This would d s o  d o w  comccion 
for tcmpcnturr and prcsrurc variodon, dlhough such mrrectiom am usually minor. No 
method combining dl desirable fatuns hrs yct been reporred in n biorucror h d W  
operation; however, there are m c d  that should work (e.g., a comion-mistant positive 

'' displaccmcnr meter with tempraturdpressure cornpensadon). It La dao w combinc 
two or more mcccm that rcly on differing measurement principles for rcdundnnce; a p e m a t  
berwcen two or  more methods would rtmngly suggest accuncy. 

Though rhe flow of movered gas may bc measured arrurpuly, gcnenrion ir often the 
mepswtmmt actualty desired. Generation measuremmt can still be n e p d  by p s  leaks. 
Thew can comprise either leakage of gas Our &mu& conuinment (surfroc clay or  
membrctne) or, in some cnrer, Lnfilvrtion of air or gns ftom rhe surroundings inw rhe wnste. 
On f q  it appears thnt full mcovey of gpr has not been validated in any biomactor landfill 
rest to dare-which among o&er things hns limited material balance closures.) U'irh some 
typcs ofmntninment design, it should be posribk to detect and mrnpmsatc for Icalu. Leaks 
may be dcttcrcd, and size of leak wdmated, by following air intrusion (i. t.. exit grr Nd0J as 



T ~ p u a ~ ~ ~ i n w a a c ~ i m p o ~ ~ & e o n ~ t h . p o g m r i t d o r b a b l o k e k J n w t k n r  
(drhough it now rrcdm linle aaartion m a #omactor Mi vui.blt). Udmoe  
fcrmcnulioM a p p r  m foUow a durk.l Arrhcnius rrrrion nu trmpnouc dcpmdmfc 
rewnabiy well; Figure 3 prnerru the krhart~r plot of nte co-r dam tOm s& di&mt 
methane fermtnrntion invutigtion. (9 erhricbg m E. of about 15 IcdhoL ( T c m p a a u c ' s  
importance is IUusrr.led by rhc rare connmt's SQfoM iocmse krwna 1O'C and 55'C) 
Landfill core sampler hzrc shown s i m h  rcmpem~wc dcpendmcc for auchae gcnaarion 
(6). What could be umed 'themd dfm' - oaw M w e  is PUprd by 
methanogmau, which is cmrhcrmic. ahUc rhe * =mpcnmc i s  bn by 
conduction from the Ci (2,3.7). Thc ororbcrm d mcduaogacsk sn bc rufficicnt to anrm 
anru to 55'C 10 60'C at which point m c l h a n ~ k  may k inhibited. imporuot 
coluequeacu ate *r merent porrioas of the -u may dcmmpav u sulasaoddy 
diffclcnt ntu as ternpenrum varies by k d c i  coo- mty k nmrwr). in dtualionr vhcrc 
rempcnnue can a c e d  55'C u, 60.C Tempenturn monitoring cur k us&l in iden- 
there situations. 

Sensing rrmpmnuc k gcMnlly stnighdomud urhrg hmman@u or fhurnkron. 
Tcmpenwre md moimM rcculng u e  u d y  combined ar focrwns cbc waste. The 
principal p b l e m  with tempcmnue r w t r g  withim rhe waste. common m dl sensing ria 
the -re, is lcad prorection, discussed blow. 

Lachate m m p i t i o a  and chmcrcrblia u n  d m  w h e h r  codhiom .rc suipble b r  
biological reactions or wbCIfiU fbCTr are dtuadom needing a ~ t m t i m .  Irrkrn s b u W  be at 
near-~umlpK Tbepriodprlcorr*mwouhlkhighkrtLdag.nic .dbdbapH 
(below about pH 6). These iadicare 'stuck' andiraPr d m  a n  iahfblr n d u m  Sucb 
condidom, if mom h a  trrPsirory, rcquLe rcmcdhl .niopbl bnc rdAirin. & w i r b d r n l  
and -la-- of acidic ladnu through rbe ruor. (Either .pp.orh rhould 
nonnally facilirnte mehnnogcads.) Othu chYKIcrirtfa of krctutc may be m m U e d  
impomnr in gkcn siaulionr. AUdinity rr&m ch. ca.prbiv of k K h ~  oD buffer o+gmk 
acids rhrt a q  k formed in bunncdhtc s u p  of decompirion. Nuvien4 sucb u 
phosphate and k c  unmonir, may k ol fn- Nuvkilu in wmu a p p a r  ronnJll w be at 
kut minirml kvck oocdcd for decomposition. Supplemmuriop m q  xitl k dedrrd, 
h o w e v e r . m d ~ d f r c e n u u i t a c k r c b & k w h . u i a d i o t c ~ s u ~ r a r i o a  
may bc useful. (laeh.te nurrjtnt k b  n@at abo be d l c d  rlcb ma of- 
degndarion in aperaeaul amdous.) leachate b&c&micrl olrllgcn demud (BOD) .ed 
o r g . n i c d d s u e o f c n ~ p l d g r i l i c m o c . u B c s t r e 9 # c h ~ p a e d m g a m d  
w u r .  Still orher -tics of kPcha may .Ira k d tnm-asaap for brhibiw 
activity of lacbate -9 be important in ahac m c k  -lion rb.n br unLmovn 
rewns. 

pH meoruremeaoofkachau our lbm (Tmmwaac -ofin-) a m a d y d  8.1 the 
liw and point of c o U c c r i o a  (h nod, pH below about 6 Ldiaw posribk 'd lie.. wid 
inhibird] conditions.) Ocher L~YF arc rlplcrlly mom O r p i k  rib uc but 
assayed by gu chmnumgrnphic metho&. Phosphau, uamon* nilmgaq v, and orhcr 
assays thar anay k desired arc wastewater tests. B i ~ I o g h l  pwatial  u u y s  



Hydrostatic heed can be determined by diieercntinl p-um m-.uremena, mosr commonly 
using mnJduccn. Prcasurc at thc base of dre landfdI must be compcnsatcd for gas pmsute 
ro gcr rhe true liquid hcad. P r c $ s w  can be rncasurcd at the base of rhe landfill m d  at 

&, elevations from one LO s c v c ~ l  feet above the buc. Pmssure versus hcighr rncasurcmenrr 
allow differenriarion of the head, which is duc to liquid (hydrosraric), and which is of 
regulatory conccm, from the pressure component due to gas. 

By increasing wasm-to-gas conversion, biorcactor l m d f i  openuon can subswnrially reduce 
landfilled waste yolumc. b s e n t d  wvre volume could be of major imporunce, insofar as it 
con v~nrlnte into grentcr npaary of the landfill to acccpr wasa for m y  given nnsu mlumc or 
hcighr. Volumc reduction em be svirightlorwardly followed by vocldng subsidence of surface 
munumcnw, as pncticcd in past rcra (3). 

Placement of In-Waste S m m  and LeadProtecHon 

In pasr field-scale demonrmrions, rnoiamre, icrnpernnuc, and other sensors hve typically 
been placed in wastc by eiJler of rwo routes: (a) insertion in pipcr within vertical boreholes 
drillcd ahcr waste is lillrd, or @) placement within waste as waste is liUed. Wtth the fmt 
roure, leads within pipes nre web protected and sensor rcplnccment is possible. This process 
c8n be costly, how-f, and sealing of rhc well used to place rhc. rcnsor may be a conccm. 
Better conlocring for rnobturc scnsos cnn be afforded by rhe second muu. W~th this route 
(i.c.. placement within wasu rs fdling occun), horizontal kad wires to the sensors need m be 
protected during and after f i g  of rhc waste. Bredcage may wcur wilh comp~ction rfisr :&' sensors arc placed or at M r  timer as waste subidri WUl dccornp~sirion. The majority of 
landfill biomctor tesu appear to have apcrienced some 10% of in s i ~  sensors. In some 
ca$es, losses of some qpes of sensors with horizontal lead plaammt have been cod .  

Lead breakage can be reduced by eadoaur. of leads in rugged ~ b i i  or plpe. P r e l i m i ~ r y  
tesb (8) have shown that among candidate protective pip (iicluding Rcxi'blc agriculnunl 
drainage and orher types) flexible W C  f i b  reinforced tubing best proteca l e d .  Chances or 
bmknge in lcsds can be funhtr reduced by allowing 50 percent more tubing then tht 
straight dismcc w rccommobtc lor seal em en^ Furrhsr #lack in the D C N ~ ~  lead--relative to 
rhc protccUvc rube-can help ensure that any strcssa arc borne by rhc nrh rarhcr &an rhe 
lead. 

Computotked Data ColIeiion and Promsing 

A complex Iysum such as a I d  biorcactor can now benefit h m  real-time moniwring. 
data collecuon, and convol. Rccenr ndruKes in w f t ~ n :  d decfcascs in rht cost of 
microproeesmr insuurnenution a d  contmlr now t m b k  ~ l l ~ ~ t i o n  of d o u a  outputs and 
dam Lorn = variety of s c ~ ~  simduneowly using a p e ~ n a l  compm.  5he rune aofranrc 
a n  contml openrions and knher  process archlvrd dam. Thc mflwarc has bccn devrloptd 
lor we in such applications as moniwring and control 01 heating, vcndnrlng, and dr 
conditioning (HVAc) system and control of chemical processing W. It appurs quite 

C adaptable to rhc needs associated with Moreactor landfill opcnuon as well. A supervisory 



Tabis 2. Methods for Assessing -6 R c c a v u y  (Fbw Rate and ToId &w) 

C 
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'Cmmbtion a m  bo ~ or nr+taniat; -&.= fp * -* - -. 



control 2nd data acqubttion (SCADA) system typically consists of a host computer linked to a 

mote telemetry unit (RTU) locnrcd at the landfii bioreactor size. It ua collect and archive 
real-rime data and perform control opemuons. Data collected ar chc landfi  bioreactor and 
r e l a ~ d  by the R N  to the host computer can be displayed to observe vends and archived for 
funre analysis. 

Conclusion 

This pnper has providcd a brief oveniew of some measurcmcnu rhat may be uxfui in 
monitoring and control of Iandfi bioteactorr. Readers should recognize t h t  orhcr 
measuremenu arc possible, and issuer exist that were not covered above. (Further discussion 
and information on the various possible mensuremenrs is also contained in 'Experimcnul 
Sysum Insuumcnrn~ion" by Dr. D.J.V. Campbell. An expn working group paper wns 
prepared for rhe Internutionni Energy Agcncy in 1994 [9].)  Biorencror landfill technology is 
st i l l  dmloping. Whcrc pmmctcrs were discwscd, it should be recognized that oprimum 
values for various panmctcrs (e.g.. nuuienrs, pl.1) in many respecs remain to be established. 
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a n  show toxic o r  inhibitory conditions. Assay cnn be performed soon aficr eollcction 
(holding timc minimized to limit associated composition changes). In some cases, however, it 
mng k convenient to f- samples on coUcction (which hairs composirion changes) until a 
number of samples can be assuycd simuluneowly. 

Lenchare flow rate can bc measured in several ways. In many cases, aowr can be estimxrcd 
from level changes u holding tanks of one sort or another fill with ourflowing leachate or 
empty u leacharc from them 1s rearculamd. A number of fouling-resistant now m c n s u ~ g  
lcchniques nrc amilablc including tipping buckct and magmefen. but there are few r c p o ~  of 
actual longterm leachate flow mtc measunmenu. 

Warfe Sampling and Measurements 

Waste charncteristics important in bioreaclor landlill situaclons can indude moimur content, 
c e l l u l o ~  and othcr dccompossble content, lignin and other nondecompcsablc content, ash, 
nuuimo, and bacterial populations. These panmetcrs can in turn be important for purposes 
including dcvclopment of material h l m c a ,  esumating mcthanc potentid. and estimating 
needs for supplemental moisture or nutrients. Onc important sampling objective in pnst tcsu 
has bea to dere-e the remaining methane potenual of waste in landfdt rhar arc 
decomposing. 

Probably the sin& grcarest difficdtlly with ~ s u  sampling is poxd by hcterogenctry of waste. 
Significnnt batch-to-batch variations in waste arriving a t  the landfill may occur by wason. area 
from which the waste w collected, elc. Them will bc ranations in composition with 
location within the fill; reasons for in-fii variations include not only rhc mentioned variarions 
in incoming waste but also hydraulic cffectc (liquid pmfercn:ially infdUnIing or accumulating 
in cvPin areas). Wilstc charaeriscics in the fill may become even more varublc with 
location and over rime, w decomposition of either wrwr or warmer wane is more rrpid than 
slower and drier clemmu. (See above. In fact, it is an open question as.10 whether it is 
appropriate to refer to 'lhc" waste composition in light of such variation.) 

With all ofthe waste eabi l i ty ,  h m r .  the objective of sampling is often simply to 
determine an ovemll average of pameters  wirhin n given body or 6- of waste. (The 
purposes, for example, includc determining the degree af decomposition that has occurred 
and total methane potential that remains in chc mass of waste.) Sampling a n  be carried our 
at multiple poinu to obtain the best possible 'xvcmge' composition. Sampler fmm coring5 

, should be ukcn ar multiple I ~ e l s .  Sampler from several locations may bc ground and 
assayed for the avenge of the parameter d e s i d  

HydroYah'c Head 

Biomactor landfills must opentc in conforrmnrr to regulations affecting landliis. Perhaps 
thc grcstcst regulatory concern with biorcacmr landfills rclates to increased molsru~c. Under 
curmr U.S. regulations, under elrwred motture condidons, hydrostatic h n d  at the lendfd 
base must nonetheless bc kept below 30 cm ro minimize the rhrcar of ground-water 
contamination. Some state and local rcgularions may be more stringent (in the United States. 
Califomla regulation requires "zero" head). Gmund-water contam~nation concerns d s o  exist 
in most olhcr counuics, although details of regulations may differ. 
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LO) moimm, pH. tunpmnuc, nutrients. d otkr bcpon M klar. In ddldon. 
I d t n  biortaetwz must be shown w open& wid& the mnmdrru of dl oftbe *uiou. 
rrpulk chat dkct  landfills. Thw, nuanemus wammmenu can b. qmhr in 
optimizing condidoas and following p-rfomraucc. Some of rh nuwe imporant 
msuurcmcnu are Lined in Table 1. 

The purpose here is to give maden, many of ahom may be & t i d y  unhmilivritb 
bio-r bdfJ*, a rcnre of why and bov row measumnmrs ue mrde. Tk purpose of 
W p o ~ ~ ~ ~ p r o r l d e ~ ~ d c p i l ~ ~ p c d G c ~ ~ o r ~ r ( r h i c h i n  
anycuerouldbewluminous). R . c h c r . ( h c p ~ o r c n i R ~ d T . b l e l i o  
g a r 4  ranu: tmporunce of the m e d  py.metcr, inmummt principk* buc. and 
problem uperiaucd in past test dntnriotu, d poulbh rpproadm b r  be taken w 
ourcome p a  difhculties. 

Diologlcll ru- leading 80 waste dcc~rnporition me- be p r o d  by 
numaour facron. W e  other bcrora can be hpornnr, &nuc b for 
biolow sccivilier-of mcthmc -tioh It is  quire efkcrhc ioclf (rimorn odnx 

1 Moistwe content at loations rhro+out the aom a u u  a n  be mcuurrd in sim p of 
KNon (gypsum or orhcr pomw blocks) urcd in roil moisture derormirurioar Sucb ~mron 

F C ~  on ekctricd aprciunec of rhe serss- elcmmt u B imht fmm tbc 
surrounding wum.  h u e s  in using s u d r  roil mdscure xnron dude:  

= ~t .gdmolmucmanucnwnn:Ibcwnrwr'epv i tawr( - t fbr  
Mda applied AC volugr) is m iadircu bdksmr of dy panmew d harm. 
pcIu=lla~ of moirPvc by wd&r, Ibc p-=ru man f==w-g oomLred 
wirb biological activity d methiat w. (C.tikrcion a n  k dooc to 
corrrhu snuor r c d i q  ni* paanup d mo(mr5 boaera.) 
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8.  Insticue for Environmental Manngement. Yolo County, Callfornir, Landfill Mcrhanc 
Enhancement Proiecr. Pdo Alto, W (in pmgms). 

b 9. Campbell, DJY. 1994. b p e r i n m t d  system hmrn=ntation. Expen working p u p  
paper prepared for Intcrnntiand Energy Agency. 
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FOREWORD 

Landfdl gas has been smsstully used for energy at many locations in the U.S and worldvide, providing 
economic, environmental, and other benefits. However. landlill gas energy uses are ako relatively new. 
and technobgies are lar from *col and dried.- There are limitations and special considerations with 
landlil gas e k g y  use, a n u m r  of landidl gas energy projects have experienced problems, or even 
tailed eniely. There s current need lor documentaton ot experoence and consolidation 01 inlormation in 
several are& regardii the use of landfill gas as a hiel 

Ths repod remews the vanws landliii gas energy uses, and the# assouated osues and mnstramts n 
also presents case stvd~cs ot sa Land(dt gas energy pro)ects In the U S The repotis pwposes nclude - Reserdii overviews of use and egupmenl options, and technical and other 

.- consideratom with landliA gas energy ap@itions. . Pmviding in lomion on pram that iiiuslrate common landfill gas energy uses. - Pmvidii an awareness of smitatiwns and potential pinalls existing wiih landfill gas 
energy use. 

In addilion to wovidii backaround on enemv uses. I is antidwted that the remrt will heb identav areas 
needim attenimn, fkentiii& such as res&he&and equip'ment manufaa$ers. it k also hop& that 
the remrt can wovide htorrnation useful in idenlihiw ways to taciliiate the beneficial uses ot I.andtitl gas 
by & nontechnical barriers. 

The corrplexiiies of landll gas energy uses are fuch that the diwssions of many issws rmsl be Emited 
to overviews. Where detail is avail* elsewhere the report refers to avalbble Cterature containing that 
inlomation. This is also true lor the case studies: these anerrpt to provide inlormation so that a typical 
reader with some lim-led background wiP have a reasonable undemanding ot the owration, based on a 
repesenewe descnpllon ot aparticutar energy application rnls documeni is m t  hiended to provide the 
degree of detail needed to design and operate a landlilt gas energy taciliy. 

The case studies rely on Normation provided by many individual operators, -1-4 manufacturers. 
and others such as engineering firms. An enon has been made to verify statements and data as much as 
possible. In particular. all sections of the reporl have been reviewed by the providers of the original 
itdormation and others with m t e  expertise. Backgmund information is ded fmm literature and 
other sources considered reliable, and I has also been reviewed. 

PJG GMOlOlAAOW 
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- Energy eplpment emission limils in some U.S. bcat'uns may ako resl- landtill gas 
energy use, despae an emimmental balance sheel that generally appears to be 
posfiwe. 

This refmi kknlifiis technical areas where energy uses are lihely to beneln from inprovemnts. Some of 
these are alluded to above. This report also comments briefly on incentive, barrier eliminaton, and other 
-aches that may ladaale l a d l  gas use. Finally. lor presenl and future landill gas users, funher 
detailed documenlali of the proMems experienced. and 1he resuns of approaches to them (both 
successful and unsuaessful). would be very helpful. 

This report was submined by EMCON Associates, in lullllfrnent of subcontract 275-026-31-05 from 
Radian Colporation, as well as subcufdracl93.3 from E.H. Pechan and Associates. and pe*rrned under 
the overall sponsorshi, and diredon of the U.S. Environmental Protection Agency. Global Emissions and 
COrlrOl Division. This repon covers a pemd from Febrvary 1991 to January 1992. and won was 
Conpleted as Of February 1992. 
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CONVERSIONS 

Readers more fan-diir with metric units may use the lolbwing lo conven to that system. 

gal. 

hp 
in. 

in. H20 (head) 

h4J 
b. mass 

psi 
U.S. ton 

Tenperalurc 

Degrees Celsius - 0.556 (Degrees Fahrenheit - 32) 

Degrees Fahrenheit = l.8 (Degrees Celsi)  + 32 

Yields Metric 

hectares 

Calories 

meters 

square meters 

riters 

liters 

kilowatt 

centimeters 

Pascal 

Pascal 

Mogram 

centimeter 

kibmeter 

Pascal 

met* ton 
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envionment dill permiis certain biological reactions; these produce lilndtill gas.' and its peneralion can L 

be signi(icant. 

Landill gas mmots prindpally of a mix of two gases: methane (chemical fornula CH,) and carbon 
&oxide (chemical fornula CO~). I is generated thmugh bacterial decomposition ot organic refuse in the i 
absence ol oxygen (anaerobic fermentation) (Geyer. 1972; EMCON. 1982. Gas Research Instltde, 
1982). n is produced by nearly all landlills in which reluse is buried such that oxygen is efleclively 
excluded. Alhwgh many reactionsleps and intermediates can be involved, the basic bixhernical 
reaction is exenpliiied by the demmposilion of cellubse (the principal component of paper. and a I 
wnstiluent of much olher refuse material): 

n(C H,oOd + nHzO > 3nCH. + 3nC02, , 

cehbse water (baaeria) methane carbon droxlde 

Though this readion Sthem is simplfied, it represents the overall process fairly wen; mod bm%il gas is 
pmduced from decommg cellulose, and most celtubse t W  demm~oses yields mthane and  cat^ d 

Because ol its methane gas component (the same methane that makes up 'naturar or p@eGne gas). 
l a d i l  gas is a fuel. Weh pmper albwances tor h properties, landtill gas can be used lor luet in maw 
applicatbns where other tuels. parlicularty natural gas, are used. ~ h e s i  fuel uses of landlill gas are 1 6  5 
maprloarsolthkreprt. 

LandhUl gas can be a s i g n i t i i  energy resource. It is currently used a1 more than 1 W U.S. sites 
(Government Advisory Associates. 1991); ils use is wrdinuhg to expand. Estimates ol the u l i e  
energy potenti of U.S. landfill pas vary, but intormation in various referenes (U.S. EPA. 1991: American 

.) 

Gas Association, 1980) suggest remverabk energy potentials ranging between 02  percent to over 
1 percent of the total of U.S. energy use. Thwgh the expressed percentage ol U.S. energy use mighl @ 
appear modest. the guardlies are signliint, given the total amount of energy lh+ U.S. uses. ii 
1.2 c o m s n t o n  of Lnndnlt Gas ~- ~- .- .- -. .- 
Characteristic mnposlmn ranges br  l a d l  gas are s h m  *I table 1. These are t w  lor .as 
ex t raad gas as I is remvered. Also shown for anparison are the properties of 'naIuraP or wine 8 
gas. As seen in labk 1. landfill gas wmids primarily of methane and carbon &oxide. usually in close-lo- 
ecual amounts. In mntrasl lo -line aas. landfill aas also mntains sbnilbrd a m m s  of water vaoor ~3 - 
and traces ol vanws orgaeans &&our&. Ahmsl ail of the orgaruc famd m the pas (usualiy 
referred to as mn-methane omanc comrmnds INMOCSI or somlrnes reaalve omanc gases IROGsD i 
originate ihrwgh evapotaMl -W the & of -- man-made sohrents, p p e l h t s ,  and &lar &ateria& 
discarded in the reluse stream; paint sotvent vapors are one d many possblct exanples in this cat-. -.. . .- =- .. 

~ ~~ 

Further dtsarssion of Ihese landfill gas conponents is presented elsewiwe (Gas Research W i e .  
1982; Emerson and Baker. 1991). Landlii gas as extraded can wntahl nilfogen and. less lreglenlly. cii 
oxygen fmrn air entrained as a consequence of extraction: lhe wncentrat i i  of lhsse gases depend on 
the exrraamn objective and approach (Augenstein and Pacey. 1991). Landfills also contain a large 
amcurd ol soil and dher particulate material, and the exlracted gas can pick up and cany with it a 
signilkant amowl of thal particulate material. .i 

The landfill gas mnponents other than methane have effects that are onen subnanlial on Its enerOy 
uses. Carbon dioxide, nitrogen, and (to a slight extent) water vapor can r e s ~ l  in dadi0n and other eflecls 
that moderately reduce energy equipment capadty. The trace organic componenls (paWlarfy the i 
halogenated hydmcarbons) and par&les can cause serious energl equpmerm pobiems. RlcM~ng 
mrroswn and accelerated wear. These eneds are discussed m more detal( in the next sedbn. 
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PIPELNE WTURAL) GAS AND LANDFILL GAS 
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1.5 E~vlrmmentsl and Comemnmn ~spects of Landllll Gas Energy Use 

The energy uses of landlil gas have signilicanl environmeflal mnsequences that are comidered lo b+ 
predomnardly beneficial. The gas extradion process helps abale both gas migration hazards and thi 
emission of reactive organk gases that comnbule to air pollution. A patiiwlar current Coocern k the 
wllrbUlion of landfill methane emissiom to atmospheric methane buildup. 5adiatwe forcing.' and 
resunii dharic elfeds (-greenhouse ellea'). Exlraaion and use mitigates these. The energy use o~ 
iandlii mthane also 'olfsels' fossil bet use elsewhere, and reduces secondary potlngn and (he 
consequences of catton dioxide emission that m u W  otherwise be produced by use of that fossil fuel. tts 
energy use also comprises mnsewation. These *sues are discussed elsewhere (U.S. EP& 1991, 
Thomebe and Peer. 1991: Augenstein. 1990): a funher desuiption of these issues wilh referems to 
relevant literature is presented in appendix C. 

1.6 Regulatory Issues 

Those who become involved with uskg landfill gas for energy w 1  generally be aneaed by many 
regutalms thal pertain to l a m  gas e n e t ~ ~ ~  use. Among the mod irpoltam ot these are 

- Proposed lederal re@aliins associared wilh the recently amended Ckan Air ACI. 
These D m e  Lnits above which NMOCIROG emissbns must be mntrolIed. and 
spedy 'the' required degree of abatement. As one of these reguliom. 
mod larger land(iils mw withoul energy systems. but w%h would be ca~able of 
supponi& them. wi~t p o b a ~ y  be required to install gas extraction system. 

- R ~ l a t i m  awlicable to l a M l  aas manwement. rvh(ch varv bcaltv woss the u.S.. 
a 2  ttm detu;e'the percormance b gas sysiems based on f& s;ch as pcevent& 
of on-site migation snd m i o n  of atmospheric NMOWOG e M w m .  

- Regulations associared with the Public Utlity Regulatory Poky Acl (PURPA). These 
fadlilate the sak d eRdric power produced trom landliU gas lo ulily grids. - Federal tax credl incentives that signifiintiy inpove the eoMMnics of the gas 
recovery p r o ~ s s  and oi energy uses. - Slate regulations that provide incentives lo energy pmdudion. 

. . Ems= res l r ic l i  that apply to energy equipment. 

An WervieW of reguiations, Eguhtory issues, and their consequences is presented in more detail h 
appendix 0. 
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is renvved. Hydrogen chloride and llwrii can a& react wi~h metal in other equipment such as tht 
tubes ot bolers. Secondary damage can resun from the LwiMup 01 sola mnosbn pmducts on thi 
wdaoes of mriw engine parts. For exaqle, depos#s can reduce pislonlcylinder or other bbricater 
wrfaoe ckarances lo zem, at which poim lhe engine seizes and will be severely damged. Case stud*. 
pfesmed lder in this report documem such damage. 

One endne maRtfadurer w r t s .  based on maw tests. that the wntenl of chlorine h landfin oas 
chenncairy band in ~ t a i a e  +rids, is between M and 200 rnluoorams per laer ot pas' 
Decavse c4 mrmsion efleds. all engine mandaaurers recommend tnat landl~tl gas be analyzed lor n. 
&en( bl &mine in hbrinated conpounds (ChaGwick. 1989). Various Weratiw modiiicaiions 110 b< 
drscussed later) are also recommended lo prwent engone wear The meawres taken are @?neraly, i, 
mc u n ~ o d y  or comp(etely, suocessfut in hni~rg m s o n  enects 

The gas can a h  contain other potentiaJiy ttuubksome chemical cmaminans: b r  exa- acetic am 
other omaric acids n the landlill Qas wndwaale can react with steel. Pmblems fm this mrce  arp 

2) Panlwlates and mel r  Effects 

Experience has shown that panicule contaminants entering w lh  the gas can bum up in the otl used I 
many land@ gas -s. aocumrlatw unhl they m s e m  mblen-a. Parliarlate mntarninams are r 
va&s MIBS. hdudi~m slim ta &n soil corkinem). iron sans twt~ere deet is used in mu>L 

~ ~~~ 

~ e m ~ i . ' a n i  other m-ml soii componemls. (One ' ~ e r e & ~  souroe i t  par(iarUe contaninams in at I 
a pasews siGwn mnpwnd. dimethyl sibxane, which will mmbud to produds W i m  Silica. II is nc 
remwaMe by normal gas deaning methods.) 

Disansbn d lhese corrpovnds. and their elfeds on IC engines, are presened h reterences inchrdir, 
Vagsa. 1989. Buildup of these m r r p ~ l e m  in oa above cenain levels can Eon(rbute to wear. Tt  
mate* can damage cylinder l i i  and rings; heavy deposks can aka tom on co&i&h chambt 
surlaces. The potential deleterious efleds of pamcuble mmaminants. as well as paseous and liqu 
Cort-nts discussed earlier, make gas cleanup exlremely important, as disptssed next. 

2 4  Gas Ueantp 

Users of fandii oas for enemv have &en waaiced what cwld be cons&red relaliilv limiled clean1 
Cis excepts &lii gas ii&ralim, d&ssed Later). LWed d e a n q  has pmvbed satislano 
operatilo n X 4 l s  at m v  sles W d w  one case sludv siie d this report. In other cases. hawever, 11 
&cation ot more a&ren(ly ttomugn deanup. whiih (or landla g i s  can be comaend 'state-of-tb 

. 

art: has m t  prevemed 'Imzen-engines. or corroded +pmen(, and suMlar mishaps 

The primary 'genetic' d e a w  appmaches are flralion and omdensate W o u t .  These are wmetm 
m m e d  by refrigeratii, and less onen by desicca(lon and other approaches I 

Landfdl pas filtration can emplOy the same type of eqtprnem as used (for e x a m )  in large-volrme 
deaninn lor in(- combustion emices and wmbustan gas turbines. Fillen may W e  s i m e  Pan' 
sue G o n  or walescing mxiels Some desu~lion 01 these is hduded in the case stud, I 
Refkwaton, to remove gas deam comamslanls by condensation. a m pracliced at a n u m r  01 sfl 
~yp&y the gas s t reamky  exd a lan~3dl wellhead at a tenvefaWre exceedmg IOO'F, saturate0 r 
water vawr. eool (wlh condensate remval) lo near ambient tewra tu re  on i s  way lo the energy tau 
and lhen be refrigerated lurther, lor mntamiMnt remval to a dew point (typicdllyjol 1'C or abwt 3.: r 
This coOling win lyp4ayl remove between 80 lo 95 percenl of the waler and a fraction of 01 

I ' Penaul mmrmnudon. Greg Sag+. Wal*e.(u E q n e  Oi.'rYon 01 hsrer IndurEes. Wukerha, -", Jw 1991 
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beerall. landlil gas energy users should be prepared lor e n e w  equipment rating bsses that range 
between 5 and 20 percent, depending on the application. 

26 Load Factor ("Use I or lase It") i 

One consideration regarding landfill gas is that there is wrrently no well-established way of Soring it. 11 
must be used essentially as il k generaled. or il is bst. This means that il is most suitable for energy 
applicati that are w n n a n  and mntinwus such as electric power generation. ppeline use (with 
puririxliion), or wntinuws or near-coMinuous plam process use. Intermiiten1 uses such as space 
heating can be practical, but are more efficient I combined wilh other energy applications, such 
absorption cooling. that can assure higher year-round gas use. Some of the ditfiwtty can also be 
wenxw by using land(ill gas to bupp)y that pan ol the energy demand that is m i r u w s ,  and H b r  . fuels to meet that part that may be variabte. 
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I 
in equipment can be trouMesorne in space heating aw4miions and poses a wmsion polemial; pas 
d e a w  and ~ n s t t W i o n  materials are important. Despite these limitations space heating can work well. 
one of the case study sites uses I m e  equptnent a also econonucal and ava~labk even on a small 
scak. 

I 

3.12 Process heatlng and mfldng applications 

Several industrial applicatbns. such as lumber drying, kiln operations, and cement manulacluring, can be 
anradve applications for landfill gas. An advantage of many industrial processes, inchding drying I 
prDCeSSeS. is that fuel is required Continuously. 24 hwrs a day. Landfill gas can be also used as a 
wcdemenlal fuel that meek a pollion of the total demand. Many industrial processes such as cement 
manulactunng may be relal~ely lmensltlve to the contamlnarn m i~~ f~e t . l a tb  rewlfmg lrorn landlall gas 
OMnbUS1m, and ther gas deanup cosls may be qule b w  m such applocatmns .L 
One appEcation that can be attWve because of absence of pas ckariup needs. and frequently plaa 
prorinily. is c o - f i i  ot the gas as supplemenlal fuel In a wane-lo-energy plant 

This is an altraaive use. particularly lor large injustrial boilers rvlh corntan( demand, or where landfill gas 
can be used as a supplemental fwl. Conventional equipment can use landli gas with r e l i e l y  liile 
mo0Xiiioi-1. One case study of this report, in section 5, desabes a boiler appkaion. To the extent that .r 
Semilivay lo gas con(amimn1s can be detemned, bo l rs  may be kss senslive and their gas deanup 
needs kss man. for exarrple. IC engine applicatiom. The capital costs 01 boilers, dixxrssed later, are 
a150 attractive. Althcugh nearn users are no1 frequently located near landfilk, the siting d boilers, or for 
that maner olher uses of 3.1 2, near landfills can be an alernative wr th  consideration. P 
3.1.4 Reclprocalng Internal combustbn englnes wlth ele*r(c power generalon 

R w t i n g  irrtemal m M o n  engines, alrnosl all driving eledrical generatw to produce e)edrical 
power. are the most wicHy used hrdfill gas fuekd eneqty equpnent. Electrical generalion occurs I) 
because the anpu( can be exeted lil r u t  ahvavs at a hiah bv the electric utiliiv arid 24 hwrs a 
dsy, and the p&er sale may be'facl~ited by pwivisbm O~PL~APA. itthough av& satistics are tar 
tmm cwvkle, data in the 1991 GAA y e a m  (Government Advisory Associates. 1990 -st that 
eledrical generation using m o c a t i i  internal &mbustion engines is p r a d i i  at abouI.50 &ken of I 
the tandfi gas energy siles in the US., and electrical generation using gas turbines is p - a t i i  at an 
additional (approximately) 15 percent. so that electrical generalbn is p r a d i i  at about 65 percent of the 
total sices. 

NmA a l  larger engines used in this application are made by three marutamtren-CaterplIar, Cooper- & 
Supemr, and Waukesha. Each has in place more than 20 engines at hndfii sites in the U.S. Us(sof the 
Sites where the variws models of lhe three manvfachrrm' engaes are in place are presemed in 
GRCDAfSWANA, 1989. sl w 
The enginegeneralor set (gecrset) eqrpment is we# developed and is used 1x4 en)y with la&I gas but 
for rurnerom other -; the landfill gas sets sold by the Wee manulaclurers are largely identical 
to those of the complete 'stand alone' paaage sets sdd for use at remote sles wch as onshore oil 
p b U m  and other remote sites rwir ing eleclric power. Currently increasirg degrees of automated sl) 
emine monAOtm and control reduce the need for on-rile operalor anenlion. Genset eleQrical eapaciCl 
witk landlJ( gas d bpicaly 100 kW an3 up, with capacites k e e n  1 to lo mepawatr ( ~ w )  M i  most 
m n  because of ecommics. M u l i e  gensets are used lo obtain the higher wtputs. 

The recpmcati engines are mosl wmrrsnty 'lean turn' lurbocharged designs that bum twl with u 
excess air. Less oomnoniy, they may be 'nauraily aspirates wahwl turbocharging (which as the term is 
used also inplies ~oichiomelrically carbureted. wlh air in the fuel-air mix just sufliciem to bum the fuel). 
The naturaliy aspirated engines are easier to operate because they are less mmplex, but they have s 
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I unanti@aed damage in a few cases. A well-documented instance of turbine damage and associate 
wst is wesented inSchbnhauer. 1991. The use of imwoved wakscim ME tillem (in Combination wit 

~~~ . . . . . . , 
other k i c a t i o n s )  has apparekly solved or toreslalied problems at i i e s  desabed in SchIoHhaue, 
1991. One danger of severe damape to tufbines that does not exist with wr#~entioMl fuels is that a hrg, 
' s w  of landlil gas wndensate in the ppng system wuld mobilue and reach the turbine (a is , * 
comideratbn wah IC engines as well). Methods tor intercepting such slugs are required when thii clangt 
exists at turbine sites. 

Although pmblems are seen at some turbrne snes. they appear to have sokrtwns Tuhnes have tt, , 
advantages ol low operator anenon and malntenawe needs 

Stearnelectric generation bums landlill gas in a boiler to produce high-pressure steam, which then drive: 
a Seam turbine to generate eledridty. A large amount of gas is needed lor economic and enicien; 
operation; the result is tha only a tew U.S. saes use this approach. wilh few addilionat candidate site: 
apparent where a stand-abne plant migh( be attractive. The ewnomic dafal i is of scale are a ksse, 
problem havwer, 8 landill gas can be delivered to suppkment the wnventional fuel at a wnventana 
sleamekch power plant: kniiations here can be either piping wsts CH the omstream time of t k  
Wmentional eleclric plant. 

3.1.7 M f l d l o n  to plpellne quality methane 

Vefy stringent cleanup technology k applied to remove all WmpOnentS ex- the desired methane at a 
YMI number (under 10) of the larger U.S. landliUs to produce gas for *line use. The principai 
abieaive mt required ol olhw deanup approaches is nearly wrrglete C 4  rmvat,  but the aiteM art 
aka slringent for the removal ol other wntaminants. The technology lor deafup to pipeline standard. 
(with needed gas compression (o -line pressure) is expensive; most such projects were inaiated in the 
U.S. at larger bn31ills, where the economics of scale are attainable, during the early 1980s when ga5 
pices were high. Projeds operating today a l  have favorable bng-term contracts. 

SeveraI technologies are avaaable for the necessary cleanup. Many of these originated as C 4  removal 
appmaches applied l i i  in the natural gas industry. through turltler &aptations lor IandlJl gas appear to 
have been mapr. Detaik of these can be found in several sources. hcbding a rather mmprehemive 
review by Koch. 1986. The largest operator ol taciliies pmd1-5~ pipeline methane tmm laMi t  gas is Air 
Pmcbcls and Chemicals. Inc. (APCI) and the pfocess in use by APCl is the Gemif-& process; provisions 
for thii process's wntaminant removal and destwion are interesting and discussed in Koch. 1986. 
Because of recently falling natural gas prices, and because the largest landlilts wah best economics of 
scale already have energy projects, additions to pipeline quality gas pmbuckm horn landfill gas in the 
near Mure may be limited. 

Landfdl gas may be a p p l i i e  to several techmlogies under d e v m n t ;  these in- fuel cells. 
mnpressed gas vehicle fuel, and possibiy syrduek produdion. A brief review follows. 

Fuel Cells are essentily eledrocheW batteries. They can operate on various primary fuels 
(feedSlO&) such as oil. natural gas, or wal. The potential primary fuels inch& landfill gas. As an 
blennediate step the primary fuel is wnverled at high temperature to Synthesis gas.' which is a mix 01 
hydrogen. c a b n  monoxide and dioxide, and other gases. Th6 synthesis gas is what feeds the fuel cell. 

Fullher discussion of fuel ceA operation on landlill gas is presented in Leeper. 1986. Advantages mdude 
low emissiom and quae high thermal efficiency (near 40 percent). II is a technology that has parliiarlar 
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4. COST AND REVENUE COMPONENTS 

This beC60n a33es.w~ cost and revenue componenls and particularly ssues such as Site specilicily an< 
cost vaMMWv that are considered lo be important to enew users It  ts not intended to wvide exlensw, 
cost d m ~  here, although some exampies of cos~s a% cost ranges are provided for ihstraf& 
Cornmen( is also presened on issues including eledrii revenue requlremenls, initial cost estimating. am r 
eoonomics as barriers to landlill gas energy applkalions. 

4.1 Components of CoS and In- 

The mst and revenue faam lo be considered consist of (1) caplal costs. (2) operalions 
maire- costs. (3) royany paymeas. (4) tax and other crediis, and (5) energy-related revenues. . costs incClde cosls assodated wah energy amversion and somtims other 

Pssociated equ@wnt such as mat lor gas extraction. They nwmally include the 'up 
l rwr w a s  ot inplemerdii the prom and plant, and may inclu.de other large lump 
sum costs iw+mpd &ring the prom. arch as for eq~pnen replacemen. Some 
examples of caplal costs include those for iniiil site mprovements, energy 
+n. buWhgs, and polMion abatemen( equ@mn. They can also hdude initial 
legal costs. commissions. rigMs to gas, pemlas, and the We. They can vary widely as 
discussed shortly. 

Operaling and maintenance costs indude costs associaled with operati and 
maintaining the capital plant. Hems such as labor, equpmen maintenance. maletials. 
c k t 4  service. and relevant taxes fall in this Megory. Operating and mainlenana mas 
can vary substantially and depend on fac(m including the end use, bndfii 
charaderistii and cordiiraliin, gas conposition, bcal mles and regulaliins, and 
many Mhers. 
Royaity payments are continuing costs that are usually p r o p m i i t  to energy reverue. 
Royaltiis are negotied and are occasionally changed as the marketpiace, or other 
factors. change. Royalties may be paid lo lhe landlil ovmer. owner of the gas 
extradwn or delivery rigMs. or initial projed developer. When they exisl (a fair f radin 
ot projecls have none) they are usually in the range of 5 lo 20 percent of gross energy 
SakS. 

Federal tax credits are beneri proporlional lo gas energy dehry  that were legislated 
by Congress (Sedion 29 of the IRS code). These credils are a direa dollar-Iordolar 
ollsel lo federal tax mat would othewise be payable by the business enily pmvidii 
the gas. The tax credits are allowable lor exlraction systems imtalkd before the end 
01 the year 1992 and win extend through the year 2002. They have had a signilicarl 
effect on irpmving earnow and viability ol propels that might otherwise not have 
been inplemened. 

Revenues lor energy sales are most frwently based on p-s of competing fuel or I 
enemv. Thev can be based on costs of the eauivaknt in healino value ol a fuel arade 
&t&m &duct, on electcicay sales (where &st is Vied by p6visii of PURP~), or 
on other energy comnobitiis. Enerpy market price fbcIuawns can maletially and 
onen adversely affed economics. Long-term contracts can oflen be execuled, that fix I 
prices per uril of outpul and provide a substantial degree of security to developers. 
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TABLE3. COSTAND REVENUE RANGE FOR 1 MW ELECTRICAL ENERGY PROJECT 

Range of CBpital Cost 

Capilal Ccsl Ranges (Basis: 1 MW capacity) (thousands) 
. -. 

AdmhiStratiOn, DBvelopmeM and other' 

ExbaQiwn system 

Prktreatmerd syslem 

Energy CanVersMl eQJipment 

Typical Open( i  Cost Canponenls 

O p e e m  and Maintenance 

Debl Service (iterest and amoti~al 'wn)~ 

Return on hveslmenl (Roll3 

Other (royalties, etc.) 

Typical Reverue ComponemS 

Tax Credts (rvhere appricable) 

Other benens (see led) 

Electric Power Sales 

Typical Rang$ 0.03 - 0.11 

Notes: 

1. Costs muM incClde payment for Vle rigMs to the gas, o r  for the power saks contract, or to obtain an 
equity poslion in the pied:  see seUion 4.1 lor m r e  detail. 

2. Al extremes are W e l y  simultaneously wlhin the same proled. so typical ranges are less than 
possDle span thmugh adding oDmponerPs. 

3. ROI may subsllute for debl service - one w l  increase as the other decreases. 

4. klay indude capacity payments as well as payments for kwh delivered 
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1200 tons/day of MSW. About 1.1 million cubic feet a day of gas (55% methane) are 
recovered for energy uses 121 I h e  gas fuels 2300 kilowatts of electric power generation, 
and provides space heating and hot water for a nearby county building complex. These 
reprexnt typical energy uses, which in the US include electricity generation, boilers. I )  

space and industrial heat. Landfill gas uses in the UK and other OECD countries are 
similar. Energy use of landfill gas is perceived as highly desirable environmentally 121. 

Landtill gas energy u x s  prove satisfactory now a a number of locations in the 
L 

United Slates and other OECD countries. even though 'conventional' landfilling practice 
is generally much kss than optimal for gas generation and gas energy recovery. Most 
'conventional' landfills lo date simply place w e  in accordance with regulations. There 
is generally litfle attempt to manage biological r e a c h  mnditions I. It is possible, i. 
however. to op(imizc laodfils for considerably increased energy m v e r y .  Improving 
conditions for biological reactions within the anaerobic landlill environmnt may greatly 
acakrate generati& of methane and u ~ r e a r s  its yield. Improved designs mayallow 
capture of much higher fractions of the gas that is generated. Thex will be discussed 3 
further below. 

Canposting of residues is practiced in numerous locations amund lhc world. It can 
be defined as controlled conversion of an organic waste subskate to simple melabolic 
end produck and a remaining residue of recalciuant organics and microbial cells b 
(compost), which can be used as a soil conditioner. 

Composting's relatively low costs, as well as ability to teat  mixes of both sewage -. -- ~- 
1 -~ 

sludge and MSW. suit it for waste mmgemtnt  in developing nations. Aerobic -. 

composung. in which organics arc oxidized to CO, and water. is Ule most mmmon 6 
approach to datc. However. mmposting may, alternatively, be anacmbic. Om advantage 
of anaerobic, as  opposed to aerobic, composting is that a methanecmtaming fuel gas is - - - - -~ 
produoed. ?he fuel gas can k of particular value to lhe developing naIiom, which tend 
lo be energy shoa [61. Anacmbic composting of municipal wastes to fuel gas as wcll as ti 
compost is undcr development using a variety of appmaches 17- 101. Pertinent here is the 
fact that anoercbic reactom may include variants of waste landf~lls (see (4) f a  discussion - 

c 

of US EPA and lntcmalional Energy Agtncy (IEA) working g m u p  and publications on 
bioreaclor landfills). In alternate terms landfilling may be adapted to accomplish 

i 
c o m p t i n g  objectives as well. to address limitations of conventional landfills noled 
above. -. . .. .. . . . 

.. , 
One organization with continuing interest in composting is the Urban Environmental 

Comoanv of Hanoi. Vietnam (LJRENCO). B a d  u a m  URENCO's interests. review has 
rr . . 

k n  carried out of both aerobic and anacmbic ;pproachcs that might bc applied in 
Viemam. The technology for a possibk anaerobic approach would be provided in pan 
by technical experts in the USA. A cooperative technology transfer program between 
Northeastern University and UK Technical University. Hadoi would be integral lo an 

- ' &ha= m ~ k .  as d i s c 4  i P o h m  13) a R c i h m  md C.MO 141. help i m p *  W o g d  
cmdiuau. Hoverer, its bcncfits may k m l y  m& in m m  clu. wilhow oQu -ra Qluotllb d 
luchatc may bc "cry much limiting in oswr k p  IladSII designs w i h  lur per& co- (5). 





cxperimenu, in a pilo( composting plant that the project would assist in eslablisbing at 
Cau Dien Processing Enterprise (Tu Liem Disuict). More details are presented below. 

It should be noted that the waste stream in Hanoi city is typical of that of a low 
income Asian city which contains a high proportion of organic materials. Thus. 
composting options appear the most appropriate and economical solutions. 

A detailed review was also performed of the existing waste collection. UanspoMtion. 
disposal and management. These appear far from satisfactory despite great effort of 
URENCO. Also reviewed was the status of international composting experience and 
technology lo defermine the optimum technology for the Cau Dien Pilot Cornposting 
PlanL l k  review settled on an aerated static pile bin syslem as being the most 
appmpriale option for L e  Cau Dien pilot operation. Forced air compmling presented the 
most effective p s e n t  option for the Hanoi situation and viable to p m s s  up to 50% of 
Hanoi's solid wlste. It is arsumed that this will continue to be the case for 10-15 years, 
as changes to the waste sbpam are likely to be gradual. 

The Cau Dien Pilot Composting Plant, consuucted at what is called the Cau Dien 
Processing Enterprise is capable of processing 30000 m3 of solid waste by forced air 
composting to podurn 7MO tons of composlcd fertilizer annually. It has the potential to 
pmduce high quality compost, in a manner acceptable from standpoinu of occupational 
safety and public health. The Plant and support laboratory became fully operational in 
July 1993. delivering compost products to cuslorners. Four laboratory technicians were 
trained in quality control. An intensive training programme was prepared and is 
conducted by national institutes. A repwt "Pilot Composting Plant Operation Report" 
was provided 11 1). This report covered the objectives and principles of cperation of the 
plant, logelher with a &tailed description of plant management and operation aspects as 
well as the site laboratory cperation and sets out maintenance rquirements for the 
various plant items. lh report also summarized the key plant and woccss owrationr. 

All the nmssary guidelines and inswctions for ~ a "  Dien ~ i l o t ~ ~ o m p o s ; i n ~  Plant 
oueration and maintenance have been eiven to staR and workers. Review examinations 
f i r  all the slafi will be anangcd afler LIZ months to delerrnine the level of knowledge 
and skill of the slafi. A repon on the Strategy and Investment Programm for sol~d 
waste management and disposal for Hanoi elaborates on the use of compost for 
agriculmral purposes. This repon will present the resulu of the delailed sndy of Hanoi 
waste management and develop the Strategy and lnvesment Programme for solid waste 
management and dispxal for Hanoi as the key element of the Hanoi City Development 
Plan. A large number of personnel have been trained: eight persons will be trained 
abroad specializing in microorganism production, composting process and solid waste 
management. In -cwnq training for 44 technicians and operators (including four 
laboratov sllff) has been wovided. Cenificale and follow-up train in^ prolramme was -. - 
also g!ven. Thm study t&s of 15 officers were taken to cotlnvies handling cornposrtng 
actnvllres and opratine comDost#ne olants. An ~nternational seminar was held on 25 " .  - .  
March 1993, aimed to introduce the project results and dissemination of composting 
lechnology to other urban cenlers. A technology dissemination programme was prepared 
wifh the assistance of international and national consultants. The uainees under the 
project contributed their expertise gained to this programme. 
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c o n m n l l y  (3) accomplishing earlier waste slabilization to composL An advantage of 
Ur Iandf~U is that it can comorise a low-cost (or likelv least-cost) reactor. for wbkh ~~-~ ~ 

much tcchology and experience are developed. Low cost is a key for applications in . . 
developing cou%ies. ~ s & n t i a l l ~  all metha&, generated to maximum potential, may k 
eficientlv recovered bv demonstrated surface membrane Iechnoloev (discussed in rnorr -. 
detail later). As discussed above. beneficial gas energy use is  well established Lechnol- 
ogy. Relative to more 'conventional' landfilling &re is also major envinmmenlll 
beoetit from maximizine eas caolure. This includes minimizinc landfill melhaae emis- 
sions thal otherwise have-sign~iicant adverse effects in terms-or climate change and 
sualospbcric o m  depktio" I13.141 Controlled Iandfillings' potential lo &liontc 
methanc emissions Ihat contribule sieuificanllv lo c l imw chanee has also been recoe- 
nizd by its -nt inclusion in the US ~esideht ial  Climate  ha& Action Plan (~cti;  
Item 37). 

BionacIor landfills arc, also, subjects of ongoing effort in the US and &r OECD 
countries (including the UK. Norway and Sweden). Objectives of that bioreacta landfill 
w a L  arc principally acceleration of waste slabilization and methane generation, and 
waste vdume reduction 1151. 

Compmc quality depends on preprocessing and removal or exclusion of undesirable 
warte components h.om organic fractions. However. p a t s s i n g  constraints arc similar 
whether -posting is aerobic a anaerobic. and also regardless of what type of reactor 
- whether a landfill variant. or &r type - is employed *. 

Ihe following discusses the basic pmcssing o p t i o n s  of conuolled landfilling. 
Preliminary pmjKtiws are then presented for an operation thal might k conducted with 
wastes of Hanoi. 

A pnxess schematic lhal would apply to a all-scale convollcd landfilling o p t i o n  
is shown in Fig. I. Wastes arrive at the landtill (or a n d i c  comporting facility). Srcps 
thrmgh conmlled landfilling may d m  include (1) ~ m o v s l  of inwganicr and inem. 
i.e, rocks, metal. wood, etc.; (2) &r pre-processing (such as breaking open plastic 
bags - if present) and any necessary size duclion; (3) addition of aqucous canponcnts 
and nuhicnw; and (4) convollcd landfilling (diwussed in detail klow). 

'I~Ic conWolled landfill is managed essentially as a high solids anaerobic comporting 
reaclor. to accelerate wasle weanic conversion lo methane. This use of the landfill mav 
involve in wqucne: 
I. Selup so waste is placed and contained lo allow gas captvrc before any significant 

f r a c h  of gas is ~ n e r a l e d .  
2. Adding aqueous componenfs wilh any desired nutrients, buffer and bacteria - or for 

exampk sewage sludge - and eonLMing with Ur was*. Methods cwld includc 
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. Gas offtake occurs via either permeable layers, or lateral or vertical gas extraction 
lines (conduits) in the waste. 
With mpcct  to timing it is expected that significant gas generation is &lain4 in 6 

months to 1 year by management of inoculum and other conditions in the waste. Gas 
once generated would migrate to conduits or permeable layers and be recovered. 
However, light vacuum may be applied by auxiliary blower to facilitate gas recovery 
from any permeable layers used and limit any fugitive gas emissions from any open 
(working) faces of the fill. 

Other landfill operational aspects, for example bare lining, leachate collection. and 
waste placement procedures are expected to be identical or very similar to cumnt  
practice. 

A number of Mher o p t i o n a l ,  performance and cost factors merit discussion 

23. Merhane recovery porcntial 

Methane recovery with conuolled landfilling in Vietnam is estimated at 1.5 cubic feet 
per pound (93 l/kg) of p r m s w d  organic waste, after separation out of inorganics and 
inerts. Although solid wastes worldwide. and specilically Vielnamex solid waste, differ 
significantly from US solid waste, this yield and recovkry should he attainabk. (For US 
w e  methane vield d a b  see. for examde. 112.19201) Lower DaDer conlenl worldwide . . . . ~ .  . . 
and in Vietnam is likely to he offxt  by higher levels of other decomposablcs. 
panicularly food and plant wasfcs. Membrane containment technology pmpoxd here for 
capture of essentially all generated gas is commercially demonsuated in United S w s  
pactice (sn for example 121-23D. At 500 tons per day, UK rne thm recovery at 
ultimate steady state is thus 1.5 million cubic feet per day. This amount of methane is 
enough to fuel about 6 Megawatts (MW) of ekctric power, or even m. depending on 
efficiency of electrical generaling approach. This m o u n t  of eleclric power would be 
very significant for Hanoi. 

2.4. M c ~ h c  generation: Kinetics 

Laboratory experimenvr (for example, see [12.19D have shown conversions in I to 2 
years, to gff yields exceeding fhm assumed above. Rapid metham generation has been 
shown with solid organic residues other than municipal waste as cxemplifid in W i x  el 
al. 1241. Field trials in Mountain View. CA (UK mDSl compkte lo dace in the US) suggest 
decomposition times of approx. 10 years ( v s  25-60 for mrmal landfills) (161. Such 
field rcsulvr arc expected lo bc beltered in funher efforll. A first-order Scholl Canyon 
generation profile (see IZOD with a conservatively long time constant of 10 years, will be 
assumed for economic analysis purposes. In acfualily. decomposition may bc consider- 
ably accelerated compxed to this assumption by such factors as the heal of mcthanogen- 
esis I12.241. A lag time of I year is also assumed from the time conslruclion costs arc 
incurred to the start of gas generation (by the Scholl Canyon model). 

2 .5  Fuel ualuntia 

It can bc assumed that the mixed CH,/CO, product gas will displace alternate fuels. 
and perform in satisfactory fashion in commercial equipment such as gensets. This 
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Above cosls would be experienced for design now deemed necessary from a 
ngulalwy standpoint in the US. Such cost might amount to 5-9 dollars/US ton of 
waste placed at about 60000 lons waste/acre (see below). However. savings am also 
possibk for situations of developing nations while still maintaining environmental 
protection. Examples of savings potentials include: (a) waste placemen1 over pre-exist- 
ing low permeability clay/soils should prevent groundwaler contamination problems 
while avoiding much bottom lining cost; (b) other des~gn modifications such as thinncr 
layers arc possible and receiving regulatory consideration in the US as technology 
evolves; (c) locally available materials and labor use lo thc maximum extent in Vietnam 
and other developing countries should also result in considerabk savings; and (d) design 
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2.7. Additioml l l ~ s w t p t i m  and cosr considerorionr 

A number of other design details have been eslablished (D.C. Augenstein (1994-95) 
Institute for Environmenlal Management. Palo Alto. CAI. Among the funher assump 
tions have been: 
1. Waste is filled to a depth of 60 feet, to density of 45 Ib./fi.' (excluding any cover 

material). Thus, each acre filled will contain 60000 tons of waste and will yield 
1.8 X lo8 cubic feet of gas (1.8 X 10' MCF) through completion of methane 
generation. At a 500 ton/day fill rate. 120 days are required to fill 1 acre; 3  acres 
will be filled per year. 

2. Incremental )labor and supplies will be 12OO/day. This includes costs such as adding 
water/liqui& to waslc, exha labor, and the like. 

3. Costs associated with controlled landfilling. both c ~ c t i o n  and incremental oper- 
aling, will be incumd continuously at constant rate. This assumption inlroduces some 
error, which is modest. in economic calculations. In actualiry, landfill construction 
will be in modules of 5-20 acres with construction costs intermittently peaking at 
about 2-5 year intervals. 
A simpliW economic analysis is possible using as the basis I snc of landfill with 

its associated incremental costs and incremental  as yield. Assumptions are: (I) the 
x tup  cost per acre arc $7500(r100000 (see above), i d  (2) gas geiration begins one 
year after costs arc incumd. and is accordinp: to Scholl Canvon model kinetics I201 with - . ~ 

a time constant of 10 years. 

2.8. Calculation of discounr rare or rorc of rcrurn on npN-scolc sysrm 

On lk basis of any I acre's cost and subsequent revenue over time, a return on 
investment. a. alternatively. discount rate (= d).  can be calculated for any time period r 
slarline after costs M incumd and endinr! at time T. such that: - - 

Sum from gas generation staning time I,, to r = T of Iy (e-") q u a l s  prexnt worlll 
( I  acre's m t ) .  (Where Iy q u a l s  gas energy revenue p r  acre in year y.)  
me simplifying assumption is that incremental costs are incumd 'instantly' I year 

before gas recovery begins, which is an approximation. 
For I acrc, production and =venue beginning I year afler waste placement. and a 

time constant of 10 years Iy = 8 9 6 0 0  (c-O"). 
Given that the present wonh of any future revenue ly in year is ly  Cd', so: 

T = 25 years 
I, = l year j 39M)O~""~" ' - ;  $75MX)ro$1OOOOO 

For the assumed endpoint of 25 years it can be shown that the diwount rate d. 
equivalent to return in this rather simplified analysis ranges from 22% to 33%. Note &at 
h i s  return holds whatever the number of acres. 

Another way to estimate gas cost is lo simply assign all continuing costs to all 
captured gas. As one simplification at long times after slartup (over a decade) h e  
captured gas cost might be considered to approach the annual incremental conlrolled 
landfilling cost of 1225000 to $300000 divided by the annual gas yield of 540000 
rnmBtu or 42 to 56 cents per million Btu. 
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2.10. Suggrrred steps for controlled landfill project in VicmMI 

The following is a brief listing of further steps !hat would be needed as pan of 
implementation of this process in Virlnam. 

Survey to update actual waste generation and disposal patterns now existing; bener 
quantify waste. 
Detailed waste component characterization. 
Bener quantify cumnt sewage disposal pactice and quantities. 
Site identification and characterization for conbolled landfill. - P r e l ' i a r v  dannine and idenlif~ation of needs for waste bansfer to conbolkd 
landfill si;. ' 

- 
Preliminary planning and identification of needs for sewage provision lo conmllcd e 
landfill site. 
Preliminary design of controlled landfill. , 
Detailed projedions of cosf, staffing and operation of controlled landfill. 
These could culminate in consvuction and operation of a controlled landfill in Hanoi. 

To implement a conmllcd landfill, operator training and familiarization with anaerobic 
processing is also needed (as is the cau with aerobic c o m p t i n g  above). 'Il~us, it is also 
anticipated that a training program would be developed jointly involving Northeastern 
University. Boston. USA. and the Technical University of Hanoi. 

B a d  on the preliminary analysis above, controlled landfilling merits further investi- 
gation as an alternative lo aerobic cornposting for Hanoi. and. for chat matter, where fuel 
gas product and other benefits are desired elsewhere. 
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I I. INTRODUCTION 

1.1.1 Disclaimer 

The naming of specific manufachlrers or brand names is not meant to be a specific 
endorsement of that brand, or of one brand over another. Where, for a specific purpose, a 
brand has established itself as such an industry standard so that its name may commonly be 
used as a description of a generic type, that brand name is used here with the recognition that a 
compamble, competing item may be available and equally suitable. No specific endoment 
of items or equipment is made or implied. 

1.1.2 Purpose of Manual 

,- This Manual of Pradicc (manual) is intended to be a source of infomation, ptacticcs and 
procedures for tbe operation of landfill gas (LFG) collection and conhol systems for both 
inexperienced and experienced operators.. 

1.1.3 Objectives of This Manual 

This manual has the following objectives: 
- 

1) Compile and present key portions of the general body of knowledge about 
operating and maintaining LFG control systems. 

2) Present information in an easy to understand format useful for hands-on 
practical use in the field. - 

3) Present accepted practices and procedures for LFG control practices. 

4) Highlight key points, common mistakes and lessons learned from more than 
20 years of indushy experience. Point out areas of controversy and indicate 
alternative practices where applicable. 

5) Compile key reference information. 

6) Provide theory and discussion needed to develop a deeper understanding of LFG 
control and recovery. 
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I 2. LFG FUNDAMENTALS 

2.1 REVIEW OF SCIENTIFIC FUNDAMENTALS FOR LFG 

There are a number of areas of science, engineering and management that apply to the multi- 
disciplinary undRstanding that is necessary for LFG practice. These. areas may include. 

Biology 
C h e m i s r r y  

Physics 
Mechanicaleagheuing 
Fluid mechanics 
process operatias and production management 
Maintewmx management 
Civilengioeering 
Geology and hydmgmlogy 

8 

C o ~ v e  knowledge in these areas is not essential to be a good LFG system operator. 
Nevertheless, it is helpful for opRating staff to be o h a n t  and to have geod general 
scientific andtnechanical aptitude and problem solving skills. 

LFG 

'Ihe most significant chamcteristics of LFG are as follows: 

Consists primarily of methane (about 55 %) and carbon dioxide (about 45%). 
LFG is wet; cooling almost always results in condensate water formation. 
LFG is flamrraMe (i.e., potentially explosive). 
LFG may migrate through surrounding soik, within open d u i i s ,  permeable 
¶ r e d  bacldill. 
LFG mav accumulate m confined maces. 
The weight (specific dwity) of LFG is usually close to the weight of air. 
Typical kmpemtm m g e  is 16 to 52" C. (60 to 125" F.) within the landfill. 
&mponent-gases (methane, &n dioxide, water vapor and others) rend to stay 
together but may separate through soil and liquid contact 
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7he movement of LFG can also be affected by atmospheric pressure changes. These changes 
can occur as a result of 

1) Daily (or diurnal) cyclical fluctuation of atmospheric pressure and 

2) Barometric changes brought on by weather changes (e.g., stonn kont movement). 

The movement of LFG can also be affected by changes in soil pressure due to ground water 
fluctuations 6om recharge (e.g., after a heavy storm) or pumping and tidal fluctuations at sites 
near the ocean. 

LFG May m e  m i t e  Developing Potentially Dangerous 
Au!mllohtioas 

Under certain conditions, LFG can migrate laterally long distances fium the landfill. An often 
used rule-of-thumb is LFG can migrate up to 1000 feet. Shuchnrs within this distance may 
require additional mans to protect them 6um LFG accumulation In some dramatic 
mstances land6lI gas containing methane above the LEL has been known to migrate for one- 
half mile or more into soils below surrounding communities. There are instances of lateral 
subnaface gas migration limn hdlik which fueled explosions with mrded fatalities and 
damage to shuctures. LFG will potentially migrate dong d l  possible pathways, favoring 
those that present the feast resistance. 

2.4 BENEFITS OF LFG 

LFG can provide an energy benefit when its significant methane content is put to beneficial 
use. For this reason it is considered a renewable resource. The viability of recovering LFG for 
its energy benefit has been weU demonmated as there are approximately 150 and 450 LFG 
energy recovery projects in the U. S. and Europe respectively. The general energy uses for 
LFG are shown in Figure 2.2. 

Landfill methane may be wed to fuel boilas, furnaces, engines and vehicles. LFG can also be 
used as a feedstock for chemical pocesses. 

Recovering LFG for its energy benefit provides a side benefit of reducing liabilities 
associated with LFG. 
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The usefulness and validity of LFG testing is controversial and most experienced LFG 
pctitiomrs tend to discount its value. It has been used in the past primarily to support 
development of energy recovery facilities. Regardless of the value of testing programs, 
lmderstamting testing theories, techniques, and p d w e s  can pmvide a better understanding 
of how to better operate a LFG collection and conml system. A detailed discussion of LFG 
testing is beyond the basic scope of this manual. Appendix A of the NSPS for MSW Landfills 
(See Chapter 5, LFG Regulatory Requirements) includes a procedure for performing field 
testing. 

26.3 Basis of Design of the LFG Contml System 

A LFG collection system is sized based upon c m t  and fimnr municipal solid war;te intake, 
corresponding LFG g e d o n  and yield potential, rulesof-thumb, desigwr experience snd 
obsaratiom, and any field testing prformed. LFG generation will normally peak shortly 
after site closure a d  md continue f a  d e x h .  For some sites, a formal basif-design 
document is prepared as pan of the design process. Opaating staff should becomc familiar 
with the Basis-of-Design which should be integrated into the operating documentation .. - 
The basis-ofdesign document should state the assumptions and conclusions that provided 
the basis for the design of the system including: 

Sizing of system components 
Materials of construction 
System layout 
Method of operation 
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lntroductlon 
Some yean ago, humid biogenic wastes had been dumped a burnt in incineration plants. 
Today in Switzerland. che biotccboological mating methods bsnw more important 
becaw of kgal resbictions such as TVA [I J, a law which favoun separate collection of 
wasus  ardtbeirlppmpriatc acacmcntand recycling. 

Fw the biological breakdown of biogenic wastes both Mmbic .nd d i c  echolo- 
g ia  exist. The wim of this audy is to compare the different treating methodsfrom ccologi- 
cal. engetic and sological points of new. So far. some comparisons have d m d y  been 
made (Membrcz rr a/.. 1997. Aebcrsold cr a/., 1993. IEA 1997). Howeva. most of them 
fccus on single qu3s such as -my or only oo the environmental impa*s of a few 
parametus. 'lbe work presented in this paper tries lo appmacb the problem io 1 wrrr bolis- 
tic way comparing as many paramctm as possible for standardized plan& with treating 
capacities of 10.000 tonsla Five different bio~hnologies plus matwnt in a modem 
iminmtion plant were examined. 

AssumptlaK definition ot thecompared objects 
Data wae sampled on existing Swiss plants. However. these installations diffu in several 
ways: For example, che treating capacities of the planv;. whicb were observed in chis study. 
vary from 5.000 to 18.000 t/year In order to get comparable data. all daca were standard- 
ized: data. such as coaswction materials. invesunent costs or salaries. were calculated for 
plant siza of IO.OOOUycrr. It was assumedtbal aI1 plants were constructed in the same sub 
urban area Tbis allows us lo assume identical transporting distances while collcccing the 
source reparaled biogenic waste for all bio~ccbnological treamment melhods. It was 
assumed that &re is no possibility to extcmally use the waste heal of Qe cogeneration of 
electricity and heat from btogas, at this theoraical site. IQ 
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I. Introduction 

The Kaselsan Univmiry. Thailand has been dcvcloptng a landfill gas-to-eocrgy (LFGTE) 
project at Kamphangsam Landfill. which is located in Nakhoopnlbom Pmnme. Thatland 
approximately 80 kilomefen northwest of Bangkok. The landfill IS owned and ormated by a 
private company, Group 79 Limited It was opened rn 1988 and avrrntly receives 
a$ximately 4.000 t o w s  per day of municipal solid waste horn the Bangkok Mcoopoltnn 
h. The total amount of waste in place is estimated to be appmxrnutcly I I million tonnes. 
which has been landfilled in an area that occupies appmxtmately 61 hecare5 

In 19%. thc Energy and En\?ronmenLal Eng tnCe~g  Cmtcr. Faculty of b g t m n n g .  
K a s w  Uotvmiry successful~y tested a gas en- modrfied from a gasoline cngmc wlnp 
landfill gas (LFG) from a portton of landfill. A prlo~ project was, established rn 1997 d a LFG 
collectron system constsred of39 ven~cal exrractron wells was constructed m a relattvely shallow 
pornon of thc landfill. The project also rncwpontcd a LFG prpclrnc and a powu plant tha~ 
mcludcs two of 435 kW Waukaha cnpnc-generator sets It a pla& Ibat the electnctl~ w~l l  be 
used to supply r l ~  Umvmrty campus ~ n d  

Afier the consmtion of rhc vc;riul exmction wells, it was found Bat tbc lucbate lcvrl 
was approximately 1-2 meters below Be ground surface during tbe nmy setsw. ~rcbrc the 
slmed portions of rhe vertical cxlracuon wells were below lacbate lcvtl. Leachate pumps 
i$alled. but tbcy did nor function properly due to clogging in the pump casing. llus resulted m 
I& LFG quanttry and quality. It  was further obsmcd that chc LFG qwariry and qwlin. 
d;opped sharply as tlme progressed. 

The onginal co:lection system was subsequently abandoned and a new area ofthe landfill. 
which was about 18 meters in heieht. was selected for recovery or LFG. However. d u n n ~  



construction o f  the first new verlical extraction well i t  was found that this portlon o f  the landfill 
also had a very high leachate level. which would constrain the ability to rccovcr LFG. Based on 
this finding, an alternate collection system design was developed and two horizontal LFG 
collectors were installed in January 1999. Thc new horizontal collectors ~ncludcd provision for 
drainage o f  leachate from within the landfill. Based on the successti1 performance of these new 
collectors, tivc additional collecrors were installed in January ZOO0 

For project planning purposes, i t  was necessary to reassess thr approach Inat had been used 
to estimate the methane generation and recovery potential for lhls landfill 1-hc L'n~tcd Sutes 
Environmental Protection Agency's (USEPA) Landfill Air Emissions bludcl (bersion 2.01)[1] 
has been used in the analysis. Input values for d ~ e  model were developed iiorn a review of 
available information for the landfill and rhe methane generation potential (Lo) and the methane ! 
generation ratc (k) were reviewed and selected based on considerat~on o f  the local waste stream ' 

and climatic conditions. 
I 
i 

I n  addition, a comparison was performed to obtain a co-relation between the estimated and i 
~ctua l  methane recovery rates. Therefore, methane generation rate under conditions in Thailand, 
which may be representative o f  other Asian countries, can be more accurately cst~mated. This i 
paper presents the initial fmdings and the implications for estimating greenhouse  as emissions 
and for planning energy utilization projecrs. 

2. Methane Generation Estimate 

There  are a variety ormethods that can bc used to estimate the methane generation rate at 
landfills, however. the USEPA's Landfill Air Emissions Estimation Model (version 2.01) is 1 
generally recogniscd as being thc most widely used approach. The GSEP.4 model is a first-order 3 
decay model. and this approach is also consistent with the more complex methodology (rather 
ban the default methodology) recommended by the lntergovemmental Panel on Climate Change . a  
(IPCC)[2] for calculating methane emissions from landfills. The equation is as follows: .. '1" . :. 

. J 
Where: 

Q = Methane generated in current year (mJiyr) 
- - L, Mcthanc gcncration potential (rnJ/?vIg o f  refuse) 

R = Average annual waste acceptance rate (Mglyr) 
k - - Methane generation rate constant ( [ IF )  

c = T i e  since110 landfill closure (yr) 
t = Time since landfill opened (yr) 

Input data for the model was developed from a review o f  available information for the 
landfill. A funher calculation was performed to convert the methane generation rate into a LFG, 
generation ratc. The projected LFG generation rate for the landfill was calculated by multipl*g 
the methane generation result by rwo, which i s  based on LFG comprising 50 percent mehme. 
and 50 percent carbon dioxide. 



An additional calculation was performed to csllrmtc the qlunuty of LFG h t  could 
potenually bc recovered fmrn fhc landfill durmg ihc fust phase of fhc ~ J C C I  dcvelopmcnt. A 
discussion o f  rhe key input informatton. assumptions. and model w t p r r  a povtdrd bclow. 

Mrthaoe Gcaention Potential 

The methane g m u o n  potcnual (Lo) depends upon the composrtlon or -c%se PMII In 
Ibc landfdl l h c  USEPA[3] rrpons &at the valucs for (Lo) can range from 6 ? to 270 La 
addrbon, lbc USEPA has cstabllshd rhe folloumg default pramam for Lo 

Clan  Air Act (CAA) default value of 170 m'/Mg 
AP42 default v r ~ w  of 100 m'/hig 

I 
Howevn. utilization of the USEPA dcfaull parameters for Lo was m>i coo,~ulc:n' to bc 

I approprstc for the landfill and ochcr suntlar sites tn Thailand The basis in rhi, .mclus~on a 
ha1 there IS a consrdenble diffcnnce bcnvccn thc co rnp i ion  of solid wwc  thal i s  dtrpmed lo 

lardfills rn thc United Smrn a d  that which a generated rn Bangkok aod drrpodcd at rbt bndlill 

In orda to esnmrte u, lppoprute MIU for Lo fa dr *odfill rcpracooors data 
regardlog the cornpositron o f  rhc waste was o b u d  for cbe Bangkok Mctmpolttan M The 
w t e  fanposinon fa Bangkok was oburncd from data w l l d  by rbc Bangkok M c o o p o l ~ ~ a  
Authority (BMA)[4] at cbe On-Nuch transfer NtrOn on an annual bas13 f a  Ibc pcnOd from 1986 
to 1996 The data horn IIU penod h w  IW3 to 1996 was xlocted rr bcmg rrprrvoauvr o f  
cumnr condrtroar Momrurn, was also oborned from USEPAIS] ihu show wac 
charactcnsttcs in thc Lintred Sutcs 

The wastc compostm dab for Bangkok and the Urnled Suta was tbm w ~ c w c d  a d  
allocated tnto four major wastc cateponcs as shown bclow The d l y  dcpdabk itom 
lncludcd food waste and a ponion of grem w e  (gnrs) The modcntdy decompowMc ltcmr 

/ included a ponton of the paper w e  and the rcmalamg ~ c c n  w e ,  ud che slowly &gnd.bk 
&ton tncludcd the rurumrng ponion of lhc paper waste. wood. texttks. and abcr malcruk ' The m d e p b b , e  ttem u~ludcd plasnc. glass. metal. cwaac. n r ~ ~ c .  and - tnm 
matcnals 

As iodtcatcd above, the Bangkok waste sucam c o o u t ~  1 hg&r v g e  of d y  
degradable waste (wbrch compnrn murely of food waste). but a s ip f iao t l y  bwr pucaNagt 
ofmodcncely degndahk w a s l a  hotably. che h g k o k  wastc mam &d oa mludc m) grao 
xastc matcnal In ddrtton the Bangkok wastc stream coDruns r lower pranage of sloul) 
degradable waste and a signtfiuntlj bgber percentage of m - d e p b M e  w&%c It w+l 
o p l ~ d  hat  tbe Bangkok waste s u m  conuinr a p p r o r ~ ~ l e l y  50 p e m t  m o w .  whcrus ihc 

molsrurc content o i  waste in the Untted States IS lyptcally about 25 parrnt 



Based on the assumption that the Bangkok waste stream may have an average methane 
generation potential of approximately 225 m3tMg (on a dry basis), and the waste composjtioq 
and moisture content are as outl~ned above, an Lo value of 50 m3IMg was estimated for thk 
Bangkok waste. 

Methane Generation Rate Constant 

The methane generation rate constant (k) determ~nes the rate r~l'yenerauon of methane 
refuse in the landfill. The value of k is a function of a number of  factors including re 
moisture content, availab~l~ry u f  nutrients for methanogens, pH. 3nd temper 
USEPA[3] reports that the .lalues of k can range from 0.003 per ycar to 0 2 1  
addition, the USEPA has establtshsd the following default parameters for k: 

Clean Air Act (CAA) default value of 0.05 llyr 
AP-42 default value o f  0.04 Ilyr for moderate climates and 0.02 llyr 
dry climates 

However, utilization of rhc USEPA default parameters for k were not considertd 
appropriate for the landfill or other similar sites in Thailand. The basis for this conclusion is 
tbere is a considerable difference between the moisture content of solid wastc that 
landfills in the United States and thar which is generated in Bangkok and disposed at the 

In order to select an appropriate value for k for the landfill. representative d 
the composition of the waste was obtained for both thc Lnitcd States and the B 
Metropolitan area, as discussed above. A review was also performed of published & 
values thar may bc applicable to the landfill. Based on information that was develo 
Hocks. as compiled by Hans-Jurgen Ehrig[6], k values for the different waste categories 
follows: 

Waste T Re ncd k Value 
Rcadilv Decndable 0.693 
Modentclv Dtrndable 0.139 
Slowlv De adable 0.046 
Yon-De ndable e 

A calculation was then performed to develop a weighted value for k that w.oui 
representative of the potential methane generation rate for the landfill. Climatic conditi 
also different in Thailand than the United States. Information regarding climatic 
the vicinity of the landfill showed that the total annual rainfall in 1998 was 1,275 
monthly rainfall ranging ham 0.0 mm in February and March to 302.9 mm in Sept 
addition, the waste mass in the landfill was observed to be saturated with leachate. 
findings of this assessment, a k value of 0.15 Ilyr was selected for the Bangkok waste. 

. 



Projected Methane Generation Rate 

B a d  on the information developed above. a model NO w a  performal to m-~c rbc 
potential mchne  g w n t i o n  rate at the landfill It is estimated that thc ~ o u l  qwollty of & 
that is generated at the landfill will peak at approximately 9.000 m 3 h  i 15.000 m 3 h  of LFG) a 
the estimated time of site closwc in approxunately 2020. The modcll~ng aim m d l u t a  that touj 

quantity of mrhane that is gcncraled at ch lrndfill will dcclioc np~d l )  m the fururn. It is 
atimatcd that the total quantity of methane i h t  is gmented iu the ;ta! ZO!n may dcclur to 
approximately 2350 m3hr (4.700 m 3 b  of LFG). 

Projected Methane Rerover?. Rate - Phase 1 Area 

The P k  1 area covered an u c a  of approximately 2 4 hccurcs The bodfill was 
conrrmcted by cxan t i og  approximately 4 mccm below ibc grouod. The deposited waste mas 
extends approximately 18 meters above the g r d  Using a amcot ur-plwt dewy of 1.0 
toondm3, it was estimated that appmximately 0.5 million t- of wasc hd been pbad m tbc 
Phrx I area. 

I t h . 2 b e t n ~ ~ t t h e L F G c o U a t i o D r y s t a n t h n ~ b m 1 r r s t l u e d ~ t b c P b n e I  
an!a at ch ilndfill covar approxnnatcly 4 perceot of ibe w a u  in p k c  and has a rnkakm 
efficiency of apptuxinutely 75 pcrcenL As a m l t .  an ovad l  mcchla mc for tbc 
Phase I area of 3 percent bas k e o  used to lhir wsrmcnt 

B d  on the results of the rccova)r projection. it is a t i d  that ippoxiumuIy-1% 
m3hr of mcmuK (300 r n 3 h  of LFG) could be rccovcrcd from flus portion of tbc hodfill m 
7000. After closure of the Phasc I arca in 2000. :he &nc recovery no a pro)ecud to d e c k  
and is estimated to be approxirnatelv 45 m 3 h  (90 m3hr of LFC) ur 1010 

! 3. Field Tat Results and Comparison to Eaiumted Vdmrr 

htalbtiw 01 Horimntrl Collectors 

Two honzonul LFG collectors were mrulled u ibc landtidl lo January 1999. sod five 
add~tlolul Donzwtal mllectors wcm msulled 111 a r t y  2000 Tbc f i t  two colhmors vcrr 90 
mcrm long and the addrt~onal fivc collectors were 100 mam long Each borumul  cdlrna 
extended from tbc WUI& edge of the landfill Into the cmm of the rttc E.ch mlkEIa  rm 
carsmned  tn a manna that tmludcd pronsloo for p v r t y  d n l n a p  of lmhate  6mm who tfr 
ldfa (nther than by pumping) The honzmul collcctm were mulled at 30 md 40 marr 
jFW. 

For tbe fust two mllectors. LFG was only m v d  from haders ttvt w a r  msDUcd u tfr 
outside edge of I.od611. For the additional five wlkcfots, LFG was m v d  fmm bab em& of 
&c collectors. Four of rbc additional collcctorr were tMcd Cor LFG qualtty and quantity. Om 
dlcc tor  w not tested because comrmction xt~tia hd b c a  completed 

The projected LFG mcovcry n t a  for each collector were atmuted to be appoxlrmuly SO 
n 3 . I ~  per collector. This estimatc was based on lhc bcumplroo &at rbc honzonul coUmm 
nould provide an average rccovcr). rate of approximately O~SS m3kr of LFC per meter of LFG 
:ollector  length^ 
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LFG Quantity and Quality i " 

The averagc merhane concenuation was approx~mately 55 percent and 57 percent, respe 
I 

Test resulrs conducted during February and March 2000 showed that average flo 
approximately 70 m3lhr could be recovered from the collecrors with LFG recovery at 
The LFG quality was approximately 50 percent methane. For the collectors with one 6 

slight decrease in the LFG quality in the onginal two collectors was observed. . ., .;I?[.. 

9 
recovered from the Phase 1 area averaged approximately 310 m3lhr. The LFG quality av 
approximately 59 percent methane and less than I percent oxygen during the testing pcri 

! 
I 

Comparison of Estimated and Actual Methane Recovery Rates 

The preltminary results indicate that the actual methane recovery rates at thc l a d  
higher than projected for the Phase I area. However, experience with field testing a I 

I 
C 

landfills has shorn  that the sustainable LFG yield is usually lower than the rates obtaine 
an initial testins program. As 3 result. the LFG collecuon system is being opcrat 

-3 . . 
continuous basis and monitoring and testing of recovered LFG is being performed to p a 
funhcr data for ongoing comparison. 

I 

i Confidence Levels 1 
There are four sources oC uncertainty associated in the estimation of methaoe and L 

emissions from solid waste landfills. These include the uncenaintv amibutable to the me 3 1 
~ - 

data uncertainry, uncenainty associated with the estimate of the collection cficiency of the 6 
collection system, and other factors. 

The USEPA first order model is widely used for estimating methane emissions 
landfi!ls and is considered to be applicable to the landtill. Tbe model accounts for changing 
generation rates over the life of a landfill and takes into account the various factors that 
the ratc and extent o f  LFG generation. 

. . I 
The sources of data uncertainty are directly amibutable to each of the data in 

Information regarding waste quantities and composition was developed from a renew of 
specific data. Lnput parameters for Lo and k were chosen to reflect conditions at the landfill. 

I 

Another source of uncertainty influencing the quantity of methane that is emined from 
landfill is the d e ~ e e  of oxidation that occurs as the LFG diffuses through the soil fill ma 
and the cover so~ls.  As the landfill contains large areas with little or no cover materi m 
oxidation factor was not used to reduce the estimated quantity of methane that is 

I generated. As a result. the accuracy of methane generation and recovery models is gen 
estimated to be approximately plus or minus 25 percent for the current year, with poten 

1 peater variances over the long-tern. I 



Conclu~ionr and implications 

Dlspovl of murucrpal solld uawc in landfills produces mclhanc. u h r h  is poccnt 
Renhow gas In recent years. sclcntlsa and policy makas havc become conctmcd that ibe 
uild-up o f g m n h o u x  gases may increase the share of thc sun's bcat rcuiotd :n thc a m s + c .  
l h ~ h  may m-Nrn a k t  thc h n h ' s  cllmatc In unccnatn but polenl~all~ drsruptln r a p  In 
ddraslng rhae concerns, each oarlon h a  comrmmcnu undn the Framcwork Conrmricm for 
'lmafc Change to address sources and srlnl;s of all grccnbouw gascs 

Unda the FCCC. Pudcs  lo Annex I ( d e n l o p d  couotrrcs. and iha'c .suntr:a uiih 
comnnies in m i t i o n )  are required to rcpon lnvcntory &u for all grccrrhtlusr y r m  on an 
nnual basis. The IPCC has tdcntrficd methods for ulculaling prccnhousc gar :in!rslonr. 
lowever. h e  has bccn l~mttcd information avathblc that can bc used for ertsmattn~ ? r ; ~ n h s c  
N missions for landfill disposal of sol~d wawc in Thailand and ochcr Aslan counlnt> 

In addition. dcvclopmcnr of LFGTE pmjccts is recognized intcrmtlodly as bclng a vubk 
nd cm-effective method of conuolling c m ~ s i o n s  from Iandfillr. W h ~ k  here arc nuor  hundred 
nf rhcv facilities t h r o u ~ t  ihc worid. t h m  uc only a limited number in Asla P h m g  for 
-FGTE projects also requires a good understanding of local conditions to cnsw that LFG 
,-om and resowry cstircata arc appropriate for a c h  puuculu I d f i l l .  

Bad on the work that has bccn xcompltshcd by i(lwrun Unlrerstty todatc. p r t u n ~ n q  
.alucs h a w  bccn xlectcd for Lo and t hat  arc considered to bc a p p l ~ l M e  to ~ I C  landtill. and 
rhn silts in Thailand. Whilc this work is ongoing. tht prrliMnrry value for Lo of 50 1s 

;ipifiuntly lower than default values tlut arc often used in p gcncnkn and rccovcq 
stimates in other countries The value for k of 0.15 IS s ~ p ~ f i u n r l y  ~ I ~ J I N  than thc default 
.XI= that arc ohen used in gas seneration a d  rccovcr), onmates vl aher counma Ux of 

I hex prclimlnary values may s i~ntf icant l~  c b n p  cstlmaus of grrmhoux g a  uoanlumas tn 
I k i l a n d .  This Iimdlns cwld bc asscsscd by comparing emisloo inventor?. cwlnula th.1 arc 
I 

devclopcd using both thc IPCC default and firs mdcr dccay m c t h o d o l q ~ u  
I 

It is also mticiptcd h a t  urc of IIICSC prc l iminq  nlucs  will mpln thc cntcru that arc 
used for identifnng and screening f a i b l e  LFGTE projms in T b a i h d  Due to thc omps~wn 
of rhe wastc stream and rapid dcgradat!on of the waste. LFGTE pmjecu may mly be 
cconomiully feasible at lar_pcr operating landfills that havc long-term dlspowl apactr)-~ 
.Utrmativcly. LFGTE facilitlcs mav hrvc to bc rcduccd in capacity to cnsurr thc a\%~bbill~y of 
LFG in Ihc lonptcm. 

In dd~ric-n. LFG collection systems should also be d c s ~ p e d  to allow for nunr-t of 
leachate so that clcratcd leachate l cn l s  do MU NVK~ RCOF of LfG. Collaron hat r l b v  
for dnirugc of kachatc arc p r e f m d  over cxtnnton wclls rhrt ~ q u r r c  pumping ~ t n m  LFG 
wllection systems should also be d:si@ f a  ongoing uplnrcon into M v e  drspm+l arras to 
CNUT~ that sumcimt quantities of gas ue rvailahk. Gcrs LFG slmuld bc flared to conwl  
p a h o u c  pas emission. 
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ABsrRAm 
ORC tDMC of municipal solid waste dorcd in a landfill produces fmm 120 to 150 m3 landfill gas within several pars. 
Witbout any m o v q  s y ~ c m ,  th Ladfill gas can migrate toward the atmorpbere and contribute to the gnenhouse effect. 
Al~raativcly, due to its mctham content, it can be movered and used as an amactive source of energy fmm waste. The 
-b program METAN has been developed in the Waste and Energy Research Ccntre (CREU). VIVENDI 
Fnvimmcment Group) to identify and quantify thc various methaoe f low in landfills. This work has sought to i q m v e  
cstinnhs of thc net c o n h i i  of landfill emisions to global wmning, particularly for different lrndfill comiguntions 
ud wiws on-site management pmchs .  SpccificaUy, %Id work was conducted at tan, landfills m France. Montrcoil sur 
Bux MSW Landfill and Lspwy;lde MSW landfill (ONYX) during winter conditions. Methane mass balances w r c  
cslablisbed at each site based on mor-ntr oimclhane collcctcd, rmham emitted toward tbe atmorpkre. ad mthnc 
oxidized as it mova koughLbe corn.  Scvcnl IandIill configurations were tested, including: covercd,,teqanry covurd, 
ud noncovcred cells, with Lnd without active landfill gas extraction Complementaly measurement memods w m  wd to 
inwWc the precision An in6arcd tbamography techniguc was a ~ d i e d  on om site to obbin a map of the thermal - . -  
&malies of& site so as to h a t e  significant point source; of methak emissions. In addition, two chmdcr mehods and a 
b a r  mthod anrc used to auantifv landfill eas emissions to the ahomhere. Lastlv. an irotooic analvsis method was used 
to thc hction of& b x i d i d  L g h  tbe cova.  he quaity and the &tity O ~ L F G  refovercd h d  a h  been 
measured. The methane nracs balance equation was ntilised as a technique to validate the field data from a Iandfiil sitc. Thc 
results of th field campaigns prrsent good correlation of the metbane b a l m  at the two sites an4 as a consequeoce. 
pmvide good correlation of the w s m n t  of the emission of methane to the amsphere. These results indicate that a 
Landfill with ordioary soil cova,  bul aoz-tc design and expertise in LFG recovery. reduces methane ernisions to the 
abmsphae by ubiwing  a high ratc of merbane recovery. For the two case studies with recovery system, at least 94% of 
the biogas paoduced was m v e d  and flarcd. 

INTRODUCI1ON from human related activities (US EPA, 1990). M e b e  
M c b n c  which is a mnc potent gnmboure gas than C02, genelatcd in landfills is a direct result of the natural 
has incrmed in atmospbaic wmmtnt ion by a factor of 2 decomposition of solid waste. The organic component of 
m the past ccnhny. About 7O0A of the current emissions are landfilled waste is broken down by backria m a complex 



~ k s o f ~ ~ l h + m i n i m r K , t b c  
hm nngcd born 9 m 70 ~ g . y ' ,  difiaing 

mainly m d mccliur yields 6rwn cslimrtcd 
wities of M U e d  & ad rrnuDed m&ne 
oxid.tim Tk r& m x ~ U  stirrpla irdicate an r-1 
.rmospbcric mblkna. of about 20-30 Tg.y". For 
Frmcc. mIioml cshm*f pcprcd for Ihc United N a b  

Tbc mvcst~gatsd hd~l lr  p m a t  ocrcnf cypo of -11 *- * d o p e d  avcgr q-Qnlj tk 
ummd b m p  w u  to la+ m a y  qpmdws ( I )  
Infnrcd lbcrmogrpby to ba* -1 awph of thr 
us. posaunlly duc b cn"s9om moc* (I*) k, 

or mthm mmora w q  bocb 8 hm 
m(hod and cbmbn mthoQ (818) A BbL c&mn 
aMopr wudy lo drwrnsnr !be pmnn of m c c h  
OM d a m g  tnnm from 1k bndfill wfacc 

STUDY AREAS 



C d k  amwnt cd waste in tonnes 

127 472 
149 681 

1999 37 800 
TOTAL 309930 37 800 

Table 1: Amount of waste laodfilled in the different zones Table 2: Amount of waste landfilled in the different cells 

I 

Montreull Rr Blrrc LandiJI 
The Onyx M U  "Monmuil sur Barse" (VIVENDI 
Enviro~ement) located near Trover in France has been 
operating sin& 1986, and ha; received IS0  14001 
certification io 1999. 

This municipal solid waste landfill (MSW) consists of 
Uuce d i f f m t  parts (Figurc 2): (i) a former m a  vbac 
MSW MS dkpced of from 1986 to 1993. (ii) an 
e- area srbar MSW was disposed of from 1994 
to 1999 (iiii a d  a new operating zone. 

Figure 3: Scbcmrtic map of the investigated ueas 

It h.r tbc ndwmtage of a hoad nogc of ceU 
(i) an active ccU (A2). (ii) a temporary 

covered ceU (A4). (iii) two expenmental cells made of . . .  
d i h n t  top amr configurahok (AS with a clay cover 
and BS with n svnlhctic benton~tic neocomsitc~. ud fiv) 
aras with and-without gas m o & y  (AS' Bs). id 
amount of waste landliUed in these several areas is 
presented m tahk 2. 

All ofthe measurements twk place in the same two weeks 
so that it occurred approximately in the same condttions. 
The lnha Red Th~hennography (to establish the map of Qe 
thermal anomalies of the rite and to locate the areas to k 
investigated) and (he local flux measurements wen the 
fmt campaigns to o c w .  Then the special fluxes 
measurements (according to the IR t h e m l  anomalies 
map) and oxidation mcasurcrncnls campaign begun. The 
measures wen TJSI r e a l i d  on tbc two cells As and Bs 
with the recovery of the biogas (prrrrure at d ~ c  wcB of - 
2.5hPa for As and -1.4hPa for Bs). To evaluate the 
influcnce of the rccovcry of the biogrs on the emission of 
methane through the cover. the recovery was stopped for 
two days (thc pressure st Ihe biogrs well incrcwd until 
I.8hPa for As and n d a  for Bs) before the fluxes were 
measured again. 

METHODS 

For each field uunprigq dl of the musuremenu took 
place over a period of hro weeks with .pproxinufely the 
sam conditions rrpc(itios(in February ZOO0 for Monmuil 
sur Barse campaign and in Decembet 2000 for Lapouyadc 
campaign). 

Infra Red Thermovn~hv  measaremenb 
Ibc IR themgraphy cmr*ts in visnalLi  the spalial 
diseibution of discerniik swfacc tempuatures, in the 
form of a themgraph  This visualiration is achieved by 
measuring the energy in 1 given spccbal bandwidth 
radiating from an object. The snaor used is a thermal line 
scanner. The entire system is installed on an aeroplm, 
which, for this project, made trimecu once dunng the day 
and once at night. The use of tbe IR Thennography 
a l l 0 4  the establishment of n map of the thermal 
ammalies of the landfill. On a landfill, these anomalies 
may have several origin$ unong (hem- wvcl ucas, m e  or  
LFG emissions, areas where che microbial activity is 
important under (he cow. Ibe  map of t6e thmMl 
anomlics has been used m dctmninc local chambn 





Quantilicrtian -1 the mtbanc oxidised U~roueh the 

Microbial m b n e  oxidation is carried out by 
mcthmtrapbs. Mcllanohopbr arc a class of 
mthylotmpbr which have the spccific exqinc ((methane 
moworygurax) Uut allom them to oxidisc methane m 
mcthanol (Anhny, 1982). ~ethylotrophs arc 
mcmorganisnrr capable oS gaining energy from the 
oxidation of d u d  cubon compounds. 

Many fadon can scaronally affect the mass of methane 
o n i d i d  thmugb landfill cover soil. Thse include all fhc 
controlling vmablcs for soil microbial processcs: 
temperature, moisiurc, nubicnts, subshate form and 
smihbility, and p d a b s e n c c  of toxinr. A major 
unnrtlhty m &mating CHI flux kom landfills is 
determining Lhc ruenuation of CH, emissionr . by 
mthanouophic bacteria in the aerobic outer portions of UIC 
mvcr mil. l k s z  bath intercept the gas as it migrates 
toward th ahnosphere. To estirnatc cover soil oxidatioq 
chc differme in the bl'c (-shun isotopic compmition) of 
CH, within &c rnoxic zooc and CH. released from 
landfills and caplwcd domwind on the landfill is 
mcasurcd. 

determined by equation 1 (Chnton er el., 1999). which I 

describes a solo pic fracttonation in an open system. 

&= [ ( 6 ~ - b ~ Y ( c g - ~ ~ ~ ) * I W O ] * 1 0 0  
where 

4 is thc X of CH, oxidised in hansit hough the cover soil 
cap 
6E = 6% value ofemined CII. I 
bA = b " ~  value of vloxic zone CH, 
G. is the isotopic fractnonation factor for bacterial 
oxidation 
a,, is the isoropic fmtionation factor associated with gas c 
hamport 
Equation I :  Express~on of ihc isotopic carbon 
baclionalion. 

I.iptay er a1 (1998) and Berganlash, e l  ol  (1998) have 
argwd that gas mnrport across the soil cap IS dominated 
by sdvntion. Therefore, it could be assumed that &=I. 
The bacterial fradimbon factor associated with il 
(mebanohwhy was determined by incubatiw cover roil . . - 
r w l n  at in silu t e n g c n ~ .  'Ex bectioriu~lion laclor a 
can bc determint4 mlh equabon 2 (Chanton eral.. 2000): 

I )  

al3+looo (I/a -~)ln(dns) + 6"'& 
where 

dh is & fiaction of methane remaining 
Diqnm ( F i i  6 )  shows CH. escape h m  landfills at t i m  t I 
Uxwgb (i) Lirsurrr d venis, which is muEwed through 6 " C ,  is the 6 ' ' ~  value of the meibane 
downwind plume sampling and (ii) transpotl through UIC atthe ini-I timc 
soil u p ,  svhich i s  m s m d  utilising the chamber 
,cchniqm .od the downwid sarnpli,,g Equation 2: Equation for determining % hcliomtion 

factor U 
m 

(Qpnlon a a/.. 1999). 
... ~~. 

A time-series of analysis ms performed to del& the 
m s  2- - Methane O*datim wm fnctiomtion ktw u : aver  soil wnpler; were placed in ii 

closed fkasks and a kwwn concentration of methane was 
added. These flasks were incubated at outride - -. 

sad- temperahlrcr, and two gas wurtpla lucre taken every day 
during wvm days. 'lhc determination of the d o p i c  

P 
composition of these sampks permits calculation oZ as in 

Anoxlc 6"CU.- 55%. cquation (I), the hctionation factor inkrent to chc soil il 

and to its specific microbial flora lsi 
a m x i c  Zone - Methane Production 

.- 
This mbk isotopic shrdy was coahrcted at the tM sites to 

-- .- -- -. -.~ 
F i p  6: Plot to ilhrstratc carbon iwtopic variations for dcterminc the major orb emirsim from 
lmdfill methane (Chanton el al.. 1999). 

s 
rhe landfill and the portion of methane oxid id  during 
hamm h m  the landfill surfas. h l a  of melhm were ~ ~ - - ~ ~  - - ~~ -- 
collected from I& phun of air dosrhwind of the landfill. ~ ~ 

.%able isotopa arc ~ t f i ~  rot dctmninmg CH, o ~ i ~ ~ t i o ~  ~ t h h ,  sPmples intcgntcs toul emission ii 
becaUSC' as it the remaining 'IC for methane from the landfill. Specific samples were also 

to pnfff-1 utilization of helighter collected nsjor of pMential c,,,juion 
isotope by bac~cria. The diKcrmce in the isotopic s i p t u r e  including tom pipes, from ha,.,,esting 

lbeJe o"I pools of !IXthrne drra'y a m i l a b k  the me- from the rubsurlacc and from bubbles of landfill m 
fraction of mthaoe oxidised 141. Oxidation percentage is eming 6om cnch and bordm oflaadfill cells, 





-:pun 7 :~ lack  and white map of the thermaI anomalies 
Monlrcuilmr B m  site (anomalies an? in white) 

 awe of sahuatd wne in the mva.  or a wca& 

analysis in a lab) give values ranging from -2.47 to 33.8 
mg.m-'.a'. On top of that, the n"l chambcr mcUlod s ~ n a  
not to be precise for linlc fluxcr. Due IO Ulc high 
uncenainties, the chambcr measurements have been used 
only to locate lhe points of methane emissions. 
C 

Fluxes measuremenS' distribut~on i s  orescntcd in Finure 8 - 
a1 Monkeuil sur Barx tests cell As (clay covered cell) amJ 
Bs (~eosmthclic bentonilic covered celll. Each cell .- . , - ~ ~ ~- 
presents a broad range of values lor thc emission of 
methane I t  appears clearly that only icw ltnlaled rrcas arc 
cnurt~np mthanc I '  bla~kl Ihos arc matnly 
localnscd "cat dtronrlnu8t,cs \u (h  a\ IIne lt.actbate or booea5 

~~ .~ ~~~ --- 
wells or Ule cell's borders which represent preierential 
pathways for gas transfer. Apan these local zones, 
emissions through the cover are insignificant. 

V '-1maz of co- layem in thew areas a tempaaIure 
variabilita wimin tk waste mass that radiate to thc 
! -face. Th themadynamic propcrticr of the wasre, the 
c o w  = s t u n  ud tbc biological ~mcrs oecunilw. within 
tb . e d l  will effect the tc~&r& pfik of thelandfill 
rurfrce. External mcteoroloeid conditions will also effect 

of 

rer 

~ ~ ~- 

lbmml &gs at -the dice. Among the 26 
measure- p a f d  in areus with thermal noornalics, 
7 PIS have presented higher flux and were 
d y  l i i e d  to a zone with a diffaent mahue of the 
C' .er. 

C b a d u  nxasmcmnIs have been uxd lo locate the 
PC'- dmctbrm enlissions. At Montreuil sur Bme, static. 
ch.lanrs vcrc deploy&, whmss at Lapouyndc dynamic 
c* ohm were usod with external recirculation of gas. The 
*tic &mba raetbod uscd at Momrtuil w BZ 
or 'mwd meb unccminties in dcanrdnine fluxes. 

Data obtaimd by the cbunbu method differ depending on 
th 'khniqws. As an example, on cell Bs. fluxes p e n  by 
thc rtatic ehunbcr mehod hi above (with a fan and 
on ite analysis of che CH, conccmrtioo) range from 
198.64 to 214 830 mg.m".&'. dmcas fluxes measured by 
an a typc of static chamter (consbuctcd of a stainless 

Figure 8: Schematic localisation of the emission of 
methane on the gcocompositc covered ccll (Bg left) and on 
the clay covered ccll (As, right) at Monheuil sw B- 

0 border of the cell 

OAcn in the cxmimcnml wnc. when m n e  suction was - 
king applied in ibc procar of m h n c  recovery, negative 
fluxes wen masurcd, indicating that amK,spheric mctbrne 
was beina taken up. Apparently, no mcthnc war supplied 
to tbc chaabcr from below, irobbly as r result bi the 
negative pressure at depth. 

Figwe 9 presents the spatial repartirim of the local b i i  
emissions (in ml.midl.m-') at L~pouyade on pbse  I, 
which is covered and movered since 1998. The main 
emissions are situated on the s lop  of the enhnkmnt.  
which is consistent with tbc previous results at Montreuil 
sur Barx. This condition is often observed in landfill 
applications due to the preferential horizontal gas flow 
pathways which occur in the waste mass. 

rtccl boni&hac, whicb mvered a surface ire. of 0.1 I d, 
oh .d on ton of a %mi-ocnmncnt iron collar which was 
buskd into .the m v a  materials. without fan a d  f i e r  



E m a c d n & u r s m ~ m n o . * . n b y c o k h g i l  
i n c b r m k r s m l b y a d b F c i n g & ~ ~  
~ a & p c r a d * n i & . t ~ * i r & d o w n r i d o f  
t h c r i t e . T b c h c h m t h L a a ( a ) w r r E  ' d h  
thc rrplB of FipllC 10. 

m t i D I t . M o = ~ r r i c i . f k O ) k &  
*dthcime.tk-hlorn-a 
1.0160 (A) lad 1.0205 (8) kw a mnbc of 1.0182 t 

0.0022 for Mmavll rur B r u .  



in thc surface soils which are temperature sensitive and not Table 6. Lapouyadc Site (phase 1 cell, covered md 
deep down in thc profile. The lack of CH, oxidation at low recovered since 1998) i 

tc-hres has implications for budgets X C% m o v e r  
in landfills. &ch on a global vale should include a 
latihldinal fac.tor. 

m 

Achievement of the metbane ma balance at the two 
&g 
Each of the individual factors for the methane balance C 

is ersluat* By *lying balance Tablc 7: Lapouyadc Slle (cell A10, temporary covered 
equation, thc wellquantified m l h n c  pathways can be arihut rrcovery system) 
uscd to bracket or verify the ranges on the modelled 
valucr. Thc methane balance can be expressed as: 

* 
Mctham Generated = MeUunz emitted + Methane 
oxidized + Methanc resomod or flared + Mefhane i 
migated + A Methane storage (Bogner and Spokas, 1993). 

For the analysis, all values will be expressed in kg 
w h y .  +.bk 5 pramts the b c ~ t s  of the mcthanc 

At Monhuil sur Barx site. the devclopcd Landfill im 
b a l m  for the Montrruil sur Banc site. This includes the 
chambcr and PLCQ emission mDNTrmn¶s that were done Methane Generation Modcl (LMGM) provided an accurate 

on the Test Cell As. & h a t e  of the produced methane. ?lis modcl has 
conmared favourablv to other eeoernl landfill eas - 
pm&ction models. Therefore the &GM model shoild I 

Table 5: Monmuil nu Bux M f d l  (TcstCe11 As) provide an accurate estimation of a e  methane generation 
potential of the Lapouyade cells. In addition, the model 
will thus provide an accuraR estimate of lhe gemt ion  
term for balancing the methane balance equation. i 

The value for the mtbane storage is set to achieve balance 
d Lhm analyscd to dctennine if & change in storage 
would be realistic. lhis is assumed to be thc maxinum 
daily obwrved change, which is ulculaled by deermining 
the amount of methane that w d d  need to be added or 
rcmovcd from the gas-filled pore space of the landfill in 
order to achieve the observed concentration chmge. 

At the Monueuil site. fhis was 2% that cornsponds b a 
maximum of 32 kg Cf4 per day, and cbe lapo~~yade site 
was 318 kg W d a y  for &IC Phase I cells a d  55 kg 
CHJday for the A10 cell. Tabks 6 and 7 presents the 
methane balance for phase I d AIO cells of the 
Lapouyade site. 

~.- - -- - - - -- 

k is good agreement in the mltwc bdaua for the 
scenario d e s m i  in Table 5, Table 6 ad Tablc 7 

1 
(chamber). The bacer lechnique md tbt chamber provide a 
realistic &mate regarding the echicmncnt of the methane ~. 

rmss balance except for the A10 cdl. We can ohm that 
the .change in storage" term for the mass balance achieved 

Ir 
with the tracer mthod excccds the limit. In lbis C l u ,  the -. = 
uaccr tcchniqur did not take all lbc emisiom into 8ccOnnt .. - 
thcrcby underestimating the hue emissions. a 
Huwcvcr, thc haccr studies used to munae mtbam 
emissions s e e d  to generally provide more accurate L 
measurements for !he Montrcuil sur Barx As ICS¶ cell. As 
seen for test cell As with the chamber mcamrcmentr, 
localised ' k t  spots" existed on the landfill cow,  but these - ~ 

were missed with the low density of chamber i 
measurcmnts on the surface. k hot spotr could also 
bc accounted for in the determina~n of the flux footprint 
with dtemative micmmetcomloginl rmdcls. 17K grid of 
the chamber measurements was not systcmtic md could 

4) 

have lead to underestimation of Ur total eminions of thc 
cells. Even if 94% of the n u z t h ~  p m d d  is ~ ~ v e r c d .  
about 18% of the production were m i n d  to the ii 



apDDoq&mc(b.ocrcFb.cnd&&~ah&ah 
O a r m c d ( o b c a n u ~ o f W ) ) ( o f h c m n h D c  
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CONCLUSION 
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At Monuml nu Barse rite. the thennd d m  detected Dorjrsfoo Ci . Damelsson A, Svnrssoo R H , 2000, 
ddn\ svstemabeallv wmmood to mussroos of methane "Methane fluxes fiom a Swedlsh landfill detcmumd bv I but they arc mainli to water satunted unes or geostatirhcal b-eatmcnt of static chamber measummnts< 
different mcrrml Wamh foUowing wvcr mfigwatioos. Environmenral Science and Technology, 34 (18). 4044- f * 

( In thc wimn d t i ~ l l ~  of the fxld campaign at Mwtnuil 4050. 
rur B~PSC. it .ppcarrd that the IR -phy wasn't a 

1 good method for determining emission points. As a result. 
the IRT was not spplied at the Lapouyade site. However, Bhjesson G., SvcnssonB.H., 1997. "Seasonal aod diurnal 1 

1 other studies ham shown better correlation between methane emission born a landfill and their regulation by 
l k m d  anomdies and emission of biogas (F. Guigourts, methane oxidation", Waste Manngemenr andRerearch, 15, 

1 2000). pp 33-54. m 

The oxidation rates have been calculated using the Chanton I., Liptay K.. 2000, "Seasonal vanation in 
'actionation factor measured at each site. it appears that in methane oxidation in a landfill cover soil as determined by e m 
these winttr conditions, at the two sites. a global zero an in situ stablc isotope technique", Global 
oxidation rate occurs in the areas with LFG collection. Biogeochemicd Cycle, vol 14, n"I, 51-60. 

m 
There hn, frld canpaigns will be complemented by Chanton JP.. Moshcr B.. Rutkowsti C.M.. 1999, 
additional mcasuremnts at Lapouyade on the same "Quantifying methane oxidation from landfills using stable 6 
ronfigrmtiom unda drier and wanner conditions, as well isotope analysis of downwind plums". En~ronmenral 
as w a cell with a geommbnne cover. Science and Technology. 33,3755-3760. - 
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Para 130i) - - - 

For landfill: 

Assess: 

Afteruse of sile 

Wastes inert / I'assive or simple 
controls appropriate 

B i o d v e  
Wastes? 

Stabiktion 
confidently flushing biological 
predictable? reactor 

Stabidisation 
Para 1Mii) - - - stabilisaiion with longer 

controUable? 

Para 1-24 iii) 

Remndder 

Containment facility - - -  remains with very long term 
BPEO? passive controls 
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> I &us requvrcs ronavcnry rn approacn to pieparauon worrs ano 

cnvironm~rllal conlrolx. operalion, rertorauon and dtcrcarc. All 

rugcs must hr raken into account by the designer and the design 
must bc un<lersu,od by thc oprraror. 

. The design model for the site must have re@ to the objectives of 

rushinrble development for future landfills. 

> A decision uec Tor a.wsing the approach is gtven i r l  Figure 1.1 and 

thc dcrign consnderattonr discussed furrhrr in paragraphs 9.10 to 

9 26. 

Tke overall appmach lo design m d  the design of tach element of the 
LDdfiU spproptialt. lo ilc rnviromenlal retting ate  detcrsained 

through assessment. 

> The nrk asscssrncnt approach and methodology arc rlrvttl,etl 

Curlher in paragraphs 3 27 to 3 34 

T h e  n.ture of the waster thatwill be used lo build the new landform and 

tbe pr- of degrdrtion m d  kaching during tbe life of the landfill 
a m  important fadom in Ihe o v c d  design nppmach lad  methods of 

o p a l i o n  for a parIiculu site. 

> A derailed description of Ihe processes of waste decomposition 
that occur +thin a landfill is included as Appendix C. [.his 

indiutcs the complcxig of the processes and the range oC 
composition orrhe enruingleachnrc nnd landfill w. For any  given -a r 

types of wasle proporcd for use in conswction of the landform. 

the designer should consider iu prohable decomporirion 
processes and products of decomposirion over the whole 

tirncs~ale. 

Design is ur itm& pro- which ahodd be reviewed both at it. 

incoption urd before mllriag mychangcs. 

> Any amendments to a design should be considered agrjnrt all 
upects of the design. construction and operational proccscs 

according to the cycle illusmted in Figure 3.1, and crou-rcierence 
made toothcr sectionsol this Paper and paruof theWMP26 series 

as appropriate. 

> Landfill designen must consider probable changes in landfill 
practice and waste input that may occur over the whole lifetime of 

Ihc landfill from conccption to completion of afterwe and 

should, whcre posiblc, makc provision for thex  changes, or  allow 

for Ihcm to k incorporated at a later stage. A procers ofperiodic 

review should bc used throughout the life d the site and prior to 

thcdcsign of laar phws'. 
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20%". Vnlura ofICr20'% arc zccepwd as hetng typical ofthe surcharge a1lou;~nce 
tlwt * m y  ncrd to k made wlxrrl considering tttc void capaciry 2nd fir~al prc- 
settlcmenr mnroors 01.2 household waste landfill. The cflecrs ofrectlcnnenr need 

to be considered in quarty landfills on-in landfills whosr base is nos, t~nifurm (or  
rtcppcd) and measures -ken i o  avoid prohlrmr duc ir, difrerential settlement 

which o n  lead to rcresxs and breaks in the enginreling cap. and possible 

drainage problems. 

> The preciseeffectthatcontrolled hioreactor landhllnng icr Itnarlx~ermay 

have on settlement i s  unknown. Lt is likely that rhcrc wtll hr o~eral l  

increase in Iowl setrlemenl resulting- from loas of mas<: Iw,nr.rcr. thp 
ratrofsettlemer~tialikely to bearcelcrnrrd. Fnt, I I I C I  ~ ~ ~ ~ < l n ~ > ~  r .  t<xt\cm) i n s  

Appendix D. 

6-14 An example of a dctailed analysis olscttlemcnt is gicc~,  in I > < t l l c  (i I .  llais 

considers thc composition of rhe waste as received, by origin, atld ?~r l~l ! \ ic led  by 
degradation rate. Each cornponcnl is then considered ag~inst  an  indindual 
paucrn o i  degradation and aggregated to giw an overall rculcmcnt cur\-c. > l \ ~ h  
ofthe wttlemcnt is manifested as a loss of mass of carbon, hydrogrn and oxTgen. 
throughgasgencnuon. The resulcr in Figure 6.1 are derived from a mathcmarical 

model ofa small landfill, but the approach is valid generally and can be used with 
cidter k a s u r c d  parameters. or assumed data bared on current published 

research. 

6.15 Thc density of waste in a landfill wries widely because of the large 
van'ations- in waste constirurnts. the degree of cornpacrion, the srare of 

decomposition, the amount of daily cover, the total depth ofwaste and the depth 

from which a sample is taken. Reported densities range from lows of 0.4 tonnes/ 
m3 &corded in the United Scatesi? to highs of 1.23 tonnes/mhccordcd in the 

UK13. kith mo& generally recorded d u e s  of 0.65 to 0.85 tonnes/m"' For 

pla&ik~ putposcs, a density Rnge of between 0.65 to 1.0 ronna/mf for 

. . . . . bioi&kt ivemter  , ~.~ should be luumed unless thcrc arc orcniding reaons for . . 
depa&"g from there values. inert wastes may have higher densitiatj. Waste 

. . s. 
densty . may . change wirh age as significant mass may bc lost by the formation of 
landfill'gas and leachate. 

" R P S a o u r n n  md Wpc CoUegr 11993): Rnbmrm #landf i l l  W d i n g  10 Apgnruhs P k  2 DOE. 
Orherr rpor t lhr r r~~cdvulcmar lduc l in  u c c r r o f P 5 % : r e e B ~ ~ d A . n d E d g c n L l 1 9 9 0 ) .  
"Sctucmmt 0fMuni6p.l Sofa Wzrtr Landhllr''. Thirtrmth hnnust Madiron Wutc Codcrcn<c. pp 
192.P05; Di St&o.AB (1993): "Settlcmnr of&ddinghun Lmdfitl" in preprina ofppcrr lor rhc 
P91h Annus 'bdcremcc of ttK Emginenng Gmup of thc Ceologiol S a i c t y  of London. cd S P 
h n t +  WdtDKudZcis C (1995): "Municipal Lvxdfill Biwcgrzxhtion mdXtUcmmt".J Emiron. 
mcmal Fqinering.  V d  141 No 3. pp 416224. 

Oreb I Sand Khcn R P (19W): M n d o g )  # Wark M a ~ p r  Gmbridgc. L'nircmin- Prep. 
1990. . Biddlc A (1%): E'duuiqLandpUGnpotlm. 

H-n N H (1%): " ~ m p a c b n  md rKccur+ densiticr in landfill sitrr" Proc I n s  \\>I. S o d  
Wcrt Gnm Mrrrimg. Iqiand. February 1985. 
' 5  T k  South Ezp W l a c  R c p b h n  Advimv Comrnittrc ISEWRAC) uu con*rrrion rxwo o l  1.5 
tonncs/m' forTpeA (insl/bv rcrctiity) -cc3 and 0.8 lonncr/rn' for Type B md C Inon incn) %- 
wm k SEWRAC (19%): W m ~ D i ~ p s a l  rn lk h t h  b t  +on: f isxL  cj#k 1993 Waru .\lmimng 
S u v .  F-gc 2. 
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I..,. )- ". r_.l._.h .... .... - _ _ . . . . . . . . . . . 
Sulrwcr<ihlt putnpr lravc heen used sarisfartr,rily lor many years. tdstcror pnrnr~p. 
arc increarirlgly used, particularly wherc tllcrr is a large n u m k r  of leachate 
removal poirlu. 

6.60 Tempon7  pipcwork is acccptabl~ during site operations b u ~  15 pronc lo 

damage and is unsightly. Thc dcsign should allow for the use 01 pcrmancnt 
pipcwork as soon as is practicable lo carry lcarhate from the remoral rnanholcr ro 
the ireauncnt or disposal raciliry. 

6 61 Monhohshould h classified as permitong or not pcrrngtung CIIIIT 

> Manholes and wells may br constructed of many nlalr,lal\ 1'1 l . c  . $ \ ,  

concrcte is convenient but prone I < ,  phvsical daznagr. 111)I ' l  :xIv 

commonly used. The minimum rizc should be c. 300 111141 0.3 1.4, ~ 1 ~ t . 1 1 ~ .  

pump insertion ifnecessary Manholes. ~ncluding temporan prrwpr~>l: 
chambers. should be fitted with heavy lorkable rovers which rnnnur I,,. 

removed by one p c w n .  Entry to any manholes or  charnhess slwtslrl 
only be undertaken whcrc i t  is unavoidable, and in acco~drnce * -~<h 

appropriate witten safety procedures which are incorporated into tlre 
rite sarrryplan. 

' :-~: 

. ~. > Thc discharge pipc/manhole function at any pumping manhole 
shouldaccornmodare wnlcmcnt of the waste around the manhole. The 
manholc should i~Yaccommoda lc  potential dorn4rag  cffecw. With 
all manholes care must bc taken to ensure that any foundation loads d o  

.. ~ not cause damage to the liner system. 

6.62 The management of collected leachate is considered in detail in 
- patagraphr 9.118 to 9.156. At h e  design srage, the designer should consider with 

.the site operator whether treaunerit of lcachate will bc required, and if so. should 
sure that suficient area is available at a suitable location. Thc designer should 

consider whelhcr or not casements or  agreemenu are n e c e s v  for the 
routing of pipelinaconnecting the site to a discharge point. 

4 
3 ' Rcc+rculation ofcoUecud and possibly created leachate is likelyto be a key 

tion where accelerated stabilisation is to be achieved, It will only bc 
posiblewhcre them is an eEcctive leachate collection system. There will bc a need 
to consider the means ofdisvibuting the recirculated liquids through the waste to 

CNUre that here  is overall welting of the wastes and flushing of the leachable 
contaminants. that preferential palhways arc not established. and char dorvnward 
flowing leachate does not impair the landfill gas collection system. Accelerated 

sobiliation is discussed further in Apprndix D. 

andfill gas managanent 6 64 The pnmaty objectives of the landfill gas management system arc 

tomlnimlv therisk ofmigration orlandfillgas beyond theperimeter af 

thcntesuch chat riskofexplosron,combusoon, asphyxiation, odours or 
vcgetauon damage on adjoining property arc elzminatcd as far ar 
porrtblc 

toavoid unnecersaryair ingrcrs into the landfilland minlmiw the risk of 

underground fires 

to minimise damage to soils and vegetation within the restored landfill 

area 



U 
' ." ........... - .... .... p.., .,-.. .,."...ye ....... c C..< ...,,)i. C" ....,- ,. I.,.#. 

vn thc glob1 climatr. 

6.65 ihc ria =umrnl rill dctrrminc thc appropnatc k r r l  of landfill gm 
management. N l  q x r l s  ddcsiga. ronurucwn and openlaon of an- landfill grr 
ronuol system .hwM bc to the high- standards. and rommcnruncr n t h  the 
rcquircmenudthc rkk a s x m c n l  and W M P n  This rsscr-rm rlqoa~M ,mludr 
harm to thcgbbdclimalc mdairqduliv. Thc design shoukl rlu, !.LC arrovnt of 

the planncd ah- for thc sitc (ut WMP96E) 

II 
" durn o/o &*gat 6.66 The fdlming features should gcncnlly k incorpontcd r n  r landfill p 5  

mawFK='* manqcmcnt r p c m  to meet lhcsc nbjccliw. P induatrd hy thr r v l  .,w%r,rtra,n 

a conuinmcnl F t c m  whrch rill retain gas nth in  1 1 1 ~  rxnv ,31111 1 9 1 ~ \ ~ , 1 1  

oRsite migration 

a ryrtcm for landfill gas collection and util1s.4on t l ~ r m z  itath 

a scpante Vtem 10 control gas migntion at the a te  pcnmetcr r h ~ h  
czmopcntc indcpcndcnclyd gas colkction from mthin the b-ofthc 

a t  

lac d d c  pnct ica  lo amid huudw c o n c c n ~  of gna rithin 
temporary or permanent working arc- ofthe ate.  

m 
. .. , 667 As the conuol and muug-t d landfill gas h tapidly CI-. Iht 

W n c r  and site opentor should e- &at fuU is d c n  of changing 

theor). and *. The designer AouM mscn ihe liWy hndlill g a  germadon 
i 

b pucm luving m p d  to the M e  rgpr and be nic of f i h g .  and thc in- 
i 
! 

modc of~pcn t ion .  i 

> ~ ~ c d ~ h u , ~ . r m b s a n t h q ~  
YI ntedypmduct ioah~.Thirmr) .occcnipvhrgcrphntand 

prmirionofa~hdcgmdsnd~+thdliticrThhdaubk Iht 
c a r d  -em to bc rhcd and rppmprhtc colkction and flaring a 

b u t i l i a h  quipmcnt to bc Ipcihcd 

> ' T h c d c d p e r s h o u l d u n u r r I b . L a n ~ l o a t i o o h ~ c f a  
y -1. gene* one h t  u & a bickkn from rior mtb 

m i n i d  visual and noise impact. The i m p 1  of flur and cllhauu 
crnirrionr from hodBU gas +I rhouM be rpswd. 

6.68 C k ~ n u y b c c i ~ u ~ b a c h d e r ~ ~ t h c r z a c a  
horizontal pipa hid in ine a c  liftr zr landhlling pmgrr~ra Horizomtd r c l h  

conruuctcd in dccp hndhlh can sufier bkrkagc and diskation due to 

d i l T e r m ~  xt tkmcnr  Their uu is generally rarricrcd to sbakw hndlills (*n 
thvl abwr 10m deep) or to existing landfills m d ~  high watcr ( k x h a t c )  o b k  
rhur there ir Etlk dry m e  b c r m n  thr surf- ud the i r w b t c  obk. Whm 
*cnial rck arc m k used the potenrid dfrr(r o f x t l * w n t  oo tbc r r U  should 
be d. includng rht prmibiliq d d a n u g c  to ihc l in i i  qncm. 



re 6.5 Landfill y mlnagcrneol 

Link lor 
Perimeter migration Gas monitoring boreholes 

r i i  main 
control system spaced as WMP27. connection 
(crossconnection unless otherwise agreed. 
valves usually dosed) I within site boundary 

I I I 

Waste 

rvith monitoring traps at mnneclion 
:nd Row bw mints 
control valves I 

Containment liner for 
perimeter gascontrol. 
Option for additidnal 
horizontal orvertidai;;- .: :: 
wells tor migralmn wntrd.' ' 

. . 

Three tier landfill gas management system: 

1. Gas extraction 

2. Liner barrier (plus migration extraction if necessary) 

3. Monitoring wells 



rrtn<lion .rllr in the -rtc bnked by pzpcrr,rk In lhc rappang (%c,,cm l o  a gu 

pumping and flaring compound. 7Xc -el ls may cnthcr bc cr,n-cted as ..wc 

filling progrc- w dr i lkd rclmspeccinly - this rill bc dctcrmincd in ronsulutkm 

with SIC operator. PoPiMc damqc to ~ h c  l ~ n ~ n g  w c m  muu  also bc 
considered if rclk arc driUcd aft" rruc filling is compktcd. Thc h!wt d the 

coUcction rrcllr should bc considered a1 thc design sugc usmg bcrc runent 

pmticc. and ~ h c  dcrign should ako consider the pouuonlng ol = a n  pcnmctcr 

mip t i oncon l r d  spem.Thc h p u t d t h c  connccuon ofcxtncuon p~pcs torr l l ,  

should bc considered lo that. *here ~ b k .  permanmt ucl ionr can hr vnsuned 

in sugcr a d  the extnclion a d  rnigrrrion control ryllcrrucan bc crorwonncrtcd 

for ucur iq.  

m l r d  @ lhcpnnrur 6.70 AI thc pcrimclcr of thc landfill rhc kachate conumrncnt lsnrr \ r ~ l l  pron,lr 

a delcnrnt lo oKsile migration. Beaux oidiffcrcnrcr m tlac nuusmt \  of gas and 

Lqu ib  clay and bentonite barriers arc o r d e r s  of rmgnitudc Icr l  cffr<onr ac 

msu idng  the flm d y than lh.1 d leachate. Thc dc-rr should ronwdrv 

whetha thc p r o p d  *wbnaconninmcnt liner is &cicnl for y control a 

r h n h c r  a higher Ipcdf int ion Lncr h required for gas conlrol purprm 

myam&&&+ 6.n n~ dcllilcd d & g ~ ~  d che MU y c m o d  rhould be 
..-[ : undertaken in conjunction mlh rhc k c  o p m t o r  md s p c i d i s  h d 6 U  gas 

c o n f ~ o n / c n g i n c m  nK daigncr should cox idc r  rhc i n y a d o n  d tk 
&w components of che gas management qstcmr wi lh  orher c k w o o  of che 
hndfill 'dcdgn. foi cxrmpk whether it will bc afTccted by rhc k h t c  

muugcment +em or &the. there kaJficicnr depth in the rr.tmrim -1 

u , u c o m m a d a t c r c U ~ ~ p i p c s m d p i p e r a t r r g u i r c d f o r ~ r c  - 
extraction: Sel~kmcnl n n  d h p l  ih cap around lhtrcll w caw d o m d q  to 

+ l c  -11 against thc lining v c m .  

> A d d t i d  mat& above che bur i c r  + may be rcquk~d lo 

~ ~ t e L n d f i l l g a $ p i p a i n a p p o a r k t a n e m ~ r b e ~  
lyncm=. 

C: - v  pump@ mafouldr 6.B In zrrcoingthc deign ofibcgzs pumping comfwund thcds'gnarboukJ 
maddn 

thc cnvimnmcnd i m v  (for eunrpk. nokc, rinul inUuS011 and 
rffccu on k aoaospbm) 

land availability 

rhc ckcmcity supply to drive pump cqvipmcnt 

thc liketihood d mapan and nndlllm 



arcas road- 

area to hc lined initially 

location ol landlll garmd leachate managenrent l n r  i l>~lr< 

rite drainage including surface water. I~arlla~r: ~lirlx~\nl routes or 
irrigation ploa 

rite screening, including trcc and shrub plan1,n~ 

Monitoringrequirements 6.76 Processes in a landfill are dynamnc. There rr a r x . c l  I , ,  I I I . I I I I I O I  rite 

khanour  ofa landfill conunuously to detcrm~ne 

its impact on iu rurroundnngcnvironmcnt 

ru rate ol reacuon and iu progrcsr towards sah~i*rauon (ser  also 
WMP26A). 

6.77 The data required by the designer to monitor the performance of the 
landfill deign clemenu;is shown in Table 6.2. Monitoring is described in dcuil in 

WMP26D. 

6.78 Thc performance and regulatory mmlitoring will enable the derigncr to 
dctcrminc whether or notthc landfill is behaving in hemanner anticipated at thc 
design stage. Thc designer should always scck to alter clcmcnts of the design to 

accommodatechanger required by actual field experience. 
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J Pnrrrrr vnftng 9 170 P ~ . m d q ~ . L M J d m 3 , k a n d i n d r u r ~ r h c r r & ~ l c o C  

w-- k ~ h l o w . f ~ c u a p l c ~ d d d ~ d a R r 8 c o t a .  Thn 
rcly on rhr tnhcrcnt properq o l y c s  lo  mow f r o m  a b u m  .nth hmgh p r e u l r r  

and/or cmccnlnuon lo om whcm pmlrurc andlor con<cntrlt~on n l o rrr  
Such ryrtrnu can bc impkmnlcd by a numbcr d mran' ~nrlt,dtng trntmg 

cdunnr .nd d d k d  wnlr a ul out in Tabk 9 8.116 rhc- on I-s~urr 9 ? 

9.171 Stodzlkd enling wcnchn rcb w l k l t  acIwIg a prencahhq 
concmtandlhc imporunrcdsuhmudmia~ngonlgctt fr,,m chr XI: n t ~ o  tk 

grmnd should nor bc o*dooked The d u c h  o f c l l i t i c r ~ ~  rwh dcph nlcans 

h t r i m p l c n n t i n ~  trcrrhaxil l noccfIcccklypcwnr htrr=l r w ~ . a ~ n i ,  an &pb \  

d m a e  l lun aboul 3 nncucr bccaua p conccnuatnrnr r q - ~ r  1% .IIL ..8aialthaa~tnn 

b M n  thc dcepcr pru of thc wench m d  thr n s t r c ~ a a n ~ l ~ ~ g  , -~s,sw,I 

P c t - f ~ c c  cm bc i m p r d  by ~nrrrlling a lor pcr*~abtlstv KCO~CIIII I .III(I ~ I V  

thc ddc dthc utnch away from thc.*.luc. 

6) Ph~Ind60mm 9.172 Pb+A bxricrr nngc from 510DchUcd !rcmhes lo Ion pcrmcahli~\ 

comsiwxhr including lkxibk g-bnna, bcntmiv crmcnl. and durn 
walks pikd cut off. and c o m b i n r h  Lhaed. Btntonilc ccmcn~ and ahm ch) 

b r r k n  ur nM fully dleccirz gas nigntion unless they i ~ a p o n l c  r 
geamcmbnnc. The performaxe ofall pbpiol buricn is conudenbly impmrd 

~ d d m r h a - d r n o * i o g c h c ~ a u h a ~ p l n i x r n M g o r  
p m q d  auwlion. 

C) -/rudpc 9.173 T h e  sys~cmr depnd  on wtim to rrmols M U  gas from ihc r=c. 
cdradm~rprrnr r)rcaprhcmCnUncompmcnm . .. -. - 

Drih6d--pix~dtmcm~h&drillcdinu,&ptwcd 

m t e d n * n p k c d m ~ ~ i o m ~ o n v d r r l l p i p e ~ ~ r r ~ ~ n d r d ~  
a -1 pwkiq. Thc wp 4 rhr bmbolc is compktcd mi& norr 

p-ftsatd pipe rutrounded by a brntonia ual m lUor for s e t l k w n ~  

A rcU ir ihvtntcd in F i  9-21. 

> As a ~mnl priacipk cbc pdarmancc d a  rll irnpm.rr r*h 

i m a i n g  diameter and b m h o k r  arc nowking drillcd up IO I m 

dhmcm. The well pipe is g c 1 ~ 4 I y  about 150 nm i n u n u l  

dhmcln HDPE wilh be- 10% and 20% opcn pcrfon~cd arm.' 



Table 9.8 

Passive and low permeability barrier landfill gas management options 
p~ - 

Drilled Rnb 

These are drillcd using conventional percussion A relatively cheap method of prrnvicltng 
or flight auger mcthods aiicr rubsunlid pressurc relief 
thicknesses of waste have been emplaced 

Do not interfere with day to day operatiurns 

Can ear~ly be converted lo a ructlon < y < # < n i  

Disndr,nn&p 

Risk ordrilling through basal linrrr 

Limited eflectivencss when pressure grarlicrnr5 
arc ahrcnt 

Small surface area inhibits diffusion of air into 
the ground resulting in poor flushing 

&one columns built as bpping proceeds, gpically Relauvcly cheap to consmct 
1 m diameter or 1 m square 

Effectively relieve positiw pressure 

More eKective than drilled MIIS at diffusion 
venting because of grcqter surface area 

Promorc downward mlgrauon of perched 
leachaies 

Lzablc to damage by mobile plant 

Lack vernal stability 

Promote rainwater infilmtion 

An u n c d  stone column or  stone filled pipe ir Do not i n w d e  into operational area . . 
inserted into the site after tipping h been 
completed using vibropiling techniques Core comparable with conventional drilling 

Effective in relieving pressure 

Relatively small diameter maker diffusion 
venting poorly effective 

Samc ar for drilled wells 



Table 9 8  amlmucd 

Thcv .re excavated ~ I O  a wound the -IC Smpk to con- 
and hllcd wilh c k m  grdcd aone uanl l ,  as part 
of thc rcwonlion rorh G n  bc c o u  c f r ~ ~ r c  

A gcotrxtik ir mqucntiy uud to rcp.nte the for *- (" dcrj'' 

none from thc rvcc Ly n u k c  u c a  d l a  tnrnrd ddTir'mn 01 
Sr hence good f l & q  charsctrrs\t,r L 

Lar &cctiventonch dcph and wll ooc 
p m t  m@uion u more llun 3 m depth 

lnrmdc in resaalion scheme 

~ t m c t a k d ~ ~ ~ L ; r i a  - 
As ahow. but rib a )o* perzkbiliq r rmbnnc UTenirIy conod mignriol, pwndrd IJU~ ihr 
such as MDPE o r  HDPE on lhc si& d ihc mnch ocncha and mcmbuvl PcImnlr lo the 

D i e 6 c u l t l o d a p c a d r c t o m o r t ~ u ~  
great- than about 5 m 

rrdudrqlihcrtLdin6iadooofnrbrrrurr 
and im- compatibility with rau bad 





Figure 9.3 Typical combined leachate  and  landfill 
g a s  collection well . 

Well head chamber 

Sand / bentonite 
compacted below 
chamber 

&nlomite to 
bdow b u c  of cap 
10 prerent the i-,., 
of surface water 

.Cone or rubble 

k c h a l e  collection 

- -- 

mattine 

Concrete base 
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.*~ ABSTRACT 
-11s q r c x n t  an imponant source of lhe greenhouse gas methane. This is due lo rncomplete gas collection on sanitary 
IandfiUs, abandoned gas collection on older landlill sites with only small gas production. and emissions from unauthorized 
opeo m i n g .  Enhancing microbial methane degradation in proper cover laycn could serve as an additional masure to gas 

m 
collection for operating landfills as well as an alternative for older and rmallcr landfills. High oxidation rates can bc 

i achicvcd in coarze, ripe waste compost, such as sewage sludge compost or municipal solid waste compost Laboratory tcs6 ZES F . . 

; reveal that methane o~da t ion  in these composts was clearly bener than in nahual soils. Apart from a proper compost 
C --.. quality, the design of the cover laycr is also very important. In a field experimnl on an Ausbian landfill, diRmntly 

P 
f c o ~ % ~ l c d  wvcr layen made of compost were tested under real conditions over a two-year period. This p a p  contains the 

-- 

rrsults from these investigations and proposes a proper design of such cover layen in order to enhance methoc oxiddon. 
- - - - -~ - 

~ ~ c 
INTRODUCTION 
Methmc, the main component of landfill gas. is an 
inportant grcenhoux gas. M e w s  global warming 
potential (the h h c d  radiation absorption potential within 
thc ahnospbcrc) is about 21 times more effective than 

ppm 
carbon dioxide, calculated over the time horizon of 100 
ycan (IPPC. 1995). Abrasphcric methnnc concentrations 
have risen steadily hom 0.7 ppmv in prc-industrial times 
lo a ncmt  kvcl of approx. 1.8 ppmv (Blakc et al., 1988). 
This is a clear indication of human intervention in narural 0.4 
fluxes (we Figwc I). 5 
Edntafcs have put total global annual methane emissions 
from all so- at about 500 - MM Tg, of which only less 
than 200 Tg arc narural (Gnibler. 1998). Tlus m t h n c  
emissions due to human activity, rnatnly agricultnrc, 2 PmJm 
b i o w  burning and landfills, are up to thnc times higher I 
than emissions due to natural produccrs ( c g  wetlands, 
rermitcs). 0 I ~ m o  7.m 3.m em m p-w 

Pax ,  5m lax,  sn, m 
rhv hlv., 

Figure 1 : Devclopmcnt of carbon dioxide and methane 
conccnnation in the atmosphere in corrclation with the 

I 
global population (Krapfcnbaucr, 1995) 
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F ~ l : T h c a t h n ~ d c r c b p n d o f ~ l ~ ~ r n * n d f & b y ~ h o m 1 ~ m ~ S  ( M d  
cr d.. 1997) 

A p ~ ~ f n n n ~ a n m n b u o f o d r r h y d r o c l r b o m . c ~ g .  ~ c g u x r a I i m u d d a p o n l i n ~ I h  h a t m u b l !  
wWik bdngcmkd carbons. can be faud in hodBI1 grr .  landfills in lhcv c o w m a  dl m b w  y c d L r o m  
b u ~  m a y  up to a kvrl ~ r m l y  <I% Tbcv conpovrdr s p c m  because of or rcbuul a d  
also haw a grat unpPa w thc m v i r o ~ l ~ m  a d  hurmn finrrrul f a c i l ~ k .  
hullh. F a  cxampk. chlorofharmrbom (HffCs) have a k onrn dot -1  mdru+ rinL - c-I rrrmm m 
large gbb.1 wrmdw pacnIiaL Iwn&cd- m tbausud- I& hopmpherr ad ndminobvl d m  0.ud.m rn s o h  
fold b i & ~  d m  urbo. dioxide a m&; c g vinyl by mc- bocnr lk x a t ~ h  cuvmmnq hr 
chloriae (vc) h cucimgcnic. )oig b o r n  aboul br of mcbac mi&- 
AMmqb e y ' s  sniery Imd6IL i sn l ly  opcntc a - - m di- d rys*mi e.g aadx 
-~+rcioll -by vhich ~ t g r  u mlknrd ad roih. wm. - &me phmbq. 19mi 
~ m I L r r r w d x a ~ ~ ~ a h i g h  M~lnob~lmIb.ocoudrbop. tbrnrmrdr~pmcroI  
.mom*or~micocrpaiaoche.Imoapbrrc.Mclhur m ~ m c n b m m o u d e d . R a b y ~ l ~ ~  
b h m i n c d ~ o l d a m d a n U a h r d f i l l s i t c s , v h m  i s v q ~ n p m u n a r d r c o m k f a . b o u ~ X o ~ g l o b a l  
tbcsibqwd .pplicltioo da ga%mlleRiol,syslm is too CH. conrunplao (Kigbtky n 11. 19951 Thc c k t  @! 

mat)J. .r rcll JS fmm qm, unambomcd w. mcthoc oxaianoll in - had811 c o w  so& I n 5  

L.odhlk eomribdc lbad 20 - 70 T g  m global mtbur a l m d y  bcm drrnbcd by a & of a&ne IGoh n 
misims a h  yar (Kb.lil CI rl, 1989). At thr m o m  at .  1989, \\'hakn el 11 .  1990. AERC Lrd IPPI. 
Wcsmn Eompe ad Nonb Amuica uc che higcn &rsrmnn et 21. L993. Kehky n a1.1995; Boe& a d.. 
pcdDms of M i l  & AK to high knb of 1996. B ~ ~ r u o n  cr a1 1998) Mort of tk rdirrnrcd 
podsctim pa upar ad tbc hghly-dcgd.bk a r k  mvestlpa1tons rho= &a1 a hogh mc~h.nc orxianon capc!n 
coaa of&  rrrac. MadDrr el 81. (1997) m b n l c  that could be f d  m porous. c c a m  d -mb 
rahl gbtd mccbmc miuiopr 6pm htdf~h will incmsc subsmtcs (c.8 Croli. el 11. 1989. Bcqmam u 4. 199). 
si@mrdy by X n 5  (w+ Figm 2). Tbe autbon u~um Kighlky cl .I. 1995). 
Unl this dl mmly be due lo go+ popllrtiaa d Bnrd on thcw rrpom rc lruhlnl nrvcmgmm us 1% 
m b a i n h  m dmlopitlg coumma ( a r b  as m rcgrorn m mta wvml  w t c  conprmr. nc- nn$c 
A N  OI Abica). which likely wll k d  lo increased conport or mun~rpal rold r u t c  c-I. urcd as M f i !  

306 
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cover material to enhance the natural potential of methane 
oxidation. As a fust step, we carried out laboratory 
cx~c-nts with soil columns to assess the methane 
oxidation capzcity of compost subswres as comparcd to 
m ~ m l  soils. new tests have omven that rive c o m ~ ~ s t  is a 
&tabk subsuae for mettmncbxidation. A; a r e c d ~  step. 
a field experiment was started on an Austrian landfill 
during tbe summer of 1999 in order to investigate the 
cffect of seasonal corditions on methane oxidanon in 
differently cousmncd compost covm. These 
investigations have been mnnhg for two years. 

GENERAL PRINCIPLES 
?he process of mtbane oxidation consisls of the 
conversion of methane into vam. carbon dioxide and 
rims by miwobial activity. Metham oxidation is 

d e n t  won  a number of dehrminiop. factom. such as - 
the water content, tempenhue. roil conditions and nutrient 
c 0 ~ .  
Microbial metham oxidation is very effntive in many 
natural sysrrmr, such as the aerobic layen of topsoil in 
wetlands. and it is a detcrminmg factor m the natural 
carbon cycle. For example, in the Florida swamps a d  in 
thc marsh lands in Germany, it was demonstrated lbat 
w t h a m  produced in anaerobic zones was reduced by 70- 
90% in thc covcring acrobic urnes by methane ox~datioo 

I before reaching the atmosphere (King el al., 1990. 

I Kwblauch ct al.. 1995). In soil layers with oprimum 
I ambient conditions (oxmen-metbane ratio) for . - -  

.. ~ 
microorganisus, m ,oxidation horizon" of 0.1 to 0.3 m ic 

; usuallv fomxd. This W n  is h e r e  most of thc active 
m&trophic bacteria accumulate and thc major 
nxihanc oxidation pmn*rs take place. Under altered 
conditiom. such as a reduced supply of methane or 
oxygm, this horizon may proceed v&c;lly in the soil. 
Microorp.anism which arc capable of oxidizinp. methane 
have been lolow. since the I& of thc 19'cen&y. These 
microorganism are mainly so-called obligatc 
mthylomphic (= orthanokophic) bacteria which * 
specialize in the assimilation of CI compounds (such ms 
metbane and mcthawl). Today mthanotro~bic 
rmnoorgarusm can be isoitcd in nearly a11 b ~ o i c a ~ ,  
manne, and turcstnal a&. Oblrgate methawtrophtc 
bactma use methane and 16 dcwmoowd cnmoounds. 
methanol and fcmnaldchyk, as their s i c  source oiene& , 
and carbon. This p~roc& ia catalyzed by an enzyme c a l k  
methane moowxypmasc wbkh can be found m all 
methawtmphic ot&ism and is essential to methane 

*. oxidation. 
Metham mmo-oxygcnase act3 as a non-specific catalyst. 
which may lead to thc co-oxidation of NH,' and ocher 

p hydrocarbors, %h as halogenated oms, which are also 4 
i found mainly in landfill gas. Metham monodxygcnase is 
*- available in either soluble or membrane-bound form, 

- 

depnding on the conccnmtion of copper available in the 
subsmte (Bender, 1992). 
Environmental factors have a decisive impact on ihe 
activity of methanotrophic bacteria, i.e. metbane Nmover 
rates. Methanobophic organisms on the whole are fairly 
adaptive, but some certain ambient factors are required. 

Temrerature 
Most methanotrophic bactcna live and multiply bcst at  
tennmatum n n ~ n a  from I S  to 30°C (meso~hil~c - - . . 
cultures). Heat-tolerant culhlres can sustain their growih 
rates up to a temperature of 55°C (rxosporcs may survive 
even after short-tcrm exposure to 1enpenNlrs of up to 
80°C). Some psychropblic cu lhm have an optimum 
tempenlure below 15'C; however, Ihe lomst teorpenture 
limit at which thcu activity ceases is prdaably slightly 
above 0% (Heyer. 1990). &re nrc differing scientific 
statcmcnu coaccming the depmdeoey of mztbane 
oxidation on tcmpcralun. Lsbontoty aperinmls 
conductcd by Whalen ct al. (1990) show that a tempenlure 
increase from 15OC to Z S C  causes the mthane oxidation 
n t c  to nearly double, and the aulhors indicate that mc(6lne 
turnover rates depend heavily on tempcramre; hovcvcr, an 

investigation conducted by Boecla ct 11. (1996) rhow 
only a slight temperature cffect on methane oxidation. Our 
laboratory tests indicate the same; in a wide temperature 
range of 5-C to 3D°C we have found rather bigh and 
constan methane turnover. 

Water content 
The water content of the subshate influ- methane 
oxidation in many MW. There is a sboon wmlation . . - 
between the actual water content and oxygen mpcctively 
methane permeability, which also has a big inpc t  on 
methane oxidation. Gas permeability decreases with 
increasing water content. 
At a moislure content below 13 % of thc maximum water 
capacity, methanobophc microorganism tend m become 
inactive (Bender. 1992). Tests carried w t  by Figueroa 
(1993) on difTcrent landfill cover nuterials show that 
optimum conditions for metham oxidation arc found in 
areas with a relatively high moisture content. The highest 
melham turnover rate could be achieved under the same 
ambient cond~tions in biowastc c o m ~ ~ ~ t s  with a moisture 
content of approx. 40 - 80 % of the maximum water- 
holding capacity Boeckx ct al. (1996) indicate tlut water 
content &ly regulates the activity of methanomophlc 
bacteria. They iound that the o~timum moism content is 
situated at about 50% of the watcr capacity. In our 
laboratory tests the activity of the methanobophic bacteria 
was stronelv inhibited at a moisture content of <20% wlw -, 

in compost (concspondrng to c15% of maximum water 
capaclry). 
Oxvten suoply 
Mcthanotrophnc bacterna arc abhgate aeroks, whcb can 
acheve optlmum methane ortdahon rates even under 
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&oda (1992) roned ou(crpnmmr m 
a  soil of caddy f i ld  and dmDmtnlcd thrl Ur rmrmbul 
.ctiviy of'i,d&mpkboneri. a* uplic.dy 
ody bcbw oxygm cmcmmiom of 2 % vlv m  ibc 
~ p b r r ~ ~ a c b c l o h l f o r r m b m  
Go+. rruo mobstllZs of ox- per mokcuk of 
~ u e ~ ~ ( ~ i ? c d f ~ ~ i ~ o u d . h .  

Tb iregur t imRsu lammaal~n l ioo f2 : I  (2 1 
4 / l a 4 ~ v d y 4 g O & Q t ) m Q r u b s b u e . ' l b a  
aoic- alul.tan vnlu only if m c d m  is 
cmmrcd imo b h u s s  If birmpa is mmuh!d, *n 
oxygen is radcd for ratlum &tlm Thn Mcorrrich 
(1986) indiutcr d u 1  3.6 m 4.0 g W g CH, a rcl\nUy 
aoded for arh.Dc oridmom, Kjckkm a .I. (1997) 
* I C 3 . S g o , / g ~ i i ~  

m y  k caused iodol;;ly (aqmingemyrncs) or d i l l y  
(loxiciry, llmuimMe rmbiall colldilios). 
l r u a s i n g N H , * ~ t i o m b m a d c c a i v e e ~ m  
the oxidation RIG. NH; is 1 soalkd ~ ~ q x b u v c  
mnhibilor" to mlhmc ox&&. Tbc m h n c  m o m  
oxygcmsc cnzymc. vhich is produced by tbc 
m ~ o d u c  bac+m% &o M u a ntllrrl in ibc 

p o d u c t r ~ t ~ b e d b y I b e m Q ~  
haia lhmaclver a n r y  ma negatively iqxt 
uobkd moditrom B- ud M& (1993) cmicd 
o u t r p c c h l ~ m ~ t h t ~ ~  
of wiarr bargtnic ldOogm coapormdr m rnelb.oc 
o r i d . ~ m r m b i c r o b ' l b c ~ l b D w d l H ~  
of 25 pg W g  of roil .tady lads m 8 78 - 89 X 
i n h i b & u o f ~ o x i d a i o u  
M b.crcri .anrbodcgdcorynic 

a l s o p r c s s n I m h n d f i O g u H o m r m c b c b c ~ t h e  
methane oaidatioo poom k l f f d  ncg#ivrly o 
weu. D q % u  n aL (1997) famd tb.1 p d y  tdogcmnd 
urbom (HCFCs) d d  be dcgded w W a  nte of 50% 

* ~ s u o r t i r n c m & d ~ ~ i ~ ~ a o o o f  lbac 
w c o m p a m d r .  
K ) e b  el d. (1997) iudkmc l t m ~  m i  eerpcnmnr~ 
kmxa md t o h m  at high n ~ s  lad a rmch I0-m nta 
pnly halogenated cubom (mcb!uocthyknc. 
bicNomcthan) were a h  degraded when m t k  w 
prcvnt. 

LABORATORY TESTS 
We ~ISI umducmi hbrmay 4-P rilL sod 
cohsnms o rrom Q mab.lr oxihioo c q m q  01 
I M ~ I  CO- -1s colllprcd la a d  ooib We 
Qntcwedtk  inlhracc ofdiff- .mb*moxd~~+~  
(arh as tmpmmtt.  rr*r cmrrrr, oryam mi mnb.ac 
npply). Tbe exgennu6 rm amed ad at sadad 
Dnprnma la-a  CI-W rtsmdm - -L 
tnqnmd c o w  ofaa$r gtm(f, y 3) 

Figure 3.  Schenunc diagram of a  sod-cobmm llvd I. 
htanw icB 
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+,F .& The testing materials were filled to a depth of 60 nn, and ~x 
r methane or kodfdl gas mixture was continuously added to ;t. 
. thC bottom The methane supply rate ranged at between 3 

' ,  

and 9 mVmia, corresponding to a load per square meter of 
appmx. 150 - 450 1 CHJm'd. Air was blown in through an 

i o&n passage above the built-in submate. Oxygen had to 
,. .'. 

f :  G m t e  the substrate as under natural coo&tions. 
-$ . . Throughout the experiment, measurements were taken for 
. .! 
i . temperature and gas composition ( C h ,  COa 02) at 

f' different levels (10.30 and 50 cm deep) inside the columns .. 
5. as weU as for exhaust air. The tests were conducted in 
? 
?> duplicate and'quadmplicate (tests at different temperature), 
3 rrspettively. 
;5. t: 
, . 
:$ Exem~law results 
-~.. The following section shows some selected r d k  &om ~~8~~ these laboratory tens. Figure 4 shows the m a x i m ~  mean 

and minimum methane oxidation rates for some tested 
composts (municipal solid waste compost = MSW, sewage 
sludge compost = SS) compared to soil. "Methane load per 

i square meter" indicates the maximum me& load 
supplied in each of the experiments. The minimum 

i 
.* oxidation rates indicate the methane turnover during the 

adaptation phase. Table 1 show the analyzed chcmo- 
! physical data for the tested substrates prior to starting the 
,- 

Mean me& oxidation rates achieved in fully-malured j 1 --. 
and well-decomposed compost (like MSW 1, MSW 3, 
SSI. SS 3) were significantly higher than rates in natural 

I; topsoil or conventional cohesive landtidl coven. In a layer 
1 of ripe waste compost of 60 cm in depth and under 

cpIinnun ambient condi@ns, it IS poss16le to fully 
decompose an average methane quantity usually released . . fmm a municipal solid waste landfill with an assumed -2 +th of20 meters. 
The adaptation time of the mthanohophic bacteria until a 
steady sratt of degradation was achieved, lasted 6om 
about 3 to 7 days in the various compost materials, while it 
lasted somewhat longer in the topsoil and garden soil 
(about 10 - 14 days). The formation of a methane 
oxidation horizon within the columns was clearly visible 
after appmximately 3 weeks (with the exception of SS2). 
This horizon was indicated by a band of intense 

vaporization, respectively an o r a n g e - & . a  oT::15 +.k ~ . ~ , 

size, which was clearly distinguishable :&bm<the other.. ..?. :: 
merials. ne reddish that cov@'&~i~~o~;t : .$+:2 i~1 .  

. ~ .::,:> . .,..:, .<~:;z, 
aggregates was visible with the ~ k + . $ $ ; : ~ ~ ; l i e s & ~ q ; i : ~ - : ;  

of the exmcted .j@*@&~g$i~::;i.. .: ..%,< ~<<,<-w>~.*'<;2.-: 
showed a high density of spherical bhctni= rubFh:s?@@?;"c 
to be responsible for the formation of this '%i~fiim'~'&~~*?:~-r:~; 
compost aggregates. Within this methane oxidation .. 
horizon, there was also a significant incrcase in 
temperature of approx. 2" - 4°C as compared to the rest of 
the column. 
The sewage sludge compost SS2 never nached a steady 
state of degradation within the testing time of about 4 
weeks. It showed no considerable metham oxidation 
because of its high initial ammonium and nitite 
concentrations. This is the reason why the t m  with this 
compost was stopped after 4 weeks. The compost wss 
subsequently analyzed and the data showed that thC 
ammonia and nitrite in the starting compost r n a t d  were 
fully converted into nimtc (full nitrification inhibits 
mcthanc oxidation). 
Figure 5 shows the curve of the methane oxidation rates 
measured in a fully-matured sewage sludge compmt (like 
SS3) at different temperatures in a climatic chamber. The 
test started at a temperature of lS°C and after an 
adaptation lime of about six days all of the supplied 
methane could k oxidixd. By reducing the tempemme to 
approx. 4-C the oxidation rates decreaxd to about 70 - 
8% and they increased i d i a n l y  when the temperature 
was raised again. In the rather wide temperature range of 
5-C to 30 "C, quite constanl and high oxidation rates could 
be achieved. Approx. 150 1 of methaneld d (all of thC 
methane supplied) were oxidised at temperalures of 10°C, 
18°C and 30°C, and about 120 I of methadm'd were 
oxidised at a rempcranuc of 4OC. 



Tabkl - ~ o f i b e ~ d . m o n Q x k c t c d c ~ t N b s l t ~ ~ m d ~ ~ . M S W  = -9.1sddr 
c ~ : S S r ~ g e s I ~ ~ ~ l I =  t O p l O i l . s o i l 2 = ~ ~ ~  

MSWI MSW2 M S W 3  S S I  SS2 SS3 Soll1 Sod2 

Agcoflbccompoat 60 20 36  20 34 47 - - 
[ d l  

d-rV i td l1  1.06 0.97 1.02 0.90 0.83 0.90 139 119 
W . t a  cooacm [%I 45.7 44.7 32.4 48.5 4 6 .  47 6 178 171 
W 8 t m a p r i Q  104 110 89 123 1 22 121 35 39 

1% @ mml 
Cmductivity [mYcm] 3.8 2.9 2.4 I 2  I 5  0.7 0 9  0 1 
fl* 8.0 8 3  8.0 7 0 7 4 7.9 7 0 7.5 

m' -N cpp m +  348 80 375 8 8200 38 7 I 

W t - N h = d I Y m ~ l o  0 0 0 130 0 0 0 
N%-N[ppmdry 448 2752 580 279 1070 590 55 29 
-1 
TKN[%@lnmrl 1.29 1 .08 0.85 I14 130 1-15 0.21 0 1 3  
~ C O D t C N  [%dry 24 29 25 26 20 26 7 S 
-1 
Par r n k  within ibc 26 27  28 29 17 . ~ 32 I ? -. -< 
cohmn 1% by vohmrl 
Respiration acoviry 6.8 14.0 6.8 1 9  6 2 6 9 0 6 0 2 
(@#g dry mncr) 



I - -+ - CH4 sqpty (%) 

i t o*dalion rate 
I 

I test day I 
I I 

F ~ g m  5: Curve of the rnlhane oxidanon rates at drffcrent tempcranues dunng the laboratory experiment 

Additional laboratory experiwnts were carried out to 
assess the co-oxidation of othcr organic compounds in 
kadtill gas. such as Vinyl Chloride (Oknnaya et al.. 
2001). In duplicate batch tests (in one liter gas-tight glass 
flasks), sewage sludge compost was used in Vmc 
dimerent activated stages: "highly-acuvated sewage 
sludge cornpost" (compost taken from a visible methane 
oxidation horizon in a testing column = haSS), 'shortly- 
activated compost" (compost incubated for one week at a 
continuous supply of metbaa = srSS) and a 'hon- 
activated compost" (without any prior methane 
incubation = MSS). 100 gnns of tbew chre+ different 
activated compost materials wm incubated in duplicah 
flasks in air, 100 mV1 Ch, and 0.5 mlll Vinyl Chloride 
(VC), and then they were compared against other 
pnpks incubated in air snd 0.5 mltl VC without 
rnclhle. 
Figun 6 shows mmc results dcrivcd from tbese bakb 
tab. V i y l  Cbloridc was degraded completely in the 
highly- and shortly-activated coqost within less Ulan 24 
h. In the non-activated canpost material, only about 
45Y0 of h e  added VC could be degraded (perhaps only 
adsortud at tbe compost nmterial). Only when methane 
was present VC was wmpletely &@add in this material 
within five days. 'lbm was a seoog link with the 
conrumption (oxidation) of the added methane. The 
results show that in this investigation methanohophic 
bacteria nminly were resporsible for the degradation of 
VC, probably comctabolically. Methane oxidation was 

not inhibited by VC in the activated compost (as it is 
heady adapted to methane oxidation and probably has 
enough available monmxigenase cmymc), but a slight 
inh%ition could be obsewcd in the wn-activated 
material. In further tesu the addition of VC mas 
increased up to a lcvel of 1.5 mV1 in order to arscss the 
loxicily level for mcthanouophic bacteria. Me& 
oxidation was strongly inhibited at VC concenuation of 
1.5 dl. Wittun threc days only about 25% of the added 
methane was degraded. 
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; FLELD INVESTIGATIONS 
:, In order to investigate a proper design for compost 
L, 

. covers suitable for methane oxidation as well as to verify 
h e  m h n c  ox~dation capacity under real conditions, a 

; large-scale field cxperimnt .urs s tand in June 1999 on 
a still-operat& landfill for municipal solid waste. 
Several test cells with compost materials of varying 
hckness and composition were put into placc. 

Five test cells azrc consbucIed on the landfill for 
municipal solid id in St. Mlten, rhc capital city of 
Lower Aushia. The landfill is about 14 ha in size and has 
been owrating since 1974 with about 60.000 tons of 
waste dump& eacb F, mainly household and 
biowastc, sewage sludgc, demolition waste and so? 
;-auslrial =a. A gas cabaction systcm is in operation 
. the landfdl and chc collcctcd gas is used in a gas 
engine as a s o w e  of energy; however. the remaining gas 
emissions are still hi& on average between 0.1 to 0.4 
m3/mL (peaks up to 0.8 m'/m2d). 
Each M ccU is approxirmtcly 25 a 25 meters in size. 
was p l a d  on I site wherc me waste was fdkd up to a 
height of h u t  15 mlm. Tbe upper 3 - 5 m t m  of 
waste w m  d e p s i t d  over 1998 and 1999, shortly before 
tbe test cells were put into place, and consist mainly of 
b e h o l d  wastc with a high rate of organics. That mans 
tbe upper part was filled with Fresh, gas-producing waste. 
The surrounding uea of the lcst cells was madc widely 
aitight by installing geosynthctic clay liners. 7he 
various landfill corm on the test cells are designed as 
shown in Table 2. 

Table 2: Dcsignr of the hst cells (MSW = rmnicipal 
solid was% GD = gas d i r tn i t an )  

Ripe (about two year old) sewage sludge comppst (50 % : - 
by weight of stab~iized sewage sludge b+a,inUn;c&l 
water ueahnent plat c o m s t c d  with 5 0 %  pcrr+ight of, 
wood chos) and municioal solid waste co&st ~ = . , .~~~ . ~ ,  . < . ~ ~  L 
(mechanical-biological b e a k )  were ' &.'& GO&?&. ~ . ~ >  . .. : ,. , 
malcnals. A coanc gravel (cum srzc 4 3  
m 6 m  was appllcd fur the gas dtsmbunon 
the compost lavrrs on test ccll I and 2) - - 
some data on tihe used composts rs analyzed 
of the experiments. 

~ . .. 
. .~<  Table 3: Data on thc wastc c o w  used as Mi 

' ' .~ ,'4 ?a 
cl- 

6 
cover materials in the field expcrimenl; n.d. =not . . 
detectable 

Sewage sludge Mmcip.l rolnd 
compost waste cojnpost 

Conductiv~ty 1 0  2.3 

pH value 7.2 7.8 

Wasr capacity 120 90 
(% dry matler] 

NH,* -N 5 100 
I P P ~  dry manerl 

NG-N n.d n.d 
[ppm dry matter) 

NO, -N 230 230 
I P P ~  dry mner l  

TKN [96 dry mane11 1.11 0.97 

organic content 27 27 
dry matter1 

Re~piration activity 1.4 
Test cell cousmction 

2.2 
in 7 days 

Test cell I - 0.9 m sewage sludge compost 
[mg O?/g dry maner] - 0.3 m cousc navel GD-laver) . . 

- .haul 10 - l<m MS'W Ths wmpast was put into placc witbout any MiGcinl 

Test cell 2 - 0.9 m MSW- cornpost compactios and we took carc not to c o w  tbe 
deposited compost with bcavy work machinery in order - 0.3 m coane gravel (GD-layer) 

-aboutlo- 15mMSW 
to achieve sufficient porosity and satisfactory gas 
permeability. 
Local hpontamous vegetation scattered by tbe wind and 

Tcsl ccll3 - 0.4 m sewage sludge compost 
-ahout 10-15mMSW 

weeds sprouted horn the compost have k e n  growing on 
the test cells. 

Tcst cell 4 - 0.3 m xwage sludge compost 
- 0.3 m w q a c h d  Loam Measurements 

-ahout 10- ISmMSW 
A close net of fix ~nstallcd gas-probes and tempnaturr- 
probes measure Lhe gas tompositton ad tcwcnture 

T a r  cell 5 opcn bandfill body (10 - I5 m 
kitbin the cover layers at different depth as &ll as in 
the landfill. Methane emissions at the nofacs of ihc 

municipal solid waste) -. 
cover layers are also measured in periodic inicrvalr; as a control cell . ~. 
(every two weeks) in a close scrccn of about 1.5 x 1.5 .. . 

- ~ ., .. , "  



r n n s r ~ 8 p a t . b k ~ ~ h D e R c l o 1 , r h i c h  
i s  u p b k  of d*ccIing very W c-tionr of 
hydrocubom (0.5 ppw - 50.000 pppw). 
W c r l y  conport vllpks uc PLcn From d i m  
d e p ( b o f l h c c o v c r L y a ~ d t b e r n a r c m k o l . u m r  
ckmial  p u u m w  (e.g. NilnU, Anmkmk TOC. 
rapinbon activity) md ibc cmposih of tbc rmaobvl 
ccmmmky (using Pdymmc Chain R a c t a o  CPCR) 
and Dma~ring GndjCM Gel -u (DGGE)) 
ue tbcn d y a d .  
Since thc vimn of 2000101 mairsiom In= .Lpo been 
qtnamrinly uku*ccd  using. rpccllly-.dtprrd apen 
wind nmnel ( R M a  d .L, 2000). A saricircular Drmcl. 
ma1 oprm at tbc .ad W, 6 pb~ed &-Wid oa 
thcratcclhawuinganuaof1~m'.Tkflowirardc 
the rumrl, idwed by nnrunl velocity. u n l l  as 
Ibc tcnannac. mnhoc d arb00 dioxide 

~ 

6 r o m t b e w h l a i ~ g f d k p r i a l d o n ( 1 d . ~ o d  
according to Dtnmcd d 11.. 1993): 

Somcmm high mclb.oc ennssmm qpcred oa Q 
dopsoftkMrmodmgammcapscamm&.mmd 
dnunon d v e k g  For cxnp*, uduac cmma~r 
cwld be rnrh a higher vud .claq (> 25 
hnlh)cmthckeaardsdcofihcrbpa.xopposeden 
the vlntsnrd SNIC 
Masmnrna r tbc fu ~ d k d  gas pober *PC the 
g n  cooocab.nm wtbm tbc c o w  bpr as well x die 
h b o o  of tbe r n k  oxdurn hauon In fa celb 1 
. o d Z r n ~ o u b n w P L a p b a ~ a d c p c L d  
0 4 t o O 9 m ~ o o 1 b c ~ m d ~ o f I t c  
~ ~ e r m c o n p o s 1 ~ a F y . c 7 r b a Q 1 l r -  
M c d p m v o h m r a a n t r c d & l s m n i ~ . a d ~  
o ~ ~ u r s a u a d m ~ c a p o a h p s l a Q  
rooa ~ g e  dudge cwpoa mxed rlh rood cLpr. 
o x y g a ~ p e a c m o c s d c c p c r ~ ~ n r r e r b p r b m m t b e  
6aly-& nanmpd odd nase (0 5 
20nnn) Tharfm thc mch+n onmlm bmm a 
smnted dcrpcr m Tca cell I ihm m T a  a U  Z 

tbe 4111Cl h mcchm & b~ 
domxudr m bah an cdk F w  1 rho- tbe 
c o n c a d n b o n ~ ~ r r p m n r r p r o 6 h d T a a O a l  
and2 M o r t o f t h c n e d P D c n a ~ o a d r a d a t c b e  

- 
JLI F ... minion fkr [&I%] 

i n t b c ~ O . t i m o f r L e o * c r  b~.Pd- 

v ... vcbcdy [mls] mmual* tbc m m ~ l  . * c r r m n ~ b l y ~ w & i m t b c ~ b y c r d m r m  

A, ... cm5t- Icaiornl.~.of~rmmCl[@] tknroCbermicpmcarofchmicmbhla&vityd& 

... demiry of mc(bme [&?I dcpadmg on 
rmbmDaophicbrmu.Dcpoldmcmtbc~od 

il paosily of thc differml Q bcu c d  be 
aoPen- slMd benn in rh colne sewage corgoa dl 
A ... bac utl of aumd [m.] 
C. C, .. maow .ad anflow ancen(Rtio0 [ppmv] 

rbouwthcw ~ i s d u t o t h e b r c r t k - t  
cooductiviw in cousc sutsuam md~ a bnb .morn of 

- 

i ' 
, gr dlsrhmo b y u d .  Ildf;lml lbKhIcs foI tbe 
compaahya t n ~ m b o ~ b u t r t h m s  

Q mmombly m & u ~  amrraas wm dclaAd 00 

T & a l l 3  (dy04mofcompohtbyabrmmtbe  
lmdfin) and Tca cell 4 (crmboPbw of 0 3  m of 

I c r m p r m h y a a n d O 3 m o f ~ l o u o Q m o n i h c  

a 1 landfill) and c a n d y  oa Tca CCU 5 (conmi cell rvllboul 
myayva) Intbcbmruw(TaaB3and4)mt~ 
pobPb ly=ups Iho l&bawLrPncuneof~~=me  
gas d s u i i  bya Tbcm fbr veklr). and p r r m ~ c  
\ 

rir ue toolugh Tor ~~TKKIII m b o l  ox~daaon 

a i  rpm. jbc r r M  in*crtlpboas + cbu a * 
c m p o a c o r t r s h r m a d c p l b o f 5 0 c l l l d a r r d s B r  
~ n m ( > 1 ~ U h I g b ~ I a m c m b v l  
activity dunog n n t a  rr n l l .  In om bbmuq 
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Figure 7: Air-fined ~ O I C  volumc and comspomhg wafer conteat me& at several deptbr of& cover lawn ofTcsr 
cells 1 md Z in March 2001 (man values of hiplicalc samples arc shown) 

I I -- _I__J 

F15m 8: Gas wnccnmtion and temperature in Test cell 1 (0.9 m sewage sludge compost and 0 3 rn coarse gravcl) and Test 
cell 2 (0.9 m municipal solid waste c o ~ s r  and 0.3 rn coarse gravel) during summer and winter 



COmUSIONS 
n u d o o f  a r ~ ~ l ~ t i b c s n b o d ~ f  
microbLl mth.ac orid.tioa in conpor( corn l8)lcn can 
be used 8s M appliatim f a  gas emiuioo conbol m old 
Ladfill sites .od m hndfdk of racchn*.ny 
biobgkany lmmttcd rmc. Likewix tbir RIM un 

of the m a p o ~  mat be &k (rcrpiruoq&vity in 7 
d . ~ a k 8 s t < 8 m g O / b D M ) m d i h c c w p o a r m g  
prmide micmorgllisa xidl m dequrk nd mily- 
available ~ c l v  of nvnicm 1- Nirmpa .. . - 
Pbmpk);  bowcurr. Ih lampoi; c o a x u r J ~  mat 
bc low I< 350 m). Nitmeem should abudv k banded 

stability a d  an dqm~c  p&mv e v a  a! a h i g h v r ~  
conlmt. in ordn to waranlee salisfactory pnanbib of ~. 
oxygen and &&. 
In ddition m dr caxct &iiy of lh conpoa d, 
the[= nrrrtbcapoprtxhnicaldeng. forwcnrchcmcr 
sy-acmr Figure 9 shows s i q k  but cffectirc popa 
desiin for such nrh cow hyer. Wben b r i n g  cq ibc 
duncmiaw for tbc corqxa h y a ,  nnaa fwcar nurt 
be comidcred, for cuoglc. me oxygm+emmtiaa 
d c p a o n l i o g b e b r v i a d m e d c p n d c o . o f r b e  
tcngcntmc i d  the lardfill corn m adieu1 
lenpmlure. The m i n i m  michess of rbe conpmt 
shouldbc 1.2mrt chebqimungsogc artdthecornpou 
should be puf in phco witbut any uhricul compctien. 
In order lo xhicrc s u f f i i  pomriry and sstkfxtoy 
gas pcrmubilrty. C ~ c d  h (bc inslalhrim oC a p 
d i s u h l a o  layer. eg. rmdc of mvw p v c l  d d k k  in 
lim. bcbw the composr hyu 4 m h  a bmogams 
lold of budfill gs -hdGu gr aigmpr brmomuy 
m r h  bean than mIic+. Tbcrrfm ibc anoundmg 
r r c a o f r ) e o ~ b i o . I r p . i n ~ b r Q ~ d t b e  
grr d i s b i  layex. bu 4 be Sdcd amru1)y .ghat 
the armaspbcre. . * ~ ( b C B g c e l h & r i u $ a r  

k l d  &u&a&ux U . . 
- rhr ibc bo~ C W ~  -. or tbe 

'w  m n  site (vith paipiatioa abw L '  - 650 nun). 
~ 3 ' .  i f u ~ & i i m i a n c ~ i u t h e c o n p o n m v c n * u r ~ y r  

h i g b e l l o u J h f o r ~ n l m i v i r y . a t k z n f m r n ~ d e p m  
0 f U ) m d D m r u d r ~ ~ I J S u l l y  b r c a  
higb wale?-how c a p d y .  Tbc -am can k a d  
o m a l c a g p r i o d d c h a m ~ c o v w , d u s ) o Q  
"isolataoIffcct" of the carpon Tbn hppP d e n  
t h r o u m ~ o f t h c ~ c a e r ( 1 0 - 2 0 r m ) d n n  
up As desiccation produces a hydrophobic dim u, & 
byaddisnnbslhe~~hryrizcofwtn,mCcorrpost  
nmdMdnoclthnptatdag8inacnpantionud 

a h !  f o m n l o p r n c n l ~ b n a t h r b r ~  
C w q m r l  layur  This pnnlsms 6- uabn 
cond~uons la fhe mclulmopbv mnxngasm UI 
pmrpcr mrmou~ udrummrnmmcm 

Under wiml ~ n n r  (~nrpr &sm a d  cornov 

k / d d ) ; o u l d  b; oudbrd tbr c- of & 
rur. Thc rnnlcd ccmvnsi c o w  axah m h r d  

AERC 1AppIlcd Enr~roamnol Rrscvch Come) OWtI 
F ~ i d  ln\rrttpal,ons nf Mchm Oxdamn kaamnm or 

Bcndo Lf (195'2) Mikrobulln Abbu noo Maban und 
&en Spurngasen m ERdm ~md Scdarrarn 
Dn+nurmn an dm Umrm~lit Ko8- Fat& fii; 
Rmlogtr. Harmng Gonc Vahg. 199: 
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I I. INTRODUCTION 
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The optlmum location for a nare will come out of the environmental m c s s m m t  rccommendd 
above. This should be such as to minimist potential h d t h  and environmental impscts. 

Remmmendatiw No. 9. Guidance is given in the guidelines as to the level of  monttonng (h.1 

should be reamuamded by Environnlenl Agency oflicas. 

Reeommendatiw No. 10. Flares should be maintained in accordance wtth ihe m a n u f a c t m '  
recommendations. Full rrcords should be available for inspection. 

Recommendation No. 11. All results obtained by flaresysiem managas should bc ihe sublect of 
a formal review. Such reviews must accompany rcsulls and reports when communtcatcd to 
Environment Agaxy officers. 

7. CONCLUSIONS 

The introduction o f  a UK bCS1-pnclice flaring standad has many &fits to the local and global 
environment and in minimising potential human hcahh risks. The associated Envirormau 
Zgency's landfill g% policies represent a paradigm shift towards landfill gas emissions conrrol 
with the cl- -gc &at large-scale passive venting of  landfill gas can no longa be 
considered as an effective cwIrol option. TIc design ofopen flams makes emissions moailaiog 
that has any degrcz o f  accuney diflicult and h e  repl-en1 of such flares will ensure (ful 

current UK bcst praclice is maintained and becomes widespnad. It will also provide ibc 
confidence h a t  a~Iosed f l a m  can be monitored, irssad, optimised and c o m U y  mainlaid. 
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LFG - BIOFILTERS ON OLD LANDFILLS 

F. STR4KA. J .  CRHA. M. MCSILOVA AND M. KUNCAROVA 

Fuel Research Insrrfrire: Praho 9. Berhovice 190 ! 1 Czech Republic 

SUMMARY: The passive landfill gas venrlng system combined with fi lming unit was lcrtcd 
and applied. Thls syslem is used on small rtmdred old landiills, where the commxcial 
utiliza(ion of pas is impossible and where an active system of gas pumping a d  flaring would bt 
tw capcnsivc. The venttng and d~suibution d LFG vln btologicdly vaive f i lming tmin brinzs 
more cnv~mnmnrai successes than only odor removing. Mcthnnotrophic b a a i a  ae .bk tn 
oridze nwhnne from 2.5 46 ro almost la) 8. The unlr o f  biofilln is very impk ud iu 

' 
+ration i s  suWiciently effccnve. cheap a d  safe. 

Numrous old sanitary landfills are now cloKd and treated to complucly remedied amas In WIC 
process ol  landfill closure klon_es construction a i  thc u y ~ r  insulallng b a m a  beturrtn the m n  
wints of interest. Prorrcting cover stopping all \\atrr in-flows closes also IIK whok body of 
ustes as a gas bghi volume. Impelmcable covering of such landfill. which is dl pmducing 1 

sipnificanr a w n 1  of baagas, n d s  to k ;rcconpnicd by a relevant &gasification syslun. 
Propaly designed degas~ficalon system enables complerely conrrolled c d k l i o n  of ga h 
whole m a  of landfill and prevents all kinds of danger associued with pmsurising of gas i n  
lnlernal spscs: 

undesired gas migration from barom pans 
ballooning of corcring membrane 
coverin: layer rupture and sliding on slope parrs. 

There arc ~cntral l?; no doubts abut the nxesstry of landfil: gas controlled collection md ILS 

rcmmenl by an mv~mnrnentally acceplable p-. 
The positive results about the biologicill oxldalion of methane md Mher organic compounds 

from landfill gas art older than 20 y c m  (Tabasaran. Afioyon br Raanbugu. 1979) and 
prstically the Sara .  results arc conrinuwsly con(rrnrd (Dalton. 1%; Bergman. Jrobsron & 
Lageqs!. 1993; Figucm. 1993. 19%). Regardless to numerous published Mick abcu~ 
bimx~darion of methane we can m e t  the technology of gas flaring .s a suil vay f r c q m  
rccommenddtion for landfill gas matment. 

Evaluating the knowledge of -arch and analyws we can s a .  that Idfill gas b m n g  may 
he vindlcatcd only there. where IIK gas is dthu used for energetic purpara or chae, where Ihc 
p s  productton is very high Nevenheb. the tncincralion of landfill zas 6x1 flores as a way of 
'cnwmmenlal gas tlesmenr' will be in  nunv caxs nM more defendabk. T r u  tmpuitits from 
landfill e a i  arc also dunng biohltration captumd a d  oxidised with better or urn nvllls as 
thcnna! nr reszzs ;,re otlenng. Good results of biooxtdar~on for milignlion Of trace components , 
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eoru I.J'I;  4, .  ,.~).wcJ h many nulhorl (Tabuurn. Aneyon k R e ~ t e n k r ~  1979; ~ i ~ ~ , ~ ,  
1991. 1,)')o. K J C ~ ~ W # I .  Ddlrpr &l)mhelm 1997; Munwni (Ir Cnut8 lW7) rn ll,ow 
yresmtatteru ir ront~n?-cd. ~ h * l  In tho P:wu uf biwxldulon o1.c by r n c ~ h u > o ~ m ~ h i ~  
~nrlhylolroplc blclma cnl~lplclely wnsumd not osly Iho lflical Nnur crrnas (PI~I,~, 
rornpoln~ds dnd volal~lc (any acldr) bur abo o l k  h m a l  con.liluenls of lu1~1611 (hcn,,.np, 
~vlucne,  fonnaldehydr elc.). 

Vcry irnyto~i~nl queslla concerns llsc cnliuionr of ax~dcn of iulruycn. Uurt~,$ blo~.;~~,~ 
processes ihc only ntlmw oxbda (Na) wn br pmdwed* namholou lrsl raulu of Rcld I.,I,~, 
show 1h.r luldfillr we not the significant w w  01 his gw ( & m ) e a ~ n  & Svmuou 19)7)1) vU1 
II every rwr or gar hcinaalion hormhl onidol ~ l h m  NO or NG u c  pwducsd. Con~parin~ nnly 
lhc papers a l d i n i a  97 duling wilh inolhuw uaidstia by b ~ l e r i s  s J  p r m  C(YFIII,X 

inlom,il~~anr ahu l  y m  fluin& wr rocoplim. Lhal biorniddion io  slowly m h i n g  ill m1,mnlay 
over L c n a l  pfocwuw, upocially I1 h s  #U is lnrlod only for pupom 01 mvimnt!~mal 
prolntion. Even ir lhmr rro new m r d  bnln w flw. I)u single LPG inci<ufatiun vilha,~ my 
ulher purple of 811 onwgy uliliulion is n d  ma. moanmadable. 

If vr .re cvnluallng ibc wlvlilionr lor c b n i n ~  ud d i a l i o n  01 dl old luJRll8. ~k 
asonomis vtsw h u  a ray it~~ponsnl innumu, wproially w b m  lh "sold" way of h i m x i d a ~ t ~  
ullos siynincmlly lawn nerds in s i l k  imatmml  aopn r i on r l  oaU spins1 lhe gn pumpiny 
m J  flaring In rns~atily olc- tho rcolwnic n a l w i o n  dr$w lh* hiJu. prionly 6r lad 
cousl~m (u awnen or m p o ~ i b l r  l w  IvdnU amu) Yld i v  m1.o uud u ihr buvc point or 
~ I E ~ I I M  

Thr lasdfill 8.6 n a n n ~  syslrn2 <uDJ# lo be Iceanplnld by an ulibc dcpuiflcalion whih ~h 
hloloylcal filtr~liun or gss ca be ln.lalld on 1 p w i w  lytnl wilhout my ~(uymplion nf 
r loc lnc t~~ Conticlanng 111e racu. ha1 pusivs syuan uilh bioflllrs is .haul 10 fold chrnlva 
lhon ic~tve 8.r llmny ud considerin& hal tho ruullin1 bwl o f  mnmnmellul pmlcclion 11 

pvtlr rornpar.blr or better, w Md nu any ahr to ruiyr*l lhc p w a u b  Of 
bimx~dalua. 

01 course, hclween ihr lrndnll gu ''VuUnmU' we un .om*imn aml 410 vwy ninbpk 
rn l lng  ofgas Ram qm y y J t . i e i a @ a t b u & o ~ ~ . P i . I ~ . ~ L l i Q ~ ~  

The main problcm 01 rwrll I.FO vmllng ir moUd &.*.lly In rairun( a(.UWrmll of 
nrrpong yl, Sm,ptr qm plprs lc.ran# ihs yu wl of !In Ia#vdfill uo nd rranrrn(oh1t. 
brraulr, 

!he dour 01 L h l i  n in.! ruplund 
the trocc ront~.,.a#rots (many dllms, ara I ~ n m l u l ~ ) ~  no1 W u r d  . ~n~r l l ~ l r t i  IS no! ob,JtrcJ ud ~U~CIW( (ha 41uW ef l l l h r n p ~ p n ~ ~   netho how* pmI '  
ncrtby lhe ends olnuch ptprs or vrnllng kd@ 11 11 s * Inw o f n n  w #aplalon 
dunng pcw-dl YI (.st nmng or 1h0 b m n d c  pnvvn r h  ur  c m  b Jrlvm Iruidc lW 

tas~d611, where !has* nil i~cdo~ted aerdur.I~$n a d  ridifirallon m n  lime4 
air iwlr<,ricm c.n 4110 r;#ralu ik ,nlrmrl erplovw* mirlurr* 18tvuk  Ihc p a  dntnsgd 
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llartn& cuul vlrr I 0 1  'cllill( of rlnouro1Q luulCll8 r c  ub*.ved m mMy r u n  1 1 ~  dou)*mu** 
lw.rretl the rbl~nxrtrd IV~~JWIIVII~ of Yld ourfac~ p s  b w .  ~1.1ys.d by ~ h s  fluh.PX 
nwlhnd lac , t x ~ r d u l  ~rpla~8~1oon lo lorsf  obsorvd m!gmaa vrloe~#W of m a M I  h m  
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to thc cr~.natva app!~c*lion of biofllt*n 11 an ollallvo lmls for maMnl Ofg  
311 and old Imdf lL .  
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,zl$on un~ l  w bawd on lb onc.dirrclio~i flow or b i o w  lllruugh ihu nlln lo 
ro wlule !h whale In-1 PSN of w b81nm.ga *re kcpl in m rnms~obic ,I., 
#urficiw!lly #@inn the air iruruaion. 

d Iran1 tho vvid volvmrofrll yudnirup in lho body of l~ndfi l l .  
hlling (or (hi. pti of (\IIa w u  .ussoutully tonod coal cnks, in ynnvlontvlr 

p.h & Pirs~rnn (1997). Tlw cspvlty of cemprmalong (rokc) p m  is calculalm fi 
m p t r d  188. ulhrmnlolnc pnuvru for 20krun. e far lhs to181 nrc nboul 6%. 

r ,  . v , . s . o . ~  
or, 

MCM W~OIII~ ~I'cOlle fillit*# In lhu nlUf 

811,o (11,. . ,.i.. .IIII,ITIIUIUI ,I,IO , U J % ~ I  IIIoLcc~II~ ~ G B I I C  pan1 

$d.ljnu Iv"~9:dl(~3y A 1  u i(ldle#iill ACII~~YI~# wnd lpvrtzalcr rlnl btolnyor:!l ns lllll 
,d 1,0 tlur lpuq,a,fia .~,~.turum u l~un%p* l  rnlh cvllcd b.6 0, rncrlv~$ uilop 
r.l##l ,lr#lyn 01  !ha lllln ulnd llkr kll undillen8 m d  $1, 1lpw.l r m ~ ~ ~ l l o l l s  rr 

Id ot~ Ftyvn I lbe Iacy l~  r ~ d  are& 01 u ( v r  eo~npull.woodc~, chlps p m  11 caiclllulu 
n ~ 0 ~ 6 ~ ~ a l  r,lt*u u l  lrcq yo w l W s  from w dt.081aw The in* uxl rolunn of flllovllll 
11 II,~,, k,,,,c.lx,,,~~,,,u ,I..,,CJ ,t,..41tu~ bd 0r1h8 ~IIO, T ~ V  .vv~lfiv I,.WIS u,f 



. ~. 
IUV,,~ ,amol ,quo ruoualluaJau3 JU~I(I.)W 241 pun9 ow!~bo&a awm ~J~JA~W s11g D~I nn(i 

'( 1 OIqEJ. 1%) IIIJPMI WI U! luo!,!puo:~ 
~I~OJ~PUP 10 I#>~C~S .)q~ LW~CCO~ s~~iratl-~~3~13 ~1ot11 UIU~ p~ldtuss IOS 10 S=X~~*!CV 

jlss! I!"" 8uuo11g pus uarh rjo\~n: 
lo i~~(lqcaau~d m,oS uugt>o, rai~~srxd ranojo rsillm n\o~ .rd 9< +sen> ~!un 8uua11gjo 1uo.0 
us ,~nsr>idl=no 141 ed g~+drX Q:+ nmm rlotod.pq> (u~a!p om1 au r~lnuu?.tdra~o 29.1, 

MOU "'8 pS![!q81S Xjl Oi 

fiu!puodra~o, 2i.m ssinrs.id law31o! aqt .~ojmql puu ("/u8~0 YR~I iamolj 1lnlsa~d ~$IISIYOII<I! 
lo suot!~ni>nll alqrB!18s!> I(nn AIUO warn nsql IE~I u!ee aojiq siirp xrw 'uo!l!sod~un.~ 
p~lo moll ru5 u 11. liun Sup;~l!i uo rirli '41 XUUII~ pau!c~qo ,sl/nru lucuodm! ISOW aq; 

( Irnk!:i SmoqE rZu!punouilr $1, PUC ~atg '41 Y! ~x"~c~~d~!~~,lo Llo!lnqiJlsT 9~11 (sl?A*! 

Suuano2 ja runlol?dwl) &q[+ ol &VZ+ i1u0 rs~nlnndwrl pail ~luol aql 1s rmutp liiiil 
aql uwl cu s I saa\ie!r!p u! llypvrt ~qi u!  no q1d.p xuer ~qi '~jun Su!l>llg oql aP!su! IrnlsladLual 
aqa J~~IO~JO P! s!qi 3.pl I~O~P o~ Su!rmlap slau u, 06 o, 09 qldap u! sanlr~adur~l fslrraluj 
IEql EmOqs 6661 431EW JO pus 341 10 aPIU BU!LSI IY!d '3.cZ In040 anlBA 8661 J'qUOnON 
10 pu. y~ la Uulq>a;l> 'pwx~ Llmolr i!un Suuallg u! ur I ju q~d~p 3q1 u! ainlc~~du~a, a!,) 
8661 lo po!13 uutnrns - AJWnS iq~ 8lnlna -paau!)ua> oqs son (1661) IS!AY~PI rp a~u81,!1.\ 
Put (Lb61) UOESU3AS g UOSSIOX~~ Lq pNlqO saZusq3 ~mls-1sdual [EUOPlOSJO W9UDnUU! 3ql 

p~asq~  LO^ i311!+ U! U~IDJ=~WDI (ZUIJJ~~~)~ JE!J J~I UV~I pue PXWOJIJ~ Nm II~~UY~JO IIVIIS:II 
Iwap mnu .nql h'uudr ixou aqi au!~ ppd >olu!m 3upnp 2. 91 01 palnl=ap nm ljun 
191iy aql u! ~mrnsdwl aql 'Lpoq almm aql u! pur sllruyp IP~SIUI ul ua8Lxojo uopdumruu> 
layv uo!rap!xo auoq~rn lo ~locu 0 rs LIUO IOU p~ snwo!q ~roduro> aq1lo uogep!ra rOFac!.>d 
V IB Pmp!N03 Dq M3 SSSS~~O~~ 9IWqIOU P!pl lnq '3" IS lnql pnl1JsJ.i Vad lnlul3 oi!r 
ul a~ma~ad~ual 9qr 8ullly 1911!1 41 we lrnr Ion %lg 01 'lon x $5 UOJJ AIsnOJ1191nlu!v p.r!r).i 
we8 IWl9lul U! aUYqI1W '3"I.h WJ?. Jql Pq3.01 IU1IUM Uil8r(~0 PW ~(IYC~V!II~!S pflJI3?P 68m 

u=8on!ujo ~wluon nu .moldu! 01 nlnr rr8jo uo!~!roduo~ rql luauow lsql nu!$ polz*!llnnnl 
ila~aldwo~ a3njmr n! uo rom PUP LCI¶ plmduo~ JO ~3Lq qdq Lq P~AOJ sem lll~pwl i!qj 

"".- .l,lllll , 'I*'. 

A $4 9.0 IWIUOJ ua8Lx0 pue Ion % S$ lulluo? 3u"cIlaul al mm uo!lsdurn> ,sd aq.1, .oJnrrJJG 
wo>~ll .lo saRwq9 aql uo Pu!Puadap nll,ur 9C m 6 as11~1 111 ~JU P~UIIIIOA NX pa,w,, eq 
I p~uuyuo? tualrLr uotln3!l!mS2p plla1dln03 uo iloolsmuo~ pun moll rexlo r.silrup 

'nuld-q2oqa ~.l!cu!r ql!m p2ddcnb 8ua1rir uottray!orXap ecll so rq!, r8rule,p,l, 
~uoirip IMU 3111 ~o~~~acdwm re8 PW mnS;lJd lscuslu! J~I lo yxq~ 3ql Bu~~Fu~ (Z 1109,: 
ls!od 8u!so1~ pal~oau! am a1241 iahmn 8u!~a1!1 qxqo iuo~j $11 .slruo SU~J~!~ o, -8 3q 
n3 JOl3al!o3 m8 U!OUI Jql 01 ))-JIJJULIY> 31P Slll.8 dlil Pun S>~~YJJI .I>!s .13d!d (~~~~~~~jd 
110~141111~ qt!h> I~APL? asmO3 ql!m P.YLI =Jv 5 I - 01 sa"~lclr!p u! ~~~JII$JI 09 x 0, 

lq3U?4J0 YIIJOIA 'SJ4JWJl ~%E"!cIPJO 93U!I h(I PJll"J 1.m R~~~II!IPUEI 10 UUliZllllunl ll~! 

mjo rxj.xnr aqi 's,o~%~~o:, r~8.1u olalsr >VI ~I!A, YIO*II=U JBI!U~C.JI, ~JF~JCIS~OO ~siYO~IIoI 
iifm padd!nl,a rrm pup qslrum v?sr p<,c Lrcr,tco jo qilh 51111Y1111 3q1 S~~CIUO, llgPUY 
'SlOJL Z Wq1 310W lo! UOIIFI2dO l/i!l U! 1~lI!IOI1I illilSi3lilllU) PI.> 6PX II!IpIIPI I0 81111113. 
lpoq osoqr JO DUO uo 'nlnnJ jolrsmns q11.n SII!IPUYI ~nqi ui, I)~~IIPISL~I A\OCI lil~n sCA 
1101 PI0 pasol3Alalaldulu~ JOJ SEb Jo uo!lUllgO!q lllim uo!lv~gl~v;ill >%l,>nd!o w2lrLs 

au!rarllddn lo~!~~o.~d u! ~all"o1q - 331 r: 

'uamld ructr!p 1c ruoscllslru! 8u!i~11!1 i~ou paSu~ui* aunw lu .%q Asu 
04 IIIJPMI ?aJtl lOd 'lW!lWnVU! E! XY 9llOJO r(ll~ld0l 391J! SItUn 8~~111lj JO IU~CU_?~UDUI 

lod 103 uo!mu!quo~ alq!ssOd LVEul 31. an41 '(u : a1 8.0 alodjl EI~S!DL( SI~O~JY~ ~UI 

01 z wogj rqlRu~1 rnoucn u! plr8lr9p 32~ iaxoq dorlg oq~ sv ~tloq lru. hr!ll!l isoiltoo, J< 

aea nd auoqiawjo (IU 01 looq" IUIIWIX~LU acn ql!~ pn1nlc3 I! 8~!!10 .*!131! ~(!~:~~SOIO~< 

a Owndm dOmm?WW 7XXd.U. 1 ZWd 

14.u xxmIWm3 7" 

--- MA' m,d - , 

WMIIP) 

01" 





*~nulolw~Jo samnlonelp!~!~anu Lluo 3u~Aur3 s! puc rnapojv aol~ 11 irR pluaA .~~ueu21~l!l:~" 
PUP lPJlllU3 Iwtnund 1uenb.a aqr lo" '61!3uI3oll ,~I(I!~u ~)111 IY$I$KI BLI!IIIJA m!SSCd 

'sllgpctq pro PIN ~IICIYI J~,J .<III!~D~S~ ~~I~Y~SE~L~EA~,~: 

uu!r,s~~u~ nl JA!P' urqr ndnaq3 ~~IIUI II OOC~I~Y~ VII,I 

t(go!y 4lit .('1 F!P~V!LL'S~ U.2 9lIBPtrc( plo luu!l Sll:dr37.3 scB ((~pur, 

SN01SlllJN03 'I) 

ueoA p c Jar somil otlo lmorlc 63oanh?l1 u qaum 001 
pl!lxalo>d lu!~c>sdas aq~ allucq, 01 pup la~y 9111 lo und (isodo~o,) 12d~111 a,li jR~i~.ll,ul >$oddnr 
om X?, u qJllr loj 'Kt~l!q~~~rr~=d P$IF>I$JP *Oil? ll!M "31~1 uollCJll!l 11.1iIv 'LIoh~rnlls >ill 

l!tp ~o[nh ou spa% xro >h<sod v $2 1mu8sap UQ~I~.!UI!~U~CI ~'2 ,,,,ll,,j,.l ,,,,,T<- ,ql 

..,. *n"o *,1,30,.1U.II.ld,"1 
W.YI.W .>.WG.,.>"~,, 

- 

. " 

. * 8- -, 
-.." .- 

,"Y"..".~1,*.1.~0.,YL.PY.II 
IUII.0. I'd NUaPI 

rUIOIP.1..u,l..*nu.r U.O'.O.,.,"*, 

a".... - .a,.- - -, -, 

rls 



5 1  I - ZCI'S I I ~ J ~ V  b tlmvd ' ~ u ~ ( r o p a 0 1 ~  
"I.!, a r t ~ t l @ ~  im W ~ I I ~ O ~ R  uor rlmruq (6161) 3 raB~wnun  '.i u d o ~ v  "O wnnqwl 

t[(.(g$ dd 1 (or ' 6 1 ~ 1  'mulpns 'ul!19*3 (L661 o I ~ l . . C l )  .dYJs lluPa.1 
1110 '11 r!u!pns ' w d  m3 jn un!l*dtn (urm p!wv a uo!wqn(q n :*a 1 1 8 m  

a1.8 uonrurxg JO ~urvnl -aw ~ A I I Y V  (1661) 'd * w ~ ! d  Q 'd upunras "1  mruBw 



Section XIII. 
m 

Microbial Oxidation of Methane from Landfills I 

B.Dammann, J.Streese,and R.Stegmann 
it 



pfICROBIAL OXIDATION OF METHANE 
FROM LANDFILLS IN BIOFILTERS 

' 6. DAMMANN, 1. STREESE AND K. SI'EGMANN 

D#partrnenr of W0,11# Munugumanr, Tcchnlcal University of Hn,t!b~rrg-Hnrblrr~ 
Gnrna l l y  

p tVMMARV Since lllc qualily und quml~ty  of lnnrlllll @# fldudly decrrrrea w l h  itnle, au 
altunallvc mclhod lo nrrlny lhc y*r v d l  be nectrruy 81 s ctnonr ~tspe. because Iltr p u  ~(lou ' na or the mslhrnc conlsnl is lw lw BioSltut~nn I* a prncrrs ro drnrodc rnelk~l>r II lo* roltr 
a d  cnagy consumpllun. Thc pri~araplcs or \nmcroh\al nwthnx dcprldalmn d3Ucr from $ha<  of 
clsssical lpplisvliunr u l  biufillration. 111, d o r  lrrnlnlrol. ID bulc  dslr for dimrnsno~ling m d  
opn l ion  nlu#l br warkcd atll Tllc An1 reaul!~ in o rslcarih project uorc oblrttlu( *o>v a b w h  
sale plan1 ullwu I1 1 wtt!pca I~ioRItws, wh\ch d c g n d d  abaul l b l )  r/m'l>. w une c a r  up tu 
$ 3  W'h r n a h r ~  r sn iudcl c o ~ r n l w t o n  of  I 1 '/I by volu,ne inacullkun uluw btoGi\sr *hl> 

rnnhmamphic b r w n a  showed no elroc!. TI!. nrabrnc rlcb~rdrlion ir Ih.pI~ly ~mn,p,aturc 
dcpendiq: 0 Icrnp.nlun d u w w  horn 19 'C lo  24 ' C  ultaed 8 50 X lover d r p a b n ~ n  ma In  
a pi101 plml, l unhn  lovmlgations with rrrl i#nJflll #as 111811 be camad out in order to ow1111 J ~ I  

~mc ie l l l  ard #table slnndpnl mclhod for nlnhmc kyrul*!ton 

R* g ~ r  pnul~~rlio~t~llardli\bdccreanovrr lhr yeat%. \o!li lt one Jrr 11, I I I L ~ ~ U I  ti$ilt,al~ot\ 
Ihc mclllum or lllc combusl~oa i n  a Oaro are llol ipubr~b!r .n!? ntarc TI!,. ,. I.ml*ad cx!l!cr Irt ., 
pmr u~x ~ ~ u n l r l r  lCH..calcnt < 10%) or a loo Ion .:.I, I'.*- ,.,, 1-10 I ) , '  t h r  i , ,  !mo<c cirr:. 11.. . . 
Ia~ndfill gar i ~ ~ ~ ~ n l l y  8s ornlltrd tnlo ihc enstrol>nic.,i ., 1.: . +  , . , e~,c~tl~r~tm*~ 6 , ~  

' lo J~spow n l  lhc i o~ r ln l l  sw. twlur.l yn !.I . I. ,illt $lit , , , ,  !> &,,,, 00, ,,,,,11,,, 
All~~o!al!vr1y, IIIC l ~ v ~ l n ! ~ ~ ~ ~  !n a! biofll~cr 8 ,  8 / I ! I ~ : . ! S  iV  ij,lil+ I~.IIIIL~ 11.. 

I(ICIIII?I)C c11111*t01)1 TIIC 11111111 objLI11vr 1% 10 , I . ,  ; > / L  <:,; , ,.- L,,, li,\ , , , I \ ,  l i t ,  

I !  , , , , >  I ,  IP ,  I 

I W ~ I  rlll~lltr 111011, IIIIOXI.II.IIC~ I W ~ ~ C C  G1l,\ l  , , . . . ,. .L, , JL,VC,>, c , t , . l > , v . ,  . 
I I I d  I ~ , t r s l  18, II~Y hl,ifi',. . . , , , < , I  ,A,< ~ l ~ . , t ~ ~ l ~  , v s , , d t  8cs , , t l  

<,do, t>li,sJncc 31X1 Jr~rJds ong~nic ~ W ~ I ~ I ~ I ~ ~ I ~  
Tllr c n t ~ ~ ~ ~ a l  of ~trc!8luvw y*n 1 ; ~ t %  : . iu \ , l t t ,  .r . t ~ ; : ! , i < ~ c  or 1 ,11~~+~$  llll..lll, 8 1 :  .., 

r.a~la~n( try an7 law or QICCIIIU ~ U I  11) C U ~  ol IIIIII>.II~C, lili~j !1te 3.1~15~1 ..I,u,~ i l  

ukn WIIO accounl, So, lo dispuw vf 11,e !,OI,I~~,I~IC ! t x t l , ~ # ~ r ,  l,,odflll s,, ,L.,,,,II> , ,  &lalt,8.,l 
will1 an~lttrnt aif md llnnt roluu~ed o#vfo 1he ~f~x!o)tll>ctt 11' otdr* 10 II~U,. tL ~ICEO~~UIIIL 1 ' $ . k t .  

11~~1 p u l * c o  r a m l  be 10loc~1rJ 1117 nwre 
In I co.opmtlny w w l ,  prn)ca wpyomd by ilw Grnr.t~~ FiJc l r l  h l t c ~ ~ t t y  L'( I ~ b h . ~ i  t.i, 

.frl Rnrawh (UMOF. KC A ~ L ~ x $ r l c J ~ m , n t $ s )  llw i!i<rot,~ul u r ~ d ~ l o n ~ l  n l  IIwII?,I~~ l b l i m *  11.'-, . 



,, 
rnd odon  in bioliltcrs ir invcrt~glted. Two principlb. o f  gas venting s c  cxatnind in two 
scnnrnlc pmjcclr. - ~ E I I V C  venling und lrentmcnt o f  thc IandCtil Crr i n  a closed biof i l tn system (Technic, 

I:n~vrrrt!y o f  Homburg-Harhurg) . ?,.%we v c n l i n ~  rhmugh an open bed biofiltor embedded in rho landfill covenng (Univcrrity 
,o f  Ramburp) 

':gP 
;,I achlcve n l r~ l ls rcr  honl cxpc l imnla l  scale into imlustrinl itmdard. the prolccts are run in co. :'@ 
ilgrrntton with llte cofnplny Wcaacl-Untwelttechnik (Hambary. Gcmnny). I'he milin nhjectivca :t$ 
t i i ~ c  projects nre the iollowinp: J! 

J$ 

'. Dclcnninolioti of basic dimensioning dnu  for conrlruction o i  b~c61tc~s lor lzndfili gill .$ 
1":HlmEIII ,?<. 

. "  
\ erification o i n  reliable uld effieicnt applicshility of thc methods 

,: ~.lioiml7,aliun o l thc labor cost foropcmtion and contml 
. i: 

Cosr bfnoflt nnalyrir 2 ;  >.: 
,. this pupsr, mainly the micmbial mahnnc oxidation in & closed hiofiltcr >a dr<<:rihcd. 00th ,.L,l 

!,% nch scvlc ant1 pilot scale expcrimmts are mmed out to ach!r\,c n n~llel!r which can be rpplied ,,I 
., lxndlil ls with m rctivc vcnlinl(systrm. 

I.; ?~4lrml,lal methane o r l d ~ l i o n  

rcthlnotraphic nucmorgnnismr use nrethono as Ihcir only cncqy and citrbun roilrcc i n d  arc 
:ir lo complclely dellr.de methane tlllo ~ i l h o n  dioxide and wale! (Dalton. 1980, Hd,cr et al., 

, . 3 " , ,  . In  nature, they can be found th~oughaut (Hcyer. 19841, beme pnnicuiarly conlaton in 
, # t s  or manne $edtmenls in which both axysen and mcthnne occur (joncs and ?<cdwell. 1991; 
, c c h  and CIcmlpc8L. 1996). 
'''2 7irlcrohinl oudation u( mdhnne occurs r lcnvire via methanol, lormaldchwic sod fomie 

.clrt to corhoa dioxide (Hurtson nnd Hunson. 1996). In this procca. b ~ o m r r l  i a  produced from 
3nn.rldcbyde. There are two main pnthwryr olcsrbun usri~nlli lt ion by mrlltanofrophie bndcna. 
i l l tch spill thc hactcria inlo lwo g n q s ,  culled ..T@e i" (ribuiolc-monaph~8pI11t~~p11I11vay) und 
. l ? e  li" ISEIIIIC-I)~~~II~.SY) ~Greerr, 1992). 

v-e an>b!cnt m r a m n c n  far m c m b u l  mcthonc irx~Iatton. which voic inumtig~\sd by 
ILIIIICIOUS ~~ t tho rs ,  OTC 

i ;rvucn ~ l c n ~ ~ n d  At orygcn conc~ntrriiuns ahure I'VO, nu r l f r c l  on the dcgradntion mtc woa 
,.lscrvcd iRcndcr, 1994) 
.cmocnlarc' The rcmperrtvrc ranqe, in ~vhlch n,etha~~otronhn bactcnl "re octive. is fmm 
10 "C lu 45 ' C .  'Tbc activity IS rrrongly dc~endcnt on me lcmneruture. The maxi,rrum vu 
ihonJ :XI abuut 30°C (Bender. 1994: Whalcn el 11.. 1990; Bccckr and Clcemput. 1996: 
, :u rma.  tW31 
dni l ture content: The optio?um motrunre content dcpends on ,he klnd of S(ofi1w.r macerinl. It 

I > I : C E  tioln 10.70 % o f  tlle weer holdins crprcvtv, wh,clr ir clearly lover lhnn (he onlimuln 
i l  oilur noel lmcr: gar trcatrncol. (Whulcn EL nl.. 1990; Bender iind Ctlrua'l. 1991: Rocckr and 
!cc:n>t,ut, to'J0. Fiyuero.1. 1903). 

' 8  I-'...IIIIc: ~~cl l l l . l I  or sliphlly . I C I ~ ~ E  (Bender irld Collrsll, 17'1Sl 

?he mtcmbinl oxidation of odorous substances is used for odor trcstment in many rm~ 
dvrust gases. Mainly b io f i l tm with an organic I i i t n  material arc tued to depnde thore 
;~~bnancer. Blrdtkc and F i r h c r  (1986) and Sabo 09911 invotig8tcd hiofillration of  la,~dfilt rlr 
,:r odor contml, where the odor was c r u c d  mainly by hydmprn sulRdc. This method ran bc 
otmidned as well otablithrd. 

!I~Io&cnated hydrocarbons can also be deqnded rnicmbiallv, py t l y   ever^ under anaerobic 
..:ndttionr (Deipser and Stcpmnr, 1997o.b). The ut118~ation of biofiltcrs lot the deyldatlon 01 
,lilorinacd hydrocarbans 18 dercnbed by  Jlgcr 119961 m d  Kobclt (1996), 

:.oCltn can be conrtdcred a Cxrd 3rd reactor Tllc orer-a. react ov nlr can oc talc. .leu 

9.n expa:nento\ d r t ~  w t n  tne c o x m t r ~ ~  onr 21 inr .npU .no c - l p ~ : .  tnr \o..me of 'he rca: . 
IJ !he fla* rdte uung Equation t 

- leQCllOn rate [irqim'h] - mlet concmtrztion [mqlm'l 
, -outlet concenvaion :?rvm)l 

-Caw race :n,':hl - biaf i lar valumc ' ) ' I  

' ; ?  re la ton  r l le  cro r l ra  br  ciplessrd i n  dcpcndcnce on tile ,order o f  r e a r r o n  ZY I C C ~  

,r#sirtmy of lllc medtam canccn~r~l ioo rnil onc or murr cucifici,nts Thc uttlcr iri ihc re~cuori 
.ycndr un the kind u( nllplicnt!oll For iilnnv rn!cro~<nl !,roccsscs, rhc ordcr o! (he icacuoo 

irlci i r n r ~ r  " 1 "  sc to,vcr coocc8lrrrrninr to '0' '  a! 1;ghcl co#lccn!iai~nils w l c h  cnti 1 s t  dererlhcd 
,'' Equal>on 2. 

:Ile order o f  reaction must be elahorxed I:::.II:.~ :.. romv.(r::, :he c \pc r l~~~cn t .~ l  dria iw!h ihc 
rrrumed order. Then the ceeiRcicn,r i h  .I , .I . 8 ,  mw,~ :'I , ~ r  i , ~  ~ I C ! < : ~ I ~ ~ , I C ~  %rsph,<ali\ or 
;,tmmcncaliy. 

B y  comprrlny Lrjuarion I .i!;~i 1 I . , , .  l ~ i  i ,  , , . ; ~ ' , ~ , ~ , . t .  :..si8t,i I - .  e ~ ~ ~ a r ~ r n e n l s ,  rhe 
>ccerrlrv votemc uf !he rc;lclur i = i . . . r : ~ :  , , 1 . 1  ;; ..'i 4 cc8::1 ~ n y l l c r t ~ a n  cltl ur i~ l i l t tn lc i l  
'Egarlion 31. 

Y L ; ~ A V / ? I L A B L E  COPY 

2 3 L  






