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EXECUTIVE SUMMARY

I Background

The Greenhouse Gas Pollution Prevention Project — Climate Change Supplememt (GEP-CCS)
was mtated i May 2000 Funded by the United States Agency for Intermavonal
DevelopmentIndia Mission (USAID/INDIA). the project is being implemented by the Lows
Berger Group Inc. (LBG) Global Environment Team. The main purpese of the project 15 to
provide techmcal assistance to build capacity and faciiitate demonstration projects that result m
the reduction of greenhouse gas (GHG) ermussions. The project has six components covermg
emission reduction inthahves i vanous sectors mcluding industry, utilities, transport and
municipal solid waste management.

This report focuses on the adoption of improved solid waste management practices by
mumcipalities, which weuld lead to a reduction of methane ermissions from landfills. Specifically,
the report addresses the planning and design of a sanitary landfill project in a select city mvohang
proper management of municipal solid waste for the reductton of methane gas, 2 major
contributor to climate change. The report looks at methane recovery, flaring and reuse. among
other options.

This repont is the third In a series of four reports on the reduction and reuse of methane cmissions
from mumicipal solid waste.

a Training Needs Assessment

As part of the first activities, 2 traming needs assessment (TNA) was conducied in February 2001
by LBG/GEP-CCS wnith the support of Global Energy Partners {Global). It was ammed at enabling
the development of a detailed training plan for rumcipal authorines and other orgamizations
engaged i solid waste management activities. The TNA was conducted at five cines, namehy
Pune, Chennai, Bangalore, Guntur and Jaipur. The choice of cities was determined by the
potential for methane recovery and reuse in these cities, and level of interest demonstrated by the
city authonties to USAID/INDIA, in comnection with various urban infrasmucture and
environmental imtiatives.

The interactions with the city authorities revealed a significant lack of understandmg about
composting and waste-to-energy {WTE) projects, including landfill methane recovery and reuse
and biomethanation. Moreover, there appeared to be concemns about ways 1o comply with the then
recently released “Municipal Solid Wastes (Management and Handling} Rules. 20007 by
Ministry of Environment and Forests (MOEF). Subsequent consultations wath a vanety of
officials at the GOI, state and local levels. as well as program expens from USAID India
confimmed these informatien and knowledge gaps amongst mumcipal authonties. Accordingly. it
was decided that the training content would provide more emphasis on the fundamentals of
integrated solid waste planning and management: this would serve as a prerequusite 1o capturing
benefit from unlizing sohid waste for productive purposes, including methane gas recovery and
reuse.

The Louis Berger Group, Inc Greenhouwse Gas Pollurion Prevention Prosect-Chmate (Change Suppleswnr
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b. Training of Municipal Authorities/Urban Local Bodies Across India

Based on the TNA conducted in February 2001 and subsequent discussions, LBG/GEP-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 parmership with the Tamil Nadu Urban Development Project (TNUDP),
HCM Rajasthan Institute 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 mitigation/ recovery and approaches to project development with private sector
participation. Apart from international experiences, studies were alsc presented by project
developers working to implement WTE technologies in India. The perspectives of MNES, CPCB
and state PCB’s were included through presentations made by their respective representatives,

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

As an outcome of these activities, MSW management offictals 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, fechnical assistance in
the subsequent subtasks of the project’s methane mitigation component.

Ii. This Report: Planning and Design of a Demonstration Project

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 landfill/ municipal waste site. The project was
also required to explore potential funding aptions 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/treatment 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 designs/ specifications and associated costs for
Indian conditions

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

The Louis Berger Group. Inc. Greenhouse Gas Pollution Prevention Projeci-Climate Change Supplement
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e Ambiguities in institutional respenstbilities for sohd waste management between various
agencies at the local, state and national levels

Inadequate funding sources

Constraints on land availability

Development of a methane recovery and reuse project from nascence, in such a context, was
considered premature, more so given that first ume landfill-gas related transactions require a
significant amount of organizational leaming on technical, logistical and commercial aspects.

Accordingly, discussions were held between the LBG/GEP-CCS team and USAID'India, and 1t
was agreed that the focus of the demonstration project assignment needed to be reonented to sust
the ground reahity so as to create the most impact for urban managers in India. The consensus that
emerged was that the demonstration project would take a holistic approach lookimg at integrated
sohid waste management, with nonetheless, a clear introduction to the GHG emission reduction
aspects of a MSW project.

The overall aim of this phase was therefore 10 take the training implemenied 1n the preceding
stages to the next level by actually working with one city {a) to build the capacity for and to
provide the techmical assistance to complete an imegrated SWM project. and (b) 10 provide
guidance on incorporating GHG emissions reduction planning into mumcipal landfills.

a. Site Selection: Municipal Corporation of Bangalore

Subsequent to consultations with key stakcholders, and other program experts m the
USAID/India Regional Urban Development Office. the ity of Bangalore was selected by the
LBG/GEP-CCS Project for implementation and technical assistance of this phase. The chowce of
the city was determined by the following factors:

o The city authorities were seen 10 be proactive and working with a Jocal project developer
in designing a sanitary landfill

e Landfill gas recovery/ reuse options were already being explored for the new samitary
landfill

+  Prelmunary GHG emission reductions were being incorporated into landfill planning
strategies and design

* Involvement of key municipal stakeholder representatives namely. Bangalore Acbon
Task Force and iDECK'

¢ Full adoption and response to the MOEF’s municipal waste management directives of
2000

Most important however, was the on-going mitiative on the part of the Bangalore Mumcipal
Corporation, in partnership with BATF and iDECK, to develop two composting sannary landfill
projects that would properly treat and dispose of the city’s mumcipal sofid waste. The landfills

' A joint venture between IDFC, HDFC and the Govi of Kamataka, with a wandate 1o develop
infrastructure projects through private participation, assist m project development and undertake
mvestments in projects.

The Louis Berger Group. Inc. Greenhouse Gas Polturion Prevention Project-Climate Change Sapplemens
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were to be developed at the sites, Kannahalli and Kyalasonahalli, with a capacity of 800 and 600
MT mixed MSW / 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 probabihity of being implemented, thereby reducing the risk of the TA investments getting
lost due to the inability of the targeted local urban body, and/ or project promoter to carry 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 onc of the objectives of this phase was to explore funding options for the
project, the mvolvement 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
tmitiated with IDFC (iIDECK’s promoter) to explore possibilities of eamning carbon credit
revenues for the project. In addition to these reasons, the fact that the projects were to be based on
private sector participation suggested an approach/ model with greater potential for being
replicated in other cities.

b LBG/GEP-CSS Technical Assistance to IDECK and BMC

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

¢ To provide TA to BMC in the design phase of the project.

s To review and identify information gaps with respect to GHG mitigation, in the detailed
project reports prepared by MACE. These project reports would be 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 sites in India.

The TA on the project was ongoing during 2002 in various inter-actions with IDECK, including
providing IDECK 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 LBG/GEP-CCS team which
consisted of the LBG/GEP-CCS 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 toolkits/ manuals for use by municipalities/ other stakeholders to incorporate GHG
mitigation into landfill projects.

The Louis Berger Group, Inc. Greenhouse Gas Pollution Prevention Project-Climaie Change Supplement
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The draft report prepared was then presented to IDECK and BMC for comments from thew
technical team, so that these comments could be taken into consideration before the final report
was submitted. The final report then served as a guide and a reference to inform the BMC and
IDECK as they prepared the project for the Gol approval process and the project bd documents

were developed.

Importantly, this assistance provided an opportunity 1o sharpen the understanding of the key
clements required to be addressed by future technical assistance for improving wastic and landfill
design and management in India - a prerequisite to any subsequent value added use of mumicrpal
waste, including that of methane emissions recovery and reuse.

c. Demonstration Project Report: Project Review and Resource Guide

The overall report and findings, included in the following sections. have been organized to cover
and address the following:

* General Review of IDECK Detailed Project Report
The General Review includes the observations and idemtification of techmcal

information gaps in the IDECK Project Reports, in regard to greenhouse gas (GHG)
mutigation. The review section also provides a discussion of “best practice™ for GHG
mitigation, including mecasurement, monitoring and verificanon, and technologwes that
could be applied 1o these and other landfill sites in Indiz. The review was done based on
"Detailed Project Reports™ completed for the Kannahall and ~ Kyalasonahalh  sites
in Bangalore by Mahindra Acres Consulting Engineers  (MACE). The MACE  Report
may form the basis for developing a lender for the future implementanion of these
projects.

» Landfill Design, Gas Col » and GHG E
An illustrative recommendation and general practices are included in this secuon
discussing sanitary landfill design, gas collection systems and emergy project of
methane recovery and reuse project.

=  Best Practices for LFG Recovery and GHG ation
The Best Practices section provides a bnef supplement LFG Recovery and GHG
Mitigation and recommends suitable practices for GHG mitigaton effons at these
landfills with a guide to addinonal micrmational resources and mformation. These

mclude:

i. Measurements of methane emissions for monitormg, venfication and
modeling purposes;

2. Expected gas emissions based on applicabie models to the Indsan
sttuation;

3. Gas recovery from the landfill, flaning equipment, poternal for
utilization;

4. Microbial methane oxidation as an alternative 1o gas collecthon for GHG
abatement oxidation.

The Lowis Berger Group. Inc. Greenbowse Gas Pollwlion Prevention Project-Climate Change Sapplrmees
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HI.

Resource Guide for Future Operations
This resource guide 1s intended to provide some insights into the GHG mitigation

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 1is
provided based on the review conducied for the Bangalore projects. Several examples of
LFG case studies from developing countrics and the US are then supplied. Lastly,
suggestions are provided for future MSW and LFG training activities along with
recemrncendations 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,

Demonstration Project Status: Results of the LBG/GEP-CCS Interventions

After receiving the final required Gol approval for the project, on March 7, 2003, the
Bangalore Municipal Corporation issned the tender notification inviting interested parties
to purchase/submit qualification documents for the landfill project. A copy of the notice
that appeared in the “Times of India” 13 attached under Appendix: 1

The Louis Berger Group, Inc. Greenhouse Gas Pollution Preventior Project-Climate Change Supplement
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TENDER NOTIFICATION

Mz No. EE/SWM/BR/S12002-03  Dated ; 06-03-20003

1 TBEVELOPMENT OF WASTE PROCESSING &
{ (ENGINEERED SAMITARY LANDFILL FACILITIES |

| Bangalore fMaha nagara Palike (BMP), invites appicatons

3 rom interagsted parttas in accordancs with the Request for |

| Cuatification {RFQ) Docurnent in order to shortist competant | |
1 parties who could subsaquently bid to d&v&»inp operats ard | g
F1 maintain a muricipal sohd waste processing and enginearsd | §
i samitary landfill facility (the Project) under a long tenm Build, | |

1! Oparate and Transfor (807} Concession.

I The RFO Doowment comaining the projact profile,
! instructions 10 applicants and critaria for Qvaiua!wn may b
1 obtairmedd frorm the office of ©

WP Ikkeri, Daputy Commisswoner {H&aﬁm
Bangalors Mahanagara Palike, N.R, Square,
: Bangalore - 560 Q02, India Phonea | 2248364,

{ Fax 1 91-80-212853% E- mail | cormmissioner & birDrmp.oom

BANGALORE MAHANAGARA PALIKE |

Cost of RFQ Fls. S0004 (Rupeeaes Frve Thousand miy"

Cocurreart | tor U8 31104 {USD QOne Hundred arc
ingclusive s;;f i Ten oaniy} in the form of a crossed

taxes) demand draflt {nonwrstundabie) drgwn |

in favour of The Commissioner,
Bangalore Mahanagara Palike, payzame
at Bangaiore, India. -

| Date of issus of From 10th March-2003 upto  §

RFEQ - 31st March - 2003 between 10.00 AM | |
Documents @ o 5.30 P oon all working days.
| Pro-bid At Mayohall., Residency Road, ||
} confarance - Bangalore on "!ﬁth April 20{33
meeting i at11.00 ﬁ\M 1S’T

i Last date for _ _ L

submission. of o T _ o

. Application | Aprii 30, 2003 upto 1700 hrs IST

{App!:catatbﬂ Dua B . ‘ S
Oate) '

[ The RFQ Document can be obtained by pcstf courier upon |1

a written request addressead to V.P. Ikkeri, Deputy
Commissioner (Health), BMP from the above mentionad

addrass along with a demand draft for the (otal amaount |
| payabie towards the cost of the document and additional
| postal expenses of Rs. 150/« (Rupees One Hundrad and |

§ Fitty Oniy) for detlivery within India, and US $S44/-

k| (USD Forty Four Oniy) or Rs. 2000/ (Rupeaes Two Thousand 1
¥ only) for delivary outside india. BMP will notbe responsibie | §
for any delay, 10ss or nmn_recaept of RFC roumem sart t:y :

: . Pmt f Couriar. _ S~

VP Ikkerd,
Daputy Gomm:ss;mar { Haaith}

| | i | £°
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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 ini ernissions at an early stage. Using the [PCC
(1996) default values of 45 kg methane / MT of waste (65 m3/MT), and 0.35 kg
MSW/head/day gives an annual emission of some 5.7 kg CHa/head (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 CH, to CO;
of 21 on a weight basis, about 30 milion tons of CO; 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 projected Indian anthropogenic methane emissions, and is equivalent
to almost 40 million tonnes of CO; emissions, or 3% of total Indian GHG emissions,
however, given the current method of disposal 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
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
chsposal 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
mitigation.

Bangalore, one of the top ten cities in India in terms of population, has identified five
potential landfill sites. At two of these sites, Kannahalli and Kyalasonahalli, iDECK and
MACE propose to establish sanitary tandfills (of 800 and 600 MT mixed MSW/day
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 reporis are essentially identical,
except for the smaller size of the compost plant at the second site and the lower level of
detai] of that (Kyalasonahalli} Report. Thus, herein only the first, the Kannahalii,
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
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.

Page 1-1
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Section 4 discusses current "best practices”, including modeling, measurement,
monitoring, and vernfication of GHG emissions from both the landfills and composting
operations, as well as innovative approaches, specifically the use of MSW compost to
promeote microbial oxidation of methane in the landfili cover prior to landfill closure and.
for longer-term GHG mitigation.

Page 1-2
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GENERAL REVIEW OF THE DETAILED PROJECT REPORTS

2.1 Waste Quantities and Compeosition

The Report states that Bangalore, with a population of 4.3 million, produces some 2.425
MT MSW/day, or 920,000 MT MSW /yr, or almost 0.6 kg/person’day. However, Mouhk
{2000) quoting a CPCB {Centrat Pollution Control Board) survey of 1997, gives a waste
collection for Bangalore of 2000 tons (800,000 MT/yr). or about (.5 kg person, the
general figure given for cities of this size. The Hindu Times (January 2, 2002) reports a
curren! waste collection of 2,200 tonnes daily. Overall these figures are reasonably close
and need not be further discussed.

The Kyalasonahalli site is to collect garbage from about 1.75 million people, for a total of
600 MT per day (some 0.34 kg person/day), and the Kannahalii site, about 800 MT.day
from about 2.54 million people (0.315 kg/ person/day). Looking at the individual ward
data provided in the reports, MSW generation rates range from as little over 0.1 to almost
1 kg/person/day. Some vanation in collections would be expected depending on
neighborhood (e.g. setilements, commercial districts, etc.), but overall this seems (o be
rather a large range in volume. Demolition debns, hospital wastes and indusinal wastes
from organized collection will not be included in the MSW delivered to these plants.
Both rapid population growth and increasing per capita MSW gencration is foreseen.
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 the additional sites
will be online to handle the growing volume. Thus, the design of these systems is based
on receiving only the above stated initial fevels of wastes, 600 and 800 tons ‘day
respectively, for the entire duration of the projects {e.g. the life-time of the compost
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 potenhal GHG emissions. One gap
in the report documents identified is the lack of specific information for Bangalore MSW;
only generic information is provided.

1. Page 2-2 (also 4-8) states "India waste has 30 1o 40% organic matter on a dry weight
basis, which along with a moisture content of 50%, makes it some 60 — 80%
componenit of the wet waste stream”. We believe this calculation could be in error
and should be reexamined and poientially reversed.

2. Composition Table 2.3, from a NEERI (1995) study, provides data on the “physical
charactenstics® MSW as a function of the population sizes. Although the numbers
are given with a precision of two decima! places, statistical information is not
provided, the data appears variable, is not normalized (c.g. to 100%3), and no trends
are apparent when going from smaller to larger population centers. The largest
differences are between the population centers of from 2 to 5 million (n =3) and over
5 million population (n= 4), with "compostable matter™ of some 57% and 31%, (wet
weight basis) respectively, which is almost a two-fold difference.

Page 2-1

'3



Bangalore MSW Project Assessment ¥12/2003

10.

11.

12,

Table 2.3 provides data on "waste as physically seen”, with "organic matter” at 78%
(comprising leafy biomass, fruits, 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%.

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.

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 —10%, plastic 5 -
10%, glass 3-6% and others at 2-5% (ranges total to 90 — 126%). "The waste aiso has
high moisture content”.

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 § —10%,
and ignited coal 5-6%.

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

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 kg/m3. 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%).

Chemicai 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.

Bulk density is variously given as 400 to 600 Kg/m3 (Table 4.2) or 1,000 Kg/m3 (in
situ) (page 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 /m3, while MSW going directly to the landfills (presumably demolition debris and
such) has a density of 1,200 kg/m3.

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

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 ¢m (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 conclusion, there is limited information available on Bangalore, or even of genenic
Indian MSW composition on which a quantitative analysis of GHG emissions should be
based. Comparing data from different studies is not possible in this instance as each data
set uses different terminology, and provides no information about methodology or
statistical significance, which make comparisons highly chailenging. One of the
tmportant issues for future work would be to gather data on actual MSW composition.
We do know that that Indian MSW has lower heat of combustion, less paper, less metals.
less plastic, less glass, but more food wastes, higher moisture content, and more inerts
(soil, dint, 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
Tabie 1. t shouid be noted that this is not meant to be an actual or even as a
representative example, only our best estimate of what type of waste may be present in
Bangalore. Note that we do not consider the effect of monsoons on the waste
composition, when it would be wetter. One recommendation is to measure Bangalore
MSW dunng the operation of the compost plants. However, for the present “first cut”
anatysis the data in Table 1 should be adequate. It shouid be noted that MSW
composition data for the U.S. can aiso be rather vanable and uncertain.

TABLE 1:
ASSUMED MSW COMPOSITION FOR BANGALORE

COMPONENT % Total % Moisture % Total H,0O % Total % Dry Basis

MSW Component MSW MSW of MSW
Food Waste 40 66 136 26.4 238
Garden Waste 15 60 6 9.0 103
Paper Waste 5 25 4 I 7.0
Plastic 4 0 4 0 7.0
Textles 3 20 24 0.6 4.2
Wood 4 25 3 I 53
Metals 2 0 2 0 35
Glass/Ceramics 2 0 2 0 35
Ash, Soil, Dint 25 25 20 5 35
Other Inens none 0 0 L] 0
TOTAL 100 - 57 43 100

TABLE NOTES:

1. The above compositions are somewhat low on moisture (typical moisture may be
closer to 50% and would be even higher in the monsoon season)

2. For comparison: U.S. waste has some 9% food wastes, 19% garden wastes (though
these are probably less degradable than Indian garden wastes). 33% paper, and ™,
other organics.

3. Ultmate methane production yields for this waste composition is about 35 m3 of
methane /MT, approximately 40% of the ultimate methane vield 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 stte visit by Ramin Yazdani. A minor point: Chapters 4 and 5,
describe using bactenia for "bio augmentation” with "specially developed mnocuilam
[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: "....composting can handle up to 30 to 60 percent of a city's MSW
stream..." The fraction of MSW landfilled, out of the 800 MT/day 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 MT/m’>. 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 MT/m’. The daily total loading on the landfills would then be some 225
MT (250 m3)/day for Option 1 and 310 tons (300 m") /day for Option 2, summarized in
Table 2:

TABLE 2:
COMPOSTING AND LANDFILL FLOWS AT KANNAHALLI

il

& R G

i

Total To To To Compost Compost Total Total
Option MSW  MSW  Landfill Compost Landfill Remnants RemmantsLandfill Landfill
TPD TPY TPD  TPD TPY TPD TPY TPY m3/yr
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% fo 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 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 10 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 difficult
with MSW compost with prices (page 3-31 10 3-33) being about 1,000 Rupees™T (see
also Yazdam Report). However, the Reports (e.g. Chapler 9, elsewhere) states sales
price of some 1,550 (US $31/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 landfilied, 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 afier 6 weeks (42 days). and there is
little provision for curing and storage of compost on-site. More land 1s being acquired,
which is needed to expand the compost operation to the full 680 TPD, as the present
Kannahalli site only accommeodates 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 optnion,
appear to have been overestimated by almost two-fold in the Reports (the actual number
is about 12 m3/linear 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 MT/day 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
Kg/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 fractions are re-
digestables (to be ground and retumed 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 caiculates 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 inconsisient 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 turing, suggests that passive air diffusion wili 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 expenience exists in India, and Bangalore, 10 allow
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an in-depth discussion of these processes. From a GHG perspective, the major issue is
the amount of methane gas that would be generated from the compost piles, as well as the
fraction and methane potential of MSW that will be landfiiled, both unknowns and
further discussed in the next section of this report.
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3.0 LANDFILL DESIGN, GAS COLLECTION AND GHG
EMiISSIONS

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 m’ 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 (150 - 260) m*/MT 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) m® LFG/MT, or 35 m3/CHyMT waste (LFG is 50/50 CHy/COy).

In Chapter 8 the landfill volumes are given as 41,634 m’ (about 10 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 (Sto 21 m
range). The available volume for waste deposition is given as 678,722 m’ (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 m2/day
(for 310 m3/ day of waste as received, page 8-14, vs. 300 m’/d calculated above for
Option 2 — this is a small discrepancy).

At 10% of the total volume, the soil cover is rather modest. A rule of thumb is that daily
soil covers require closer 10 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 tandfill
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
n the daily cell, then compacted, followed by the compost remnants and further
compaction. MSW compost is being used extensively in the U.S. (in Califorma) 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 barrier to GHG (methane)
emissions from the landfill. Indeed, about half of the methane from the landfiil 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 1if the rejects or remnants are
greater than assumed or if the compost plant has down-times or problems, or if the
densities are not what they are expected, or if compaction is not as efficient, or if soil
covers (if used) are of greater depth, etc.

More importantly, there appears 1o be a discrepancy between 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 to be composted. Considering the mixed success
of other compost plants in India, and other available information, there is a hugh
probability that much greater amounts of MSW would be actually diverted to the landfill.
As per the MACE document, the composting plant is to produce compost at only 60% of
capacity the first year, going up to 70% 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 would need to be landfilied.
Calculating the exact adjustments is not necessary, but it is clear that 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 givenasa 0.7 MT‘m’ with
the other waste "unit weight of civil debris, etc.” given a density of 1.2 MT/m". This
compares to raw mixed MSW at 0.4 MT/m’ and a final compost product at 0.9 MT'm’.
We assume that the basis for these landfilled densities are after compaction but that is not
stated. These estimates also appear on the high side. Table 8.7 and Page 8.8,
charactenze 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 diverted from the compost
plant is not the same as that being composted. A better definition of the nature of the
rejects and remnant being landfilled should be provided.

Overall the landfill configuration (160 x 260 m) is based on the top 1o bottom design
characteristics, as indicated in Figure 1.
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FIGURE 1:
SPECIFIED LANDFILL DESIGN DEPTHS

TOP OF LANDFILL (vegetated)

450 mm Vegetation/Surface Layer, uses excavated soil material

150 mm Drainage Layer, Granular Soil Material hydraulic conductivity 1 x 107 c/sec;

1.5 mm HPDE Geo Membrane

600 mm Barrier Layer, excavated soil with bentonite, hydraulic conductivity 1x10” cm/sec

200 mm Gas Venting Layer, Granular soil material, hydraulic conductivity 1 x 10”7 cm/sec
150 mm 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 1 x 107 cov'sec.

1.5 mm HDPE GeoMembrane, 2% slope with 150 mm dia. HDPE pipe for drainage.

900 mm Composite Layer, Excavated Soil with bentonite, hydraulic conductivity 10 cmv/sec

BOTTOM OF LANDFILL

Due to the increase potential for clogging of these leachate collection pipes if they are
embedded in the HDPE lining, best practice indicates that they should be buried in a layer
of gravel, or some similar high porosity materzal. 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%n from a GHG emission reduction context, achieving the stated low
permeability (107" cm/sec) with bentonite "amended” excavation so1l 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 ft clay liner, can be easily rolled out and provides a 10 cm/sec barrier. Tt is cheaper
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).

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 Iandfill 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 nex1 section.
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The discussions of the bottom liner specification and leachate drainage systems designs
{pages 8-15 to 8-28) present some issues. Expernience shows that a HDPE liner is hikely
10 be penetrated and punctured during compaction of the waste placed in the landfill. A
50 to 60 cm deep protection layer is likely to be required. Altematively, it would be
possible to use selected waste materials, such as the rejects from the compost operations.
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 brief, the totaf cost of the landfil) construction (materials and civil
engineering costs) is somewhat above USS1.6 million (80 million Rupees), of which
some US$460K are for the HDPE liner, with the cost of the final soil liner and covers of
similar costs (See Section 10, "Estimated Cost of Opcrations” spreadsheet). The
leachate drainage and gas collection systems are of much more modest cost. These
€OSis appear reasonable.

Some 310 m*/day of waste is to be placed into the landfill (Page 8-14), based on first-
year Option 2 (although that is 310 MT/day, 300 m*/day), providing for one daily cell of
some 5 m wide, 25 m long and 2.5 m high. The daily cells will be covered with 15 10 30
cm of soil. However, as suggested above, and further discussed below, recommended
best practice would be to replace much or ail of the daiiy soil cover with composted
remnants, which would increase landfill capacity and also lower costs. A much thicker
soii cover is to be provided before the monsoons, which appears appropriate. Overall the
detailed designs of the landfills are not further addressed, only the landfill gas and GHG
1ssues 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” (page 6 -76). Chapter 8 provides
a similar general discussion of landfill gas. For example, it states that a gas production of
6.3 m’/yt/MT of waste (LFG, landfill gas, roughly 50/50 CH/CO;) would be generated
"in enhanced decomposition mode” in "controlled landfills” (page 8-30), but without
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 io note, for reference, that these numbers are considered uncertain and
variable even for U.S. conditions. At this rate of emissions, all landfill gas (some 175 m’
LFG/MT) would be produced over about 25 years. Of course, because of the first order
exponential decay assumed, about half the gas would be produced in the first ten vears,
and these emission rates refer to active landfills.

The Reports then state that for this site "the gas generation will be much less ... hence the
gas generation has been considered at 351 standard cubic meters of gas per day™. This
number is actually almost exactly 10,000 standard cubic feet / day, suggesting a
conversion from English units. The report does not state what the timeframe 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 10), 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 m*/yr/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. Alower LFG potential for Indian wastes of 70 m*/MT (35 m’ of CHy/MT see Table
2),

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

3. A faster decay coefficient (due to higher temperature, moisture) 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 MT x 70 LFG/MT ffor 1] x 0.25 [2] x 0.5 [3] x 0.1 [4])/365 = 1700 m3 LFG/day,

This is almost five-fold higher than the 351 m>/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 (page 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 m*/day production of LFG. 1In 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 haif acre to acire}. Both single vertical and vertical pipes connected to lateral
(honizontal) 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 uniined systems) and also reduces the need
for gas collection pipes. At the stated gas production rate (351 m’/day) the flow through
the 15 cm diameter pipes is relatively low (1.3 cm/sec 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 m*/d, divide by 31.5 million sec/year = 4 Isec, then
divide by cross area for 17 pipes, or 17 x 176 cm” for the 15 c¢m 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 m’/day, a gas flow of some 7 emv/sec is still quite small in terms of any
backpressure due to the piping. Thus, we don’t believe this assumption presents any
probiems. Indeed, the number of collection pipes, at 17, may appear somewhat over
designed for the task.

A key issue is if the "granular soil” with 102 cm/sec hydraulic conductivity would allow
the unrestricted flow of the LFG gas to the pipes. This would be true under dry
conditions. However, soil with this hydraulic conductivity typically contains fine sand
which would become wet, possibly by infiltration, 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 reasonably
well and maintain a very low pressure drop for gas flow. Shredded tires can also be used.
If there are no such materials available locally, or if too expensive for the present design
and location, another alternative would be to piace the vents vertically into the landfill,
penetrating to some depth, rather than horizontal collection pipes close to the surface.
Some best practices recommend vertical gas wells going down at least 6 meters,
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 settles and recommend some 10
to 12 such vents. There should be a gravel layer surrounding the pipes to prevent
clogging (as shown on Page 8-32, rather then the design shown on Page 8-34, and in the
attached drawings).  Pipes would be placed prior to closing the Jandfill site. Horizontal
pipes connecting to the vertical ones can be considered, but are not necessary considening
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 find the path of least resistance, and thus
migrate through the waste layer. It would therefore be suffictent in such a case for the
gas collection pipes to be located honizontally 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 the gas venting
layer and the gravel should extend from the barrier layer to the waste layer below, to
avoid the pipes filling with water or becoming clogged with soil. It is more likely that
the gas would migrate through the waste layer than the gas-venting layer, and reach the
perforated pipes through the gravel layer surrounding them.

The report indicates that the vents would be connected on top of the final cover with a
network of pipes to collect the gas, with a blower and then bumed in a flare. There is no
further discussion or design of these items, eaither here or in Chapter 10, and no costs for
the gas collection and flaring equipment appear to be allocated. However, the Report
indicates that this strategy would be in compliance with MSW 2000 rules.

We find a significant challenge with the relatively low flow rate, some 40 standard cubic
feet (scf) / min, (or even less than 10 scf/min if the lower gas production rale is
considered). This requires a very low head blower. and most important, a very large
turndown ratio for the flare system. Indeed, due to barometnic pressure changes, there
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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 throttie 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.

Anocther 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 tumdown
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 IT) 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 landfil! 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.

Page 3-7

]

l ™

L T

g

.,

‘ L



4.0

Best Practices for LFG Recovery and GHG
Mitigation

27



Bangalore MSW Project Assessment 3/12/2003

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 landfiils 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 fandfills, 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 reference matenals that could be vsed 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 of the Bangalore landfills, their eventual gas production potential, and typical
Indian wastes. While the Bangalore landfills are below the U.S. for fugitive emissions
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 siowly 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 discusstons four major issues need to be further addressed in any

evaluation of these Bangalore landfill projects for GHG abatement, in the context of best

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 siuation;

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

Measuring LFG production from landfills is not easy and to our knowledge few methods
have been tested for Indian conditions. Basically there are two types: active and passive
measuring methods.

4.2.1 Active Collection, Measuring and Modeling of LFG Production

An active collection systermn, as designed for the Bangalore Landfills, uses perforated
vertical and, sometimes, horizontal, pipes, gas collection lines, blowers, flow regulators
(throttle valves), condensation water traps, etc., to collect all, or at least most, of the LFG
produced. For GHG mitigation measurement of the gas mass flow and composiion is
needed, which requires analytical instruments for gas composition and accurate
measurements of gas flows. These must be camed out over relatively leng penods and
integrated. This is difficuit even for short penods, practically impossible for longer ones
under field conditions. Most importantly, there is no assurance that the collection system
actually does collect all or most of the landfill gas. Omly large landfills, with good cap
designs, deep gas collection systems, documented history of waste loading, and active
collection systems allow collection of reasonable 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 plotted on various models, which included
landfill size (loading), waste age (when deposited, when closed), moisture and
temperature. The data fell into a reasonably close (better than anticipated) range, best
represented by a simpie exponential decay model. In the model the gas generation (G)
from all of the tons {or cubic meters of landfill x 0.6) from the initial ime of waste
placement over the years is given by:

G=kxLoxe(-expky)
Where G = methane generation per year, M’/tonne/year
k = rate constant, {1/years)
Lo = yield (in M*/tonne)
e = base of natural logarithm
t = time from placement of the waste in question

With suitable constants for the US, about 75% of gas recovery values will be within -30
to + 50% of this model's prediction. In other words there is site-specific variability but
this model is reasonably good. (Some of the earlier LFG models were too optimistic by
several-fold, overoptimistic, resulting in failure of a number of ventures). Forthe US. 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 LFG /MT of landfili gas. Collection
efficiencies 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
medel. This model results in 2 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, the
landfil} will remain "active™ {e.g. still emitting over 5% of oniginal gas levels) for some
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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-1 (likely to range from 0.1-0.25 — use average 0.15)
Lo = 35 liters CH4/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.

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 adjustients 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 1s 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 from 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 methoed has the advantage of being far less expensive and thus
apzpealing in the present context. This technique involves covering a section (typically |
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 CH; and CO; (even O;
and N,) concentrations. The difficulties are the enormous point to point variability,
typically several orders of magnitude, and even day to day repreducibility 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 camed out, using FTIR (Fourier transform infrared)
measurements, which can be correlated with local micrometeorological measurements
(matnly wind velocity and direction} in sophisticated dispersion models to produce a
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general source term for the entire landfill, or a good pant of it Aside from ther
sophistication, they are generally not as accurate as one would hope. (c.g. the modeling of
the actual release is not good). To overcome this limitation tracer releases have been
used, such as SFg or N;O which can be detected at low levels. This improves the resulis,
but increases costs and still suffers from limited accuracy. These above ground
measurement techniques require rather flat ground and low wind velocities. In bnef,
these are considered research tools, not suitable for routine work.

Many investigators measure below-ground gas compositions, iz sifu or by sample
extraction. These measurements can indicate air-intrusion into the subsurface, and are
recommended as routine measurements in landfills, but have little relevance to fluxes 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 the landfill cover.
The methane oxidizers have a slight preference for lower weight isotopes, thus the
C/'2C ratio of CH, decreases in gas vented through a microbial oxidation layer,
compared to that from the deeper landfill. An interesting technique, but not useful for
routine measurements.

Biodegradability and methane yield potential can be used 1o obtain an maximum vield for
CH, production, by placing the waste into closed containers, amending these with
nutrients and water, incubating and measunng the gas released over time, weeks to
months. One difficulty is that even “months” is a short interval compared to landfill
time, while the contact with nutrients and bactenial inoculum is better in these bottles 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 general
practice, and none are specifically applicable to the field projects, in particular under
Indian conditions. The best approach would appear to use the LFG models to predict
GHG emissions.

4.2.3 Representative Measurement Technique — “Bioreactor” Landfill

A number of measnrements are important for a controlled or "bioreactor” landfill
operation. Many, even most, of these measurements are above and beyond the
measurements and practices of conventional landfills. These measurements are as shown
in Table 1 (taken from Augenstein, D. and R. Yazdani, 1995, "Landfill Bioreactor
Instrumentation and Monitoring™ from US EPA Seminar Publication "Landfill Bioreactor
Design and Operation” Wilmington DE, March.

Moisture is cniticai to biological activity since it is essential for biological activities of
methane generation. Moisture can be measured in situ by Gypsum blacks, of the type
often used in soil moisture determinations. These moisture sensors rety on the fact that
the high dielectric constant of water or landfill leachate increases capacitance of a
"capacitor” consisting of 2 gypsum block capacitor. The capacitance 15 indicated directly
by flow of current at high frequencies (high RF current). Another method of moisture
determinatzon is that of the conductance of a porous matrix such as small packed poly
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(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 afier generation starts) the gas composition stabilizes at about 55%
methane and 45% CQO,. When gas is collected by wells, the wells are "tuned” by
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 pofential than typical Indian wastes; we estimate at only
1/4"', 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 from the proposed Bangalore landfills
at about 1/10™ the potential of U.S. wastes per ton, and much more rapid release of the
gas. Roughly we estimate the yield potential at some 9 m3 CHo/MT 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 CHy/day, imitially after closure. This is, of course, a crude
model.
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There are few good, documented, examples of LFG recovery from landfills 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 2 much higher percentage (20%) of
"readily biodegradable” waste, compared to the U.S. (14%). The Bangkok waste had also
less moderately (7% vs. 28%, k=0.14) and slowly (17% vs. 26%, k =0.05) degradable
materials than U.S. wastes, but more inerts (56 vs. 33%). Moisture was 50% by weight,
vs. 25% for the U.S. These wastes, under the local conditions would release 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 this approach, they
estimated an overall decay coefficient of 0.15 wastes, with an LFG gas production rate of
some 100 m’/mt of wastes. For a half a million ton (total placement, 2.4 ha) phase of the
landfill they projected that at closure they would recover some 300 m'/hr before closure,
reducing to some 45 m'/hr within ten years of closure. Actual measurements at that 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 from a
landfill in a developing country that can serve as an example.

4.4 Microbial Methane Oxidation in Landfill Covers and Composting
Operations

A major issue identified above is that much, roughly half, of the potental LFG/GHG
emissions may escape prior to landfill closure and installation of the gas collection pipes.
This is less of a problem with U.S. landfills, where decay rates are much slower and thus
release dunng filling not as much of a problem. Two solutions present themselves:
installation of gas recovery systems prior to closure or operation 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 emissions identified above is the composting
operations. There is very little data on methane emissions from compost operations, and
methane emissions would be expected to vary greatly with the nature of the waste being
composted and the exact operating conditions. In our comrespondence with international
waste expert Dr. Edelmann of Switzerland (7/19/02), he expected that for the type of
compost piles being contemplated in Bangalore (3 m high, tumed once weekly) a
"minimum of 10 - 15% methane” would be produced in the off-gases from the composl.
Assuming the balance is only COy, this would mean that at least as much methane is
produced by the composting operations as by the landfills, perhaps more. This is, a
central issue in any GHG mitigation effort from such an operation. In this case, where it
would not be practical to collect the gas from the compost piles, microbial methane
oxidation becomes a plausibie control technology option.

Microbial methane oxidation is carried out by so-called methanotrophic bacteria, which
use¢ methane as an energy source. Such bacteria are ubiquitous in soils and all types of
environments and their requirements are simple: oxygen, methane, some nutrients (N, P,
¢tc.} and, of course, moisture. Moisture is perhaps the cnitical component: 1oo hittie and
methane oxidizers are not able to grow, too much (e.g. exceeding field capacity or
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waterlogging) and gas transfer (diffusion of O2 and CH; 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
oxidatton 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 be 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 procedures, recommended
method is to use enclosed chambers placed on top of the landfill cells and measure
methane emitted. For this purpose, cells with soil cover and compost cover should be
compared, as a function of different parameters (e.g. moisture, compaction, etc.).
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 the compost
piles should be dressed with a layer of cured compost, probably half a meter thick, 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 through the compost dressing. Again, the same
measuring methodology as described above would need to be applied, with gas collection
chambers on top of the pile to determine the amount of methane gas produced.

In both cases, gas compositions should be measured, at a minimum CH, and CO;.
Methane can be perhaps best be measured with a portable FID detector. CO; could be
measured routinely through lye absorption, if the concentration is high enough (> 5%).
Occastonal full gas compositions {e.g. O2 and N2 also) should be measured, which would
require an on-site gas chromatograph. Techniques such as isotope fractionation or
microbial identification are used but usually not for projects of similar size in this
context. .

Methane oxidation by compost dressings is still an experimental technique that requires
considerable data collection and on-site research for validation. As a final point, the
production of N;O during the methane oxidation process must also be considered in any
future analysis.
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5.0 RESOURCE GUIDE FOR FUTURE OPERATIONS

Thus resource guide is mtended to provide some insights into the GHG mitigation process
for MSW and landfill 10 gas operations. First we provide a guide on the typical steps that
can be followed for the project development process. A cakoulational tool is provided
based on the review conducted for the Bangalore projects. Then we provide several
examples of LFG case studies from developing countries and the US. Finally,
suggestions are provided for future MSW and LFG training activities recormmended for
Indian mumicipalities. Annex A provides a listing of background information that is
highly recommended as municipal officials initiate the process of developing landfills for
comphance and GHG mitigation.

5.1 Project Development Steps

The Bangalore projects provide an opportunity for research on issues abave at a field
scale. Steps should form part of the procedural guide to the incorporation of GHG
mitigation projects in landfills. Figure 2 provides a stylized process that can be employed
for development of potential LFG projects. ﬂmestepsmadmad&omhumr
provided through the US EPA Landfill Methane Outreach Program (LMOP)', which
would be a useful resource for Indian municipal authorities.

FIGURE 2: LFG Preoject Development Steps
Punt i
Preliminary Assessment of Project Optione

Conduct Pre-Fesslblity Analysis | +.9. wests composliion, sie
Iocation, pre-acreen for GHG fish s oppormuniies)

Outirnaing: whisl project configersiion i favet appropriite for
your lasndFill (o.g., conpostiautill combinalion of @il alone)

¥

PutE
Owtalled Assessment of Project Boonomics

Evabustn Project ECOROMIKS - contuct technical assssmmants

Ansaasing Fingnciel Oplions - il Sy be PubSc/Privele
Partnarship, Comventional sntior Hybtia funding eic.

:

Put®
Detaliod Fasaibility Assesamant

Conluct brvesiinint-grade fessibiity study

Securt projact fmencing i support eom otiver visle al
fotderal spancies

Indiinle tender process for lnwifil cowirus Sion, camminelaning
arvd operalons

! See htp-//es cpa gov/panners/land/landmeth. him} for furthes refcrence.
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More detailed technical steps during Part It 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 drying can be used). Waste density is also of interest. Because the
Development of techniques for GHG mitigation by composting leamed 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 1s 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. Carry out 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 /GHG Model for the Proposed Composting/Landfill Processes.
Based on the above information, and other literature data it would be possible to
develop a model for LFG and GHG emissions (including N2( and the fate of C) from
the compost/landfills 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 CHy)
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 landfil). Integrated measurement of gas flows in the passive
collection vents would be difficult, as these would be very variable (being affected by
barometric pressures). We recommend that the GHG emissions from the landfills be
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based on the LFG models and himited data collection. We recommend that any data
collection effort focus on the emissions of CH, from the landfills during their active
operation (e.g. before closure) and on the compost piles, as these are the sources of
most of the GHG emissions from these systems. The actual methods (analytical
instrumentation, etc.) and data collection plan should be developed after further
definition of these projects.

FIGURE 3: Typical Landfill Gas Vent Flare
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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=ka0xe(-expkt)
Where G = methane generation per year, M*/tonne/year
k = rate constant, (1/years)
Lo = yield (in M’/tonne)
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 CHy/tonne (likely range 15-40)

The above model and input parameters can be used as a "calculational tool" 1o estimate
GHG emissions from landfilis in India.

5.3 International Case Studies

The following six cases are provided as illustrations of LFG projects. Most of the
exarnples 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 ina
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 dratnage 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 posstble 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 landfiil
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. Hornizontal drain pipes
were put into sides of the Iandfill 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 could supply about half
the electneity to a nearby university.

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

A conceptual bioreactor landfill design was carried out for a proposed project through a
UNDP program in Hanoi, Vietnam. With a waste stream of 500 tonnes/day, 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 international banks and/or aid organizations.

With these assumptions, the cost of a landfill was found to range US $300,000 to
$500,000 US per US acre, or from 750,000 to 1.25 million per hectare. Surpnisingly,

the net outlay per tonne of waste filled, at 60 ft (18M) depth was only US $5-39 per
tonne. Furthermore, the incremental cost to implement a “"controlled landfili® versus a
lined conventional iandfill to OECD and US containment standards, was calculated to be
US $1.20-1.80/ tonne. The reason for this low cost of the controlled landfill is that most
containment and other costs--such as for control of leachate liquid emitted from waste—
will be present whether full decomposition and gas management is practiced or not.

With all of these assumptions, the cost of gas, exclusive of cleanup, was projected to be
about $0.50 US per million Btu. The electric potential for Hanoi was estimated at around
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 methane gas
yield may however have been high by about a factor of two. Even with this discount. the
overall project is still very attractive situation from a renewable energy standpoint. This
type of project should be considered in ali Developing Countries with significant MSW
collection.

3. Marina Landfill near Monterey, California: (Reference: Augenstein and Pacey.
1996).

Pacific Gas and Electric and Montercy County commissioned and cost shared gas
extraction tests between 1977 and 1981. Then Palmer Capital, after a bid process
instalied two Waukesha Engines (first Dec 1983-second Feb 1984) at the Manna
Landfill. A switchover to Jenbacher (German) and Caterpillar Engines occutred in the
late 90’s. The generation is now up to (I estimate) about 2.5 Megawatts. The Monterey
Regional Waste Management District (MRWMD) has had a per-kWh payment and a
capacity payment which is eamed by being available to generate power dunng the peak
surnmer demand season. Marina now averages about 4 cents’kWh from the electncal
grid.

As the result of a complex senes of transactions and low power revenue, Palmer Capital
gave the Waukesha Engines to Monterey County for a significant tax writeoff. The
County replaced Waunkesha Engines by low-emission Caterpillar 3516 and Jenbacher
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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 straightforwardly 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 (avoidabie 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 1o 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 typicaily near 24,000 pounds per hour {0 meet the needs of a
pharmaceutical plant. The energy conversion system uses gas collected from a nearby
municipal landfill. 1t 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 of this 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 Georges County, Maryland: (Reference US EPA, Landfill Gas Energy
Utilization: Technology Options and Case Studies, 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 ¢lectricity for export sale to the
local utility. The energy equipment compnses a landfill gas cleanup and pumping
station, a 2-mile pipeline, three engine generators, and a boiler that supports the heating
and hot water system for a local comrectional facility.

The project produces 2.3 MW of electrical power, which has displaced nearly all of the
outside electrical power needs of the facility. With the heating systemn m place. external
fuet purchases are quite low. The resuiting fiscal effect has been significant for the
County.

5.4 Training Needs

Landfilis are an established technology that can be readily adapted for most Indian
conditions. In addition, because of the new Supreme Court rules on MSW, a landfill
construction program is essential. The burden of implementing the MSW rules falls
largely in the shoulders of the urban local bodies (ULBs). The shortest course toward
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 soon as possible in a training program that helps “jumpstart™ the process.
While several formats are possible for implementing a traiming program, following is a
possible outline for ULBs to follow, working in conjunction with regional infrastructure
authorities such as iDECK and various federal agencies such as the Ministry of Urban
Affairs.

What follows is a stylized outline for a five-day training course 1o train Indian engineers
in the design and operations of Landfills. The training course curmnicula is summanzed in
Figure 4. This training course would have as an cbjective to allow officials from the
ULB - and perhaps other professionals representing the local consulting engincering
community, regulatory authorities and other regional agency officials to proceed to at
least the site selection and preliminary designs for landfills. It would allow municipal
and other government ofTicials to review, evaluate, approve, inspect, and approve such
landfifl designs. It would allow regulatory officials to set the regulatory frameworks
appropnate for specific local and general State and Indian conditions. It would allow
municipalities to comply in appropniate time and certain budgets with the imminent
requirements of the laws. And, most importantiy, it would provide the raw matenal for a
program of "demonstration” projects, which wouid be actual full-scale landfill design and
operations projects.
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Such a training course would require a full week. A facully 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: Stylized Landfill Training Course Curricula

Part I —Overview for Senior Municipal Managers
1. Rcgulatory issues, comparing India, U.S., European and developing countnes and
s MSW nules governing wasie treatment and disposition
*  Benchmarking — review of case studies from abroad
2. Assessment process
»  Initial site selection
» Technical and economic review
»  Tender development for management support contract

Part H — Technical Issues for Mid-Level Municipal Managers
3. Site selection process
= Technical site assessments (geotogy. urban plansing, etc.)
» Data collection (c.g., types of data needed and methods of collection)
a2 Benchmarking existing waste volumes and methane emissions
* 1egal and social issues
4. Landfill integrahon with waste collection and transfer stations, delivery methods etc.
»  Assessment of current waste practices
* Integration with other related practices (such as composting)
5. Data collection/verification
= Waste composition assessment
=  Detailed survey of current and anticipated waste volumes
s  Site conditions (e.g., geology and soil moishure)
6. Engmeenng of Tandfills
= Vendor selection process
= Site preparation precess
s Construction and commissioning
7. Emerging technologies in landfilling
» Bioreactor landfills
s Other technology options
8. Landfill operational practices
* Developing Standard Operating Procedures {(SOPs)
= Daily procedures {daily cap. monitoring, rotation, etc.)
*  GHG Measurement, Monitonng and Verification systems
*  Power gencration options
9. Long-term issues and monitonng
=  Landfill mining
s Greenhouse gas mitigation
¢  Demonstration projects
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ANNEX A:

SELECTED RECOMMENDED LITERATURE CITATIONS ON
LFG/GHGEMISSIONS FROM LANDFILLS

These following annotated literature references are illustrative, and are meant only as
examples of publications that are recommended for development of a future annotated
resource base for LFG abatement applications in Developing Countries. Copies of the
cover pages and executive summaries are provided as part of Annex A.

1. Augenstein, D.C., and R. Yazdani, "Landfill Bioreactor Instrumentation and
Monitoring” Proceedings EPA Workshop 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, ornifice
systems, venturis, voriex shedding methods, thermal dispersions, turbines and positive
displacement, along with turn-down 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 J. Pacey, 1992 "Landfill Gas Energy Utilization -Technology
Options 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, "Comparison of Models for Predicting Landfill
Gas Recovery—a 19-landfill Study” Available from the Solid Water Association of North
Amenca (SWANA) Silver Spring, Md. A study of landfills to correlate methane
emissions with models. See Text for discussion. This is a detailed technical report on
landfill gas measurements.

4. Augenstein, D.C., D.L. Wise, N.X. Dat, and N.D. Khien, (1996). "Composting of
Municipal Solid Waste and Sewage sludge: Potential for fuel gas production in a
Developing Country”. Resource Conservation and Recycling 16: 265 — 279. Discussion
of technoiogy for anaerobic composting (biorcactor landfills) as applied to a developing
country (Vietnam). Provides liner designs, gas recovery estimates and cost estimates.

5. Gas Control Engineering, Inc. (1997) Landfill Gas Operation & Maintenance Manual.
SWANA — (Solid Waste Association of North America). Appx. pp. 300. March 1997

Detailed technical manual in easy to use format of all things LFG. Much practical
information, form LFG collection to flare operations and much, much more.

6. Edelmann, W. K. Schieiss, and A. Joss. (2000). Ecological, energetic and Economic
comparisons of anaerobic digestion with different competing technologies to treat
biogenic wastes. Water Sci. Techn. 41: 263-273 (2000). Looked at different
compost/biogas plants and combinations for CO; and CH, emissions. ... even in
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composts which are reversed very often, there also exist significant methane emissions,
and ii) in digestion plants there is a considerable potential of methanc 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 C'Hs than bioreactor Jandfills depending on their
exact operations.

7. Eam-o-pas, K., T. Wetherill, and B, Panpradist. (2000), Landfill Gas Generation and
Recovery in Thailand. Proceedings 2" 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 m*/t) and the decay constant, set at 0.15/y, compared to U.S. values of some 100
m’/t and 0.04. They estimated some 300 m’/hr of LFG to be recoverable from their 0.5
million ton landfill (18 m high, density 1 tm’) once it was closed in 2000. Gas
proeduction is expected to decline by half in ten years. They demonstrates the problems of
making such estimates and need to consider Iocal conditions, including weather and
waste composition.

8. Diot, M, et al., (2001). Using a Landfil! 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 modeis.
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 diffusion barriers 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 Landfili Gas
in the UK. Proc. Sardinia 99, 7" 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., etal. (1999). LFG Biofilter on Old Landfills. Proc. Sardinia 99, 7* In.
Waste Management and Landfill Symp. A passive gas venting system combined with a
filtenng unit containing coal coke. A good example of the use of microbial oxidation for
the destruction of methane in an actual landfill.

13, Dammann, B., J. Streese, and R. Stegmann (1999). Microbial Oxidation of Methane
from Landfills. Sardinia 99, 7 In. Waste Managmt. Landfill Symp. Bench scale studies
with MSW compost. Although experimental, the data is convincing, compost works.
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ANNEX B:

OTHER PERTINENT LITERATURE CITATIONS ON
LFG/GHGEMISSIONS FROM LANDFILLS

The following references arc provided for background reference only. Many of these
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. Golueke. (1998). Guidance for Landfilling Waste in
Economically Developing Countries. US. Environmental Protection Agency, EPA-
600/R-98 040 April 1998. pp. 400. COMMENTS: This is a generic report that provides
a very general, superficial and outdated guide to landfills. Landfill gas issues are treated
cursorily, with the only reference to landfill gas modeling dating to 1979 (!} and most
other references almost as dated. Techniologies listed for LFG management (c.g. landfill
gas drying using triethylene glycol) are inappropriate for even developed countnies.

2. Bader, C. D. (2000). "Bioengineering. A Spurt in Technology in an Unexpected
Area” MSW Management 12(4): 32 41 (2002). A superficial and completely uncriical
review of all new and novel technologies for MSW management, from the Yolo County
bioreactor landfill project, to microturbines, anaerobic digestion and even ethano! from
MSW.

3. SWANA (Solid Waste Association of North America). Annual International Solid
Waste Exposition. Latest : 39™ Annual Proceedings, "WASTECON 2001" {October
2001, Baltimore, MD). These Proceedings cover the whole MSW field, including some
half dozen papers on LFG of specialist interest. One paper ( see #7) reviewing bioreactor
fandfills.

4. Sullivan, P.S,, R. B. Green. (2001). Air emissions, Methane Generaton and
Recovery and Energy Potential form Bioreactor Landfills: Comparing the Theoretical 10
the Actual” SWANA (Solid Waste Association of North America). Proceedings 39®
Annual Intemational Solid Waste Exposition, "WASTECON 2001" (October 2001,
Baltimore, MD). pp. 243 - 250. A very general review of some half dozen bioreactor
landfill projects, without specific data presented. Concludes that bioreactor landfills can
increase LFG production without increasing fugitive emissions.

5. International Waste Management and Landfill Symposia. These Symposia are
organized by the CISA Environmental Sanitary Engineening Center, Caghan, haly, and
are held every two years in Sardinia (latest 8%, held in 2001). Latest Proceedings
Available: 7" (1999). The procecdings are very extensive and expensive, but have few
papers of specific interest.

6. Gaile,B., J. Smuelsson, G. Borjesson and B.H. Svensson. (1999). Measurement of
Methane Emissions from Landfills using FTIR Spectroscopy”. Proc. Sardinia 99. 7™ Int.
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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 rehiable
results can be obtained”.

7. Scharff, H., and A. Hensen. {1999). "Methane Emissions Estimates for Two Landfills
in the Netherlands using Mobile TDL Measurements”. Proc. Sardinia 99, 7" Int. Waste
Management and Landfill Symposium. CISA Environmental Sanitary Engineering
Center, Cagliari, Italy, pp. IV-48 —54. The technique used, "Tunable Diode Laser”
measures a methane plumes some (.5 to 2 km from the source, at a "moderate cost”
(about $8,000 per "campaign”), but this is a research tooi not generally available. Data
collected could be fitted to the LFG landfill emissions models by "with an assumed
oxidation level in the top so1l 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 CH; emissions dropped by half, but the reliability
of this is uncertain. An interesling approach, but not validated yet.

8. Block, D., (2000). "Reducing Greenhouse Gases at Landfills”. Biocycle, April 2000.
41 — 49. A general overview, including of bioreactors, both aerobic and anaerobic, as
well as of compost covers and C storage in soil from compost applications. Biocycle
magazine has an editorial policy not to allow any critical commentary of any 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 CH, plus
CO; emissions for various treatment processes based on stoichiometric conversion factors
(1gnoring non-degradable waste fractions or kinetics). Contrary to IPCC guidelines treats
CO; 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; 1011-1018 . This paper is one of the few that discusses, and measures,
CH,4 and N>O emissions from compost piles. Emphasizes measurements of microbial
cormmunities 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 7" Landfill Symposium. Application of the "electronic nose", which
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measures several organic contaminants creating odors. Difficulties in measurements
detailed.

13. Cohen, S.H., (2002). International Project Development: Gathering Data to Suppornt
the Next Frontier for Landfill Gas Utilization. SWANA 25® Annual Landfill Gas
Symposium.

A project to evaluate LFG utilization and mitigation opportunities in Developing
Countries. "...data base stiil in its early stages” Could be a resource base for future
projects.

14. Weitz, K. and S. Thomeloe, "EPA Applies MSW-DST to Assess its Own
Composting Options”. MSW Management 12 (4): 16 — 23 (2002).

A companison of three options (landfill, on-site composting, and off-site composting) for
treating the waste generated by the U.S. EPA' campus at Research Tnangle Park in N.
Carolina, using the MSW management "Decision Support Tool" developed by the US
EPA. This is a very small waste generation, about 175 tons of organic refuse (57% food
wasles, 35% yard trimmings, and less than 10% paper and animal bedding). Stiil the
results were instructive: on —site composting was the preferred option overall, but
landfills were superior to off-site composting because of differences in transportation
impacts. Although interesting not a widely applicable result.
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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 difficult
with MSW compost with prices (page 3-31 to 3-33) being about 1,000 Rupees/MT (see
also Yazdani Report). However, the Reports (¢.g. Chapter 9, elsewhere) states sales
price of some 1,550 (US $31/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 m3/linear 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.
{Yazdant reports that KCDC operates a 350 MT/day 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
Kg/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 fractions 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 expenience 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 1s
the amount of methane gas that would be generated from the compost piles, as well as the
fraction and methane potential of MSW that wiil be landfilled, both unknowns and
further discussed in the nexi section of this report.
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Landfill Bioreactor lnostruimmentation and Monitoring

Don Augenstein
IEM Inc., Palo Aho, California

Ramin Yazdani
Yolo County Department of Public Works, Davis, Californis

Abstract

A oumber of landfill bioreactor measurements can be helpful in monitoring, contolling, and
assessing progress of stabilization. Usefu! messurements include moistre content, moisture
movement ind temperature within waste, leachaic flow and compositon, and leachate pH.
The sneerobic wransformation of the organic fraction can be mexsured through gas flow rave,
gas composition, and volume reduction.

Biorcactor landfill measurcments may be demanding compared with messurcments for
“conventional® landfills. For example, gas generation is a good index of decomposition-
Biorcactor gas recovery rates can vary over time scales from hours to years, however, aad are
ofien difficult to predict. Wide instrument range, and cumulative measwrcinent, are
necessary. In sitg monitoring in the landfill environment requires robust instruments and
<areful installstion techniques. [n-waste sensors require leads, which can be subject wo
breakage; lead and sensor protection can be accomplished by various means including
enclosurc in rugged pipe. This document provides s general overvicw of reasons for various
measurements, instrumentation types, and approaches for addressing some common
problems.

Introduction

With “conventional® landfilling—dcfined here as the pracuce a1 most U.S. landfilly—waste is
placed in conformance 1o existing regulations. There is no particular aucmpt o mansge
conditions within the waste to facilitate biclogical reactions. Waste does decompose afier
landfilling (albeit slowly), however, and gas recovery may be practiced. Conventional
landfilling usually has rather limited measurement needs associswed with it. These may
include moaitoring of a recovered gas stream whose flow and composition remain relatively
constant. Sometimes there is monitoring of ground water and s0il methane o determine if
there is undesirable migration of dissolved or gaseous species from waste to suToundings.

An alternative to "conventional” practice is 1o manage the landfill as 2 bioreacior in order ©
facilitate and speed biological reactions, methane generation, and waste subilizadon. (This
has been termed "conurolled landfilling,” with the landfill referred 10 a3 a “bioreactor landfill.”
Both terms are used below.) Conuolled landfilling advantages can include waste yolume
reduction, increased energy recovery, and reduction of Jong-term landfill care costs, as
addressed in other prescntations of this symposium. Operation of the landfill as a bioreactor
will benefit from monitoring snd control of a variety of parameters, including (but not Limited
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are subject to breakage. High forces on leads and breakage can oceur as waste is compacted
or, luter, us waste subsides with decomposition.

Even with such limitations, moisture messurements within the waste can be of high value.
Readings from a sensor can verify arrival of moisture at 2 given point in waste. Moisture
readings from sensors arrayed in a nerwork throughout the wasic mass are good indications
of whether leachate recycle or other hydration means are effective. Hystercsis may be a factor
(and shorten seasor lifetime), but these are not great problems; verification of initial moisture
arrival is most critical, g5 it is likely that, once wented, waste will remain sufficiendy wet for
biological sctivity. The lead breakage problem can be addressed as discussed below.,

Gas Flow Measurement

Gas or methane generation (normalized in terms of volume per unit of dry waste) may be
considered one of the best indicators of the progress of subilizston. The relative rate of
gencration——compared with typical landfill rutes of 0.03 o 0.15 ' methane per pound of
waste per year (3 10 10 L/kp/yr)—indicates whether enhancement methods are successful in
accelerating the normal rate of decomposition. The total cumulative generation—in turn a
reflection of the mass of waste converted 10 gas—may be one of the best reflections of the
degree 10 which suabilization is attained und, of course, of energy recovery.

Methods that may be applied to mcasure gas flow are shown in Table 2. Tt should be noted
here that bioreactor landfill gas recovery measurcments have been observed 1o be more
demanding than such measurements with conventonal landfills. The flow from bioreacior
landfill seccors or cells may change rapidly, and variations of an order of magnirude or more
{for various reasons) have been common (2-4). Figure 2 illusurates flow as measured from

one test ocll in the Mountain View, Californis, demonswration experiment. Similar fluctuations

have been routine in other trials (4). "Convendonal” land(ill measurcment spprosches using
infrequent, (say weekly) "point in time” measurcments cannct accurately establish the rate of
generation or the cumulative generation total of such a fluctuating gas flow. In addition,
limited rangeabilities of common pressure-drop-based pitot tube and orifice methods (and
venturi and turbine when used) cannot accommodate order-of-magnitude flow-rate variations.
Ideally, biorcactor landfill gas recovery flow monitoring should combine cumulative volume
measurement with wide range and contaminant resistance. This would also allow correction
for temperature and prossure varintion, although such corrections are usually minor. No
method combining all desirable features has yet been reported in o bioreactor landfill
operation; however, there are methods that should work (e.g., a corrosion-resistant positive
displacement meter with temperature/pressure compenssron). It is alse possible 10 combine
two or more meters that rely on differing measurement principles for redundance; agreement
between two or more methods would strongly suggest accuracy.

Though the flow of recovered gas may be measured accusately, generatdon is ofien the
measwrement actually desired. Generation measurcment can sull be negated by gas leaks.
These can comprise cither leaksge of gas out through containment (surface clay or
membrane) or, in some cases, infiltration of zir or gas from the surroundings into the wasre.
(In facy, it appears that full recovery of gas has not been validated in any bioreacior landfill
test to date—which among other things has limited material balance closures.) With some
types of conuinment design, it should be possible to detect and compensate for leaks. Leaks
may be deteeted, 2nd size of leak estimated, by following air intrusion (i. e., exit gas NyO,) as
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Temperature Determination in Filled Waste

Temperature in waste importantly affects methanogrnesis and other biological reactons
(although it normally receives little anention as a bloreactor landfill variable). Methane
fermentations appear to follow a classical Arrhenius resction rate temperature dependence
reasonably well; Figure 3 presents the Arthentus plot of ratc constant dats from six different
methane fermentation investigations (5) exhibiting 22 B, of about 15 kcalinol. (Tempersture's
tmportance is illustrated by the rate constant’s 50-fold increase berween 10°C and 55°C.)
Landfill core samples have shown similar temperature dcpendence for methane generation
(6). What could be rermed “"thermal effects” can occur as waste is warmed by
mcthanpogencsis, which is exothermic, while at the same time temperature is lost by
conduction from the fill (2, 3, 7). The cxotherm of mcthunogenesis can be sufficient to warm
waste o 55°C 10 60°C, at which point methanogenesis may be inhibited. Important
consequences are thar different portions of the waste msy decompose &t substandally
different rates ss temperature varies by locale; cooling may be necessary in situations where
vemperature can exceed 55°C 1o 60°C. Temperaturc monitoring can be useful in ideatifying
these situations.

Sensing remperarure is generally straighdforward using thermocouples or thermistors,
Tempersture and moisnire sensing are casily combined at locations within the waste. The
principal problem with tcmperature sensing within the waste, common to all sensing within
the waste, is lesd protection, discussed below.

Leachats Composition and Flow Raze

Leachate composition and characteristics can reflect whether conditions are suitable for
biological reactions or whether there are gitustions nceding attention.  Leachate should be at
near-neutral pH. The principal concern would be high levels of organic acids aad low pH
(below sbout pH 6). These indicate "stuck” conditions that caa inhibit methanogenesis. Such
conditions, if more than transitory, require remedial action—by base addition, or withdrawal
and recirculation/redistribution of scidic leachate through the waste. (Either approach should
normally facilitate methanogenesis.) Othar characteristics of leachate may be consideced
importans in given simustons. Alkalinity reflects the capability of leachate w buffer orgenic
acids that may be formed in intermedizie steps of decomposition. Nutrients, such as
phosphate and free ammonia, may be of inwerest. Nutricats in waste appear normally w be at
least minimal levels nceded for decomposition. Supplemenmtion may sill be desired,
however, and analyses of free nutrient fevels in Jeachate indicate whether supplementation
may be uscful. (Leachate nutrient levels might slso be correlated with rates of waste
degradation In experimenial situations.) Leachate biochcmical axygen demand (BOD) and
organic scids are of enviroomenta] significance, as these reflect threats posed to ground
water. Still other characieristics of leachare may also be of interest—assays for inhibitory
activity of leachate may be important in cases where methance goneration slows for unknown
reasons.

pH measucements of leachate ouflows (from wastc scctors of interest) -n-ualym-dcatdxe
time and point of collection. (As noted, pH below about 6 indicates possible *smck” [ic., acd
inhibited} conditions.) Other assays are typically more demanding Organic acids asc best
assaycd by gas chromatographic methods. Phosphare, ammonia nitrogen, BOD, and other
assays that may be desired are standard wastewater tests. Biological mcthané potential assays
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Hydrostatic head can be determined by differential pressure measurements, most commonly
using transducers, Pressure at the base of the landfill must be compensated for gas pressure
to get the true liquid head. Presswe can be measured at the base of the landfill and at
elevations from one 1o seversl feer sbove the base, Pressure versus height measuarements
allow differentiarion of the head, which is due to liquid (hydrostaric), and which is of
regulatory coneem, from the pressure component due 1o gas.

Waste Volurmne Reduction

By increasing waste-to-gas conversion, bioreactor landfill operation can subsiantially reduce
landfilled waste volume. Lessened waste volume could be of major importanee, insofar as it
can translote into greater capacity of the landfill 1o accept waste for any given wasie volume or
height. Velume reduction can be straightforwardly followed by tracking subsidence of surface
mopuments, as practiced in past tests (3).

Placement of In-Waste Sensors and Lead Protection

In past field-scale demonswations, moismure, lcmperature, and other sensors have typically
been placed in wasie by either of two routes: (3} insertion in pipcs within vertical boreholes
drilled afwer waste is filled, or (b) placement within waste 3s waste is filled. With the firs1
route, leads within pipes are well protecied and sensor replacement is possible. This process
can be costly, however, and sealing of the well used 1o place the scnsor may be a concern.
Better contacting for moisture scnsors ean be afforded by the second route. With this route
{i.¢., placement withjn waste s filling occurs), horizontal kead wires to the sensors need o be
protecied during and after filling of the waste. Breakage may occur with compaction after
sensors are placed or at later times as waste subsides with decomposidon. The majority of
landlill bioreactor tests appear 10 have experienced some loss of in sim sensors. In some
cases, losses of some types of sensors with horizontal lead placement have been toral.

Lead breakage can be reduced by enclosure of lcads in rugged tubing or pipe. Preliminary
tests (8) have shown that among candidate protective pipe (including flexible agriculural
drainage and other types) flexible PVC fiber reinforced tubing best protecs leads. Chances of
breakage in leads can be further reduced by allowing 50 percent more rubing than the
straight distance to accommoxdate for settiement. Furthar slack in the scnsor lead—relative to

the proreetive tube——can help ensure that any stresses are borne by the tube rather than the
lead.

Comnputerized Data Collection and Processing

A complex system such gs g landfill bioreactor can now benefit from real-time monitoring,
data collection, and control. Recent advances in software ind decreases in the cost of
microprocessor {nstrumenution and controls now enabie collection of various outputs and
data from = variety of sunsors simultaneously using 2 persosal computer. The same software
can control aperstions and further process archived data. The softwarc has been developed
for use in such applications as menitoring and control of heating, ventilatng, and air
conditioning (HVAC) systems and control of chemical processing trains. It appears quite
adaptable 1o the needs associated with bloreactor landfiil operation as well. A supervisory
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Tablc 2. Methods for Assessing Gas Recovery (Flow Rate and Total Fiow)

Cumulstion can be slectronic or mechanieai; cumulstive gas volume normlly regintarsd machanically.
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control and data acquisition (SCADA) system typically consists of a host computer linked to a
remote telemetry unit (RTU) located st the Jandfill bioreacior site. 1t can collect and archive
real-time data and perform control operations. Data collected at the landfill bioreactor and
relayed by the RTU to the hast computer can be displayed to observe wrends and archived for
furure analysis.

Conclusion

This paper has provided a brief overview of some measurements that may be usefut in
monitoring and conurol of landfill bioreactors. Readers should recognize thar other
measurements are possible, and issues exist that were not covered above. (Further discussion
and informsation on the various possible measurements is also contained in "Experimental
Sysiem Instrumentation” by Dr. D.J.V. Campbell, An expert working group paper was
prepared for the International Energy Agency in 1994 {9).) Bioreactor landfill technology is
stll developing. Where parameters were discussed, it should be recognized that optimum
valucs for various paramerers (e.g., nutrients, pH) in many respects remain to be cstablished
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can show toxic or inhibitory conditions. Assays can be performed soon afier collection
(holding time minimized to limit associated composition changes). In some cases, however, iy
may be convenient to freeze samples on collection (which halts composition changes) uniil 3
number of samples can be assayed simultaneously.

Leachate flow rate can be measured in several ways. In many cases, flows can be estimated
from level changes as holding tanks of one sort or another [ill with outflowing leachate or
empty as leachate from them is recirculated. A number of fouling-resistant flow measuring
tcchniques are available including tpping bucket and magmeters, but there are few reports of
actual long-term leachate flow rate measurements,

Waste Sampling and Measuremaents

Waste characteristics importunt in bioreacror landfill situations can include moisture content,
cellulose and other decomposable content, lignin and other nondecomposable content, ash,
nutrients, and bacterial populations. These paramceters can in tumn be imponant for purposes
including dcvelopment of material balances, estimating methane potential, and estimating
needs for supplemental moisture or nutrients. One important sampling objective in past tests
has been to determine the remaining methane potential of waste in landfills that are
decomposing.

Probably the singlc greatest difficulty with waste sampling is posed by heterogeneity of waste.
Significant batch-1o-batch varfations in waste arriving at the landfill may occur by scason, area
from which the waste was collected, eic. There will be variations in compesition with
location within the [ill; reasons for in-fill variations include not only the mentioned variations
in incoming waste bur also hydraulic effects (liquid preferentially infiltrating or accumulating -
in certain areas). Waste characteristics in the fill may become even more variable with
location and over time, as decomposition of ejther wener or warmer waste is more rapid than
slower and drier clements. (See above. In fact, it is an open question as-to whether it is
appropriate to refer to "the” waste composition in light of such variation.)

th all of the waste variability, bowever, the objective of sampling is often simply 1o
determine an overall average of parameters within a given body or stream of waste. (The
purposes, for example, include determining the degeee of decomposition that has occurred
and total methane potential that remains in the mass of waste.) Sampling can be carried out
st multiple points to obtain the best possible "average” composition. Samples from corings
should be taken at multiple levels. Samples from several locations may be ground and
assayed for the average of the parameter desired.

Hydrostatic Head

Bioreactor landfills must operate in conformance 1o regulations affecting landfills. Perhaps
the greatest regulatory concermn with bioreactor landfills rclates to increased moisture. Under
current U.S, regulations, under elevared moisture conditions, hydrostatic head at the landfill
base must nonetheless be kept below 30 cm 10 minimize the threar of ground.water
contamination. Some state and local regulations may be more stringent (in the United States,
California regulation requires "zero” head). Ground-water contamination concerns also exist
in most other countries, although details of regulations may differ.
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10) moisture, pH, temperature, nutrients, and other factors discussed below. In sddition,
Jandfifl biorcactors must be shown o operate within the constraints of all of the various
regulations that affcet landfifls. Thus, numerous measurements can be quite useful in
optimizing conditions and following porformance. Some of the more impornsant
mcasurements are listed in Table 1.

The purpose here is to give readers, many of whom may be relatively unfamiliar with
bioreactor landfills, a scnse of why and how some measurements are made. The purpose of
this papet is not to provide extensive detail on specific measurements or equipment (which in
any case would be voluminous). Rather, the paper overviews measurements of Tsbie 1 in
general terms: importance of the measured parameter, instrument principics, issues and
problems experienced in past test situations, and possible approaches that may be maken w
overcome past difficulties.

Measurements
Moisture

Diological reactions keading to waste decomposition snd methasnogenesis can be promoted by
numerous fuctors. While other factors can be important, moisture is prramount—essential for
biological activitics-of methane generation. It is quite effectve by itself (without other
measuses) in enhancing biological activity snd methane generstion with typical municipal
wastes. Importance of moisture is illuswated by results of one survey showing effects of
moisture on gas pencration {rom solid waste as shown in Figure L

Moisture content at locations throughout the waste mass can be measured in sita by types of
sensors (gypsum or other porous blocks) used in soil moisture determinations. Such sensors
rely on electrical capacitance of the sensing clement as it imbibes mwisture from the
susrounding waste. [ssues in using such soil moisture sensors include:

. Insuallation: The sensors must be properly emplaced within wase o take up
moisture and give a meapingful reading. Direct contact with even 2 slight
amount of moist wase maxy give a high “false positive.” The sensor can be
surrounded by abour a 1-ft layer of s0il, which transmits moisture w the sensor
so that its reading best represents the sverage level in the surrounding waste.

- Percentage of moisture measurements: The sensors’ capacitance (current flow
under applied AC voltage) is an indirect indicator of the parameser of intwerest,
percentage of moisture by weight, the parametcr most frequenty correlated
with biological activity and methane genersion. (Calibration can be done o
correlate sensor reading with percentage of moisture, however.)

u Hysteresis: Once wet, sensors tend to remain wet. Thus, sensors are most
useful for measuring moisture srrival at the sensor locations in waste.

An additional, general problem exists with all measurements that arc carried out in situ (in

the waste iself): clectrical (or somerimes other types such as gas conducting) leads are
required to serve tantors within waste. leasds and, 10 a lesser extent, the sensors themsehves
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Institute for Eavironmentzl Management. Yolo County, California, Landfill Methane
Enhancement Projecr, Palo Alto, CA (in progress).
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Table 1. Important Landfill Bioreactor Measurements (Partial List)

(Sec tex1 for discussion)

1. Moisture content/activity/matric potegtial in waste mass
2. Total gas generation (normalized to waste)

Rate of generation
Cumulative generstion

3. Gas stream composition (methage conteat)
4. Internal temperature in waste mass
Temperature by location
5. Leachate flow rate
6. Leachate composition/characteristics
pH
Nutrient conteat (NH,*, PO, =)
Alialinicy
7. Waste characterization
Cellulose content
Ash, lignin content

Nutricnt content

8. Hydrostatic head, key locations (base)

T4

¢f



Section I1.

Landfill Gas Energy Utilization — Technology
options and Case Studies
D Augenstein and J Pacey

10

®ies W EB W G 8



EPA-600/R-92-116
June 1992

LANOFILL GAS ENERGY UTILIZATION:
TECHNCLOGY OPTIONS AND CASE STUDIES

Don Augensiein
John Pacey
EMCON Associates
San Jose, CA 95131

EPA Contract No. 68-D1-0146
Work Assignment 15
{E.H. Pechan and Associaies)

EPA Project Officer:

Susan A Thorneloe
Global Emissions and C { Diviss
Air and Enengy Engineering Research Laboratory
Research Trangle Park, NC 27711

Prepared for

U.S. Erwvironmental Protection Agency
Office of Research and Developanent
Washingion, D.C. 20460

"



FOREWORD

Landfill gas has been successfully used for energy al many locations in the U.S. and workdwide, providing
economic, environmental, and other benefils. However, landlill gas energy uses are also relatively new,
and technologies are far from “cul and dred.” There are limitations and special considerations with
landfill gas energy use; a number of landfill gas energy projects have experienced problems, or even
faded entrely. There is current need for documentation of experience and consolidation of information in
several areas reganding the use of landiill gas as a fuel.

This report reviews the various landlill gas energy uses, and their associated issues and constraints. i
also presents case studies of six landfill gas energy projects in the U.S. The report's purposes include

» Presenling overviews of use and equipment options, and technical and other
considerations with landfifl gas energy applications.

+ Providing information on projects that fustrate common landfill gas energy uses.

« Providing an awareness of imitations and potential pitfalls existing with landfill gas
energy use.

in addition to providing background on energy uses, it is anlicipated that the report will help idenify areas
needing attention, lor entities such as researchers and equipment manufaciurers. It is also boped that
the report can provide information useful in identifying ways to facilitate the beneficial uses of landtill gas
by reducing nontechnical barriers.

The complexities of landfill gas energy uses are such that the discussions of many issues must be Emited
to overviews. Where detail is available elsewhere the repori refers to available Meralure containing that
information. This is also true for the case studies; these attempl to provide indormation so that a typical
reader with some Emited background will have a reasonable understanding of the operation, based on a
representative description of a particular energy application. This document is not intended to provide the
degree of detail needed to design and operate a landfill gas energy facility.

The case studies rely on information provided by many individual operators, equipment manuiacturers,
and others such as engineering firms. An effort has been made to verify statements and data as much as
possible. In particular, all sections of the report have been reviewed by the providers of the original
indormation and others with appropriate expertise. Background information is cited from Eterature and
other sources considered reliable, and it has also been reviewed.
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ABSTRALT

Combustible, methane-containing gas irom reluse decomposing in landills, or “landill gas.” can be fuel
for a variety of energy appicalions. This report presents case shxies ol projects in the Undled States
where Rk has been used for energy. R also presents overviews of some of the impontani ssves reganding
landil gas enemy uses. including appropriate equipmert, Costs and benefds. envronmental concems.,
and obstacles and problems of such energy uses.

With allowance for ils properties, tandiill gas can be used in much commercialy avadable equipment thal
normally uses more conventional fuels such as pipeine natral gas.  This includes equepment lor Space
heating, bollers, process heat provision and electric power generation. Landldl gas enemgy uses, already
signiicant, could increase based on estimates of the andiil gas thal could be recovered, and providing
that other factors, particularly economic ones, are flavorable.  Such energy uses have enviFonmental and
conservation benefils.

Factors 30 be considered in using tandfll gas for energy include contaminants, which can conode
equipment and cause other problems, and s lower energy content, resulting in moderate equipment
derating. Other issues that are of nonmal concem for landfll gas, such as lorecasting ks necoverable
quardily over time, and its efficient colleclion, also bear impontantly on its use for energy.

The case studies review landlill gas energy use at six sites in the U.S. The energy applications inciude
electric power generation by reciprocating intemal combustion engines, slectiic power generation by gas
turbine, space heating. and steam generation in & targe industrial boder. Case skidy applcations are
considered to represent aftractive candidale uses for implementation at addlional U.S. andill siles. The
case studies present the relevant site leatures, background regarding the development of the case shudy
project, equipment used, operating expenence, economics, and fulre plans af the sles. Obstacles and
problems o the sites are discussed. The case study sites exhiblt wide variation in features such as ©ost
and degree of operating difficuly experienced. Such variasion is typical of landiill gas energy projects,
which tend 1o be site specific. Literature containing inlormation on other relevant case studies, in both the
U.S. and other countries, is also referenced.

Important conclusons inchide

- LandBll gas can be a satistactory fuel for 2 wide variety of applications. Such uses
have ervironmental and conservalion benefis. Many types of energy equipment
designed for “conventional” kuels can operate oh landfill gas with outputs reduced by
about 5 10 20 percent.

« Allowances nwsi be made for the unique properties of karxlill gas and particularly s
conlaminanis. Pifalls possible in landiill gas energy applications include equipment
damage due 10 such gas contaminants, and shonages resulting from over-eSHMation
of its avaiabiy.

= The degree of gas cleanup and the methods used vary widely: the necessaly amount
of cleanup and the optimum tradeofis between cleanup sirinpency and the frequency
ol mainienance steps {such as oil changes) are not well established.

» Cost-io-benefil ratios can vary widely: at some siles they are excelient. while al others
they are a major bmiting tactor. Economics are probably the most Important tactor
bmiting tandfill gas energy uses. ECONOMICS currently tend 10 preciude smaller sCale
uses, uses where electric power sale prices are low, and uses &l remole sies lacking
cofwenient energy applications or outiets. Much of the landiill gas generated foday is
not used jor enemy because of E0ONDIMICS.
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- Energy equipment emission limits in some U.S. locations may also restrict landfill gas
energy use, despite an envicopmentat balance sheet that generally appears fo be
positive.
This report identifies technical areas where energy uses are likely 10 beneln from improvements. Some of
these are aliuded to above. This report alsc comments briefly on incentive, barrier elimination, and other
approaches that may facilitate fandiill gas use. Finally, for present and future landiill gas users, funther
detalled documentiation of the problems experienced, and the resulls of approaches to them {both

successful and unsuccessiul}, would be very helplul.

This report was submitted by EMCON Associates, in fulfitment of subconiract 275-026-31-05 from
Radian Corporation, as well as subcontract 93.3 frorn E.H. Pechan and Associates, and performed under
the overall sponsorship and direction of the U.S. Environmental Protection Agency, Global Emissions and
Control Division. This report covers a penod from February 1991 to January 1992, and work was

compieted as of February 1992,
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CONVERSIONS

Readers more tamiliar with metric units may use the loflowing to conven 10 that system.

Nonmetric Times Yields Metric
acre 0.4047 hectares
Bt 252 Calories
L4 0.3048 melers
n2 0.0929 . sguare meters
f12 28.32 liters
gal. 3.785 liters
hp 0.748 kilowatt
in. 2.54 centimeters
in. H,O (head) 248.9 Pascal
in. Hg 3386 Pascal
b. mass 0.4536 kilogram
inch 2.54 centimeter
mile 1.609 kilometer
psi 6895 Pascal
U.S. won 0.907 metric ton
Te r

Degrees Celsius = 0.556 (Degrees Fahrenhetit - 32)
Degrees Fahrenheit = 1.8 (Degrees Celsius) + 32
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1. NTRODUCTION AND BACKGROUND

This report's primary purpose i 10 provide informalion on landiilt gas energy uses The repon &
addressed jo a2 range of readers, presumed 10 include not only those famssar with landiits, tandfill gas

energy, and related issues, but also some who may have relatively Bttle famiardy wih these areas.

A major report focus is case studies that document experience al represertatve .S sdes where banoill
gas has been used for energy. To accommodate needs of the expected range of readers, the report also

presents background thal should be usetul 1o those developing knowledoe of landill gas enenjy uses,
and heiplul for undersianding of the case studies. Thus, the first section of Gs report provides general
background relating 1o landlits and landill gas energy uses. This is foliowed in the second section by a
discussion of lechnical issves associated with andill gas a5 a luel—inchuding the speciic characiernsics
of andfi gas as a fuel, and particular needs occurring with &5 use. The third and fowrth sections of the
Teport cover equipiment issues and economics. These are followed by case shdies and conclusions. L s
hoped that this accommodates the needs of the anticipated range of readers.

The following Sectioh provides background primanly for the benefil of those who may have Tmied
tamiliarity with sohd waste landiis, landfil gas, and landiill gas enemgy lopics. Some ol the basics
perinent 1o the use of landhik gas as a tue! include

= whal landfl gas is, and As origin

» &S composition

= krecasting the quantity recoverable for fuel uses over tame

= methodologies for its recovery

= emvironmental issues with Landfill gas extraction and energy use

- regulaiory demands and constraints reganding s use
These are covered below 1o provide a context 1or further discussion of energy appiications in kater
m&mmmmmmMMMwmh

1.1 Landfills and Lanctiill Gas: General

Sanllary landfiling is the main method for disposal of municipal and househok! solid waste or refuse
("gartbage”) in the United Siales. With current practice al tandiiis (no Jonger cafled “dumps™), wasies
feceived are spread, compacted, and covered daily with a s0dl cover % reduce biowing Eller, manage bad
and rodenl activity, and control odors.  The process coninues over 4 given area unitil a planned waste
depth i reached; wastes afe then covered with a iinal cover that has a relatively impermmaablé component
{often clay} 1o imi surlace-waler infilration. Sanitary tandiiling increased sharply in the U.S. in the early
1970s as open dumping and incineration were resiricied. An estimated 145 milion tons’ of wastes are
currently tandfiled anmually in the U.S. (Kakdgan, 1990).

Most earty praciiioners of sanitary landiiling apparently tnssted thal wasle decomposition would be of
minor consequence. However, even maintenance of an oxygen-free and relatively dry andilled wash

For readers more lamdiar with menc units. conversila Saciors are prowded ot the end of the ront selier
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environment still permits certain biological reactions; these produce “landfill gas,” and iis generation can
be significandt.

Landfill gas consists principally of a mix of two gases: methane (chemical formuta CHy) and carbon
dioxide (chemical formula CO,). I is generated through bacterial decomposition of organic refuse in the
absence of oxygen {anaerobic femmentation) (Geyer, 1972; EMCON, 1982, Gas Research Institute,
1982). it is produced by nearly all landfills in which refuse is buried such that oxygen is effectively
excluded. Although many reaction steps and intermediales can be involved, the basic biothemical
reaction is exemplified by the decompasition of ceflulose (the principal component of paper, and a
constituent of much other refuse material):

n{CegHyp0s} + NH O ————— 3nCHy + 3nCO;
celivlose waler (bacteria} methane  carbon dioxide

Though this reaction scheme is simplified, it represents the overall process fairly well; most landfif gas is
produced from decomposing celiulose, and most cellulose that decomposes yields methane and carbon
dioxide.

Because of its methane gas component (the same methane that makes up “natural” or pipeline gas),
landfil gas is a fuel. With proper allowances tor ks properties, landfill gas can be used for luel in many
applications where other fuels, particularly natural gas, are used. These fuel uses of landiili gas are the
major focus of this repon.

Landfill gas can be a significant energy resource. It is currently used at more than 100 U.S. sites
{Govermnment Advisory Associates, 1991); its use is continuing to expand. Estimates of the ultimate
energy potential of U.S. landfili gas vary, but information in various references (U.S. EPA, 1991; American
Gas Association, 1980} suggest recoverable energy potentials ranging between 0.2 percert to over
1 percent of the total of U.S. enemyy use. Though the expressed percentage of U.S. energy use might
appear modes!, the quantities are significant, given the fotal amount of energy the U.S. uses.

1.2 Composhtion of Landiill Gas

Characterisiic composition ranges for landfill gas are shown in table 1. These are typical for "as
extracted™ gas as it is recovered. Also shown for comparison are the properties of “natural® or pipefine
gas. As seen in table 1, landiill gas consists primanily of methane and carbon dioxide, usually in close-to-
equal amourts. In contrast 1o pipeline gas, landfill gas also contains significant amounts of water vapor
and traces of various orgahic compounds. Almost all of the organic compounds found in the gas (usually
referred to as hon-methane organic compounds [NMOCs) or sometimes reaclive organkc gases {ROGs]
originate through evaporation into the gas of the man-made sclvents, propellanis, and similar materials
discarded in the refuse stream; paint soivent vapors are one of many possible examples in this category.
Further discussion of these landfill gas components is presented elsewhere {Gas Research Institute,
1982; Emerson and Baker, 1991). Landfif gas as exiracted can comtain nitrogen and, less frequently,
oxygen from air entrained as a consequence of extraction; the concentrations of these gases depend on
the extraction objective and approach (Augenstein and Pacey, 1991). Llandfills also contain a large
amourt of soil and other particulate matenal, and the extracted gas can pick up and camy with # a
significant amount of that particulate material.

The 1andfill gas components other than methane have effects that are ofien substantial on Hs energy
uses. Carbon dioxide, niirogen, and (lo a slight extent} water vapor can result in dilution and other effects
thal moderalely reduce energy equipment capacity. The trace organic components (particularly the
halogenated hydrocarbons} and particulates can cause serious energy equipment problems, including
corrosion and accelerated wear. These efiects are discussed in more detaif in the next section.
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TABLE 1. COMPARISON OF COMPONENT CONCENTRATIONS AND OTHER PROPERTIES:
PIPELINE {"NATURAL") GAS AND LANDFILL GAS

Landiil Gas
Component Pipeiine Gas {as extracted)
Methane, CH,, percent 90-99 40-55
Ethane + Propane, percent 1-5 -0
Water vapor, percent <0.01 1-10 (typical)
COgp percent 05 3550
Nirogen, cther inerts, percent 0-2 (typical) 0-20
Trace condensile hydrocarbons 0- 250-3,000 (typical)
{(NMOC’s; pprrw as hexane)
Chiorine in onganic compounds 0- 30-300
(micrograms per Rer)
Hydrogen suliide upo 15 o 200
{parts per million)
Higher Heating Vaive, Biwt? 950-1050 400-550

nformation from sources inchuding references (Gas Engineers Harndbook, 1965; EMCON, 1982). Unids
are those mos! comwnonly used for the stated component.

1.3 Estimating the Gas Recoverabie for Energy Uses

Energy users have a critical need o know the gas quantily potentially recoverable over fime from 2 landfil
for energy use. The approaches that can be used o estimate this inciude modeling and Seld extraction
tests. This fopic is important because misestimates of gas avaiabilty are among the common causes of
problems with energy applications. For readers interested in lorecasting gas avaidability for end uses,
further discussion is presented in appendix A

1.4 Gas Extraction Systems

The tandii gas extraction sysiem collects gas generaled by the tandfiled refuse. and delivers 1 1o the
energy application. The overall concem of the gas energy user is that the system will continue 10 providle
& refiable supply of gas in the necessary quantily. Collection efficiency may aiso bs & concem; R depends
oh design and operational jactors and may range between 50 and 95 percent.  Further discussion of gas
collection is presented in appendix B.

The wpics of gas recovery sysiems, and extraction practice are imporiant because dillculies wih
coledion systems are also among the common causes of problems with energy faciilties.

PJG G640101AAOW

Ly



|
[
i
1

1.5 Environmental and Conservation Aspects of Landflll Gas Energy Use

The energy uses of landfill gas have significan! environmental consequences that are considered 1o be
predominaniiy beneficial. The gas exiraction process helps abate both gas migration hazards and the
emission of reactive organic gases fhat contribute to air poliution. A particular current concem is the
contribution of landfill methane emissions lo atmospheric methane builldup, “radiative forcing,” anc
resulling climatic effects {"greenhouse effect”). Extraction and use mitigates these. The energy use ¢!
tandfil methane also "offsels” fossil fuel use elsewhere, and reduces secondary poistion and the
consequences of carbon dioxide emission that could otherwise be produced by use of that fossil fuel. Iis
energy use also comprises conservation. These issues are discussed elsewhere (U.S. EPA, 19971
Thomeloe and Peer, 1991; Augenstein, 1990); a further description of these issues with references to
relevant literature is presented in appendix C.

1.6 Regulatory Issues

Those who become involved with using landfill gas tor energy will generally be affected by many
feguiations that perain to landfil gas energy use. Among the most important of these are

- Proposed federal reguiations associated with the recently amended Clean Air Adt.
These propose limnits above which NMOC/ROG emissions must be controlled, and
specify the required degree of abatement. As one consequence of these regulations,
most larger landfifls now without energy systems, but which would be capable of
supporting them, wilt probably be required to install gas extraction systems.

Regulations appficable to landfill gas management, which vary locally across the U.S.,
and that define the periormance of gas systemns based on factors such as prevention
of ofi-site figration and reduction of atmospheric NMOC/ROG emissions.

= Regulations associated with the Public Utiity Regulatory Policy Act (PURPA). These
taciiitate the sale of elecinic power produced from landfill gas to ulifity grids.

« Federal tax credit incentives that significantly improve the economics of the gas
recovery process and of energy uses.

= State regulations that provide inceniives 1o energy production.
= Emission restrictions that apply to energy equipment.

An overview of requiations, regulatory issues, and their consequences is presented in more detad in
appendix D.
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2. USE OF LANDFILL GAS AS A FUEL—TECHNICAL ISSUES

This seclion describes the technical issues regarding use of landiill gas as 3 fuel. Noled as background is
that a very tarpe body of information on enerpy and squipment fundamentats 1s avadable 1mem a variety of
sources, such as standard texis, and equipment manulacharers. As such ntomMmaton s widely avalable
eisewhere, discussion of such standard energy lechnoiogy aspects wall be kimded below. Thas and kater
seciions concentrale on the unique aspocts of landill gas, compared 10 colventonal luels, lor which
different approaches are needed and trom which performance difterences, surpnses, and problems, may
anse. These aspects would normally be of greatest concem 0 energy users.  Discussion also
concentrales more oh applcations (detaded hxther in section 3) that appear the grealer near-lerm
opporunities. Thus elecincal and boder use issues are emphasized over, tor example, Those with

pipeiine gas preparation.
Some major issues that must be recognized and dealt with in energy use ace
+ defermining the composition and charactenistics of the gas
= polential corrosion effedls caused by gas components
» efiects of particulates
* gas dearmp
« dilution and other psriormance reduction eflects
« load tacior

These are addvessed briefly below. in addvessing these issues 1l is assumed thal readers have al least
some understanding of energy technology.

2.1 Gss Composition Analysis

in contrast 1o the case with more “conventional™ fuets, users of ANORK gas 1or energy May Reed 1 chieck
ol extraction procedures, leaks, or other laciors.  Gas systems Oflen need 10 be “uned” 1o provide a gas
stream of appropriate quaity 1o keep energy equipment runhing, and this wning can raquire frequent wel-
by-well analysis. The gac will also contain & range of comaminants, whose leve! varies by tandill and
over time. Since gas composition can have importani energy consequences, composition analysic i
reviewed briefly in appendix E.

2.2 Corosion Eflects

Serious equipment corfosion can be associated with andiill gas energy use. Corosion i generally due
10 hydrogen chioride ard fucride resuling rom combustion of halocarbons (chiorine- snd fuorine-
conlaining or halogenated, Onpanic compounds) thal are prageit in the gas. These compounds include.,
jor exampie, the chioroliuorocarbons (CFCs) that were widely used in the past 2s refriperanis snd 2eroeol
propeliarts. Though CFCs are now being phased out becanse of envionmential efects, they we sl
found in kancill gas (as old aerosol containers in the larcliills release their contents over time). Other
chiorinated COMpoUNds {such as Ndustrial degreasing and dry clesning solvents) also ind thes way ko
landflis and then inlo the gas.

Though levels of hydrogen chioride in combustion product gRSeS 2 ow, the hydrogen chioride is readily
feactive with, for example, the metal in reciprocating internal comixsstion (IC) engines. Damage can
resull when metal in IC engine cylinder wals and other engine parls (inciuding exhaust vaives) reacts and
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is removed. Hydrogen chioride and fluoride can also reacl with metal in other equipment such as the
ubes of bodlers. Secondary damage cah resull from the buildup of solid corrosion products on the
surfaces of moving engine parts. For exampie, deposids can reduce piston/cylinder or other lubricatec
suriace clearances (0 zero, at which poinl the engine seizes and will be severely damaged. Case studie:
presented later in this report document such damage.

One engine mamufacturer reports, based on many 1esis, thal the cortent of chiorine in landfifl gas

chemically bound in volatiie compounds, is typically between €0 and 200 micrograms per liter of gas?
Because of corrosion effects, ail engine manutacturers recommend that landfill gas be analyzed for it

content of chiorine in chiorinaled compounds (Chadwick, 1989). Various operating modifications (to b
discussed later) are also recommended lo prevent engine wear. The measures taken are generally, bu
not uniformiy or completely, successiul in limiting conrrosion etfects.

The gas can also contain other potentially Iroublesome chemical contaminanis; for example acetic arx
other organic acids in {he fandftill gas condensate can react with steel. Problems from this source are

however, relatively minor.

2.3 Particulates and Their Effects
Experience has shown that particulate contaminamds entering with the gas can bulid up in the oil used :
many landiift gas engines, accumulating unti! they present problems. Particulale contaminants are ¢
vamous types, including siica (a common soll componer), irgn sais (where steel s used in collectio
systems), and other normal soil components. (One interesting source of panticulate contaminants in oil i
a gaseous silicon compound, dimethyl siloxane, which will combust to products including sifica. it is nc
removable by normnal gas cleaning methods.)

Discyssion of these compounds, and their effects on IC engines, are presented in references incudir,
Vaglia, 1989. Buildup of these componehls in of above centain levels can contribute to wear. Tr
matenalk can damage cylinder linings and rings; heavy deposits can also foan on combustion chamb:
surfaces, The potential deleterious effects of particulate contaminants, as well as gaseous and liqu
contaminams discussed earlier, make gas cleanup extremely important, as discussed next.

24 Gas Cleanup
Users of lancifill gas for energy have often practiced what could be considered relatively fimited clean:
(this excepts pipeline gas preparation, discussed fater). Limited cleanup has provided safisfacio
operating resulls at may sites including one case study site of this report. In other cases, however, ti
application of more apparently thorough cleanup, which for landfi8 gas can be considered “state-of-th
art,” has not prevented “rozen" engines, or corroded equipment, and similar mishaps.

The primary “genenc” cleanup approaches are filtration and condensate knockout. These are sometir:
avgmented by refrigeration, and less ofien by desiccation and other approaches.

Langiill gas filtration ¢can employ the same type of equipmernt as used (for example) in large-volume
cleaning for inlternal combustion engines and combustion gas lurbines. Fillers may include simple part
size cutof or coalescing models. Some description of these is included in the case stuch
Refrigeration, to remove gas steam contaminants by condensation, is now practiced at a number o} si
Typically the gas stream may exil a landfill wellhead at a temperature exceeding 100°F, saturated v
water vapor; cool {(with condensate removal} 1o near ambient temperature on its way to the energy facil
and then be reirigerated further, for contaminant remoavai fo a dew point (typicafly) of 1°C or aboul 34
This cooling will typically remove between B0 to 95 percent of the water and a fraction of of

1 Personal communication, Greg Sorge, Waukesha Engine Division of Dresser Industries, Wavkesha, Wisconsin, June 1991
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Overall, landfill gas energy users should be prepared for energy equipment rating losses that range
between 5 and 20 perce, depending on the application.

2.6 Load Factor ("Use K or lose i™)

One consideration regarding landfill gas is that there is currently no well-established way of storing & It
must be used essentially as it is generated, or it is lost. This means that it is most suitable for energy
applications that are constan! and continuous such as electric power generation, pipeline use (with
purification), or conlinuous of near-continuous plant process use. Intermitten! uses such as space
heating can be practical, but are more efficient if combined with other energy applications, such as
absorption cooling, that can assure higher year-round gas use. Some of the difficulty can also be
overcome by using landfill gas to supply that pant of the enengy demand thal is continuous, and other
fuels to meet that part that may be variable.
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3. ENERGY APPLICATIONS AND EQUIPMENT

Table 2 preserts some of the more common and impontant current andel gas energy applications and
polential ture applications. Considerations regarding their use are presemted in the text A brief
discyssion of appiications, in order of increasing complexily, is presented nexi

3.1 Cutrent Appiications and Equipment

3.1.1 Space heating (and cooling)

Nomnal gas-fred space heating equipment in widespread use can, with moderale bumer and other
modifications, use bandill gas. Such use has been imited 1o date because appropriately sized users of
space heat are only infrequently focated near landfils, and piping costs 10 more distant users can be
prohibitive. Depending on climate and other faciors, heal energy suppled by 500.000 cubic eet per day
{cid) tandfll gas could comrespond 1 heating needs of 2 200.000- 10 1,000,000-square-foot (or several
acres of fioor space} complex, large by nomal slandards.  Space heating loads aiso vary undesirably
over time, both during the day and by season; a higher overall load factor for the gas use can, however,
be obtained by combining absomption chilling with space healing in lemperate cimate zones. Condensate

TABLE 2. LANDFILL GAS ENERGY APPLICATIONS

Current Applications! Degres of Use?
Space Healing (and cooling) Limied
induswial Process Heat Limited
Boder fuel Moderate
Electrical Generation: IC engines Most common
Electrical Generation: Gas tabines Common
Electrical Generation: Steam Turbine Limded
Purification for pipefne use Moderate
Polential Future Applications

Electric generation using fuel celis
Compressed methane vehicie fuel

Synilue! or chemical feedstock

1. Most significant actual or potential uses.

2 Swaistics on use {(such as in Government Advisoty Associates. 1991) have included most, but not af,
faciities. in delining degree of use in terms of the fraction of the lolal landid gas recovered and used
for energy in the UL.S., “eniled” is about 5 percent, “moderale” is 5 10 20 pescent, "common” is 20 of
more percent, and “most common” i about 50 percent. A recent, more comprehensive updale on
use has been presented (Thomeloe, 1992).
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in equipment can be troublesorme in space heating applicaiions and poses a corosion potential; gas
cleanup and construction materials are important. Despite these limitations space heating can work weli:
one of the case study sites uses t. The equipmen{ is aiso economical and available even on a small

scale.

3.1.2 Process heatlng and cofiring applications

Several industrial applications, such as lumber drying, kiln operations, and cement manutaciuring, can be
attractive applications for landfill gas. An advantage of many industrial processes, including drying
processes, is that fuel is required continuously, 24 hours a day. Landfill gas can be also used as a
supplemental fuel that meets a portion of the 1otal demand. Many industrial processes such as cement
manufaciuring may be relatively insensitive to the contaminant cornponents resultting from landfill gas
combustion, and their gas cleanup cosls may be quite low in such applications.

One application that can be attractive because of absence of gas cleanup needs, and frequently plant
proximily, &s co-firing of the gas as supplemental fuel in a waste-lo-energy plamt.

3.13 Boller fuel

This is an aftraclive use, particularly for large industrial boilers with: constant demand, or where landfiff gas
can be used as a supplemental fuel. Convenlional equipment can use landiil gas with relatively iitlle
modification. One case study of this report, in section 5, describes a boiler application. To the extent that
sensilivity 10 gas comaminants can be determined, boflers may be less sensitive and their gas cleanup
needs less than, for example, IC engine applications. The capital costs ol boilers, discussed later, are
also attractive. Although steam users are not frequently located near landfilis, the siting of boilers, or for
that maiter other uses of 3.1.2, near landfills can be an allernative worth consideration.

3.1.4 Reclprocating iiternal combustion engines with electric power generation

Reciprocating inlemal combustion engines, almost all driving electrical generators 10 produce electrical
power, are the mos! widely used landfifl gas fueled energy equipment. Electrical generation occurs
because the output can be accepied (if nof always at a high price) by the efectric ulility grid 24 hours a
day, and the power sale may be facilitaled by provisions of PURPA. Afthough available statistics are far
from complete, data in the 1991 GAA yearbook (Government Advisory Associates, 1991) suggest that
electrical generation using reciprocating inlemal combustion engines is practiced at about 50 percent of
the landfill gas energy sites in the U.S., and electrical generation using gas turbines is practiced al an
additional (approximately) 15 percent, so that electrical generation is practiced at about 65 percent of the
total sites.

Aimost all larger engines used in this application are made by three manufacturers—Caterpillar, Cooper-
Superior, and Waukesha. Each has in place more than 20 engines at landfill sites in the U.S. Lists of the
sites where the various models of the three manufacturers’ engines are in place are presenied in
GRCDA/SWANA, 1989,

The engine-generalor set (genset) equipment is well developed and is used nol only with landfill gas but
for numerous other applications; the landfill gas sets sold by the three mamufacturers are largely identical
to those of the complete “sland alone” package sels sold for use at remmote Sites such as offshore oil
platiorms and other remole sites requiring electric power. Cumently increasing degrees of automated
engine moniloring and control reduce the need for on-Site operator attention. Genset electrical capacity
with landfll gas is typicaily 100 kW and up, wilh capacities between 1 to 10 megawatts (MW) being most
common because of economics. Multiple gensets are used to obtain the higher outputs.

The reciprocating engines are most commonly “lean bum™ turbocharged designs that burn fuel with
excess air. Less commondy, they may be "naturally aspirated” without turbocharging (which as the term is
used also implies stoichiometricaily carbureted, with air in the fuel-air mix just sufficient 1o burn the fuel).
The naturally aspirated engines are easier to operate because they are less complex, but they have
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engne power ratings are commonly reduced by 5 10 15 percent compared 0 operation on natural gas.
This deraling is caused by different factors, depending on engine type: diution effecis in naturally
aspirated engines and parasitic Ioad in lean-bum engines. The overall heat rate lor electncal generation
with the more commonly used lean-tum engines (alter all parasitic lbads are deducied), is aboul 11,000
o 14,000 Blus of landiill gas higher heating value per kiowat howr. For smaller scale edecinc generation,
this efficiency is quite good: this is one reasoh these engines are popuiar.

Lanciii-gas-fueled generation comprises a rather small portion of the 1otal use of such engmes  Despite
this, the three manulacturers of these engines have modified both design and operating procedures $O
that they can be said 1o have Tandlil-gas-adapiled™ engines. With turbocharged engines. the need 0
compress landiill gas inllially at close-to-atmospheric pressure normally poses added capital and enemgy
costs compared 1o pipekne gas fueding. Compression of the fuei-air mix post-carburetion avoiuds some of
these costs and (along with other kandili-gas-speclic adaptations) s now being appled by Caterpillar in
their 3516 sefies engines (Chadwick, 1990). Various design modifications, by all manutackarers, include
parts modiications for comosion resistance, such as civoime valve stems and modilisd piston Angs; peo-
prietary modilications are frequently involved®. One of the important operating modiicalions retales 10
engine od as recommended by the engine makers (Chadwick,1989). Ol is checked much more often
than is usual in other applications, sometimes &8s often as every 50 hours. Off is changed frequently, as
oflen as every few hundred howrs or when relatively low contaminant Smits for chioride (chionide can
indicale cosrosion as discussed earker} or metal content are observed, acconding 10 Marufachuer's guide-
@nes. Specialized lubricating ods with high jotal base numbers (TBN, for discussion see Gonzalez, 1967)
are now recommended for landill gas use. Chemically, the bases in these ods give Thw acidic Combazstion
products something 10 react with bedore they react with the metal of the engine. These can be thought of
as helping engines the same way that antaciis help people (and by neutralizing the same acid).
generally be operated successiully at landfills. Yet, for reasons that are still not completely understood,
{but that may relate ¥ presence of absence of vanous andiill gas operational and design adaptations)
some engines al some landfills encounter serious opefating problems. They are most frequent duning
315 Gas turbines

Combustion gas wwbines are also widely used as andiill-gas-fueled prime movers (Le. sources of
mechanical power) at landfils 10 drive generators. The justiications for thewr use in elecinc power
generalion are the same as those for reciprocating intemal combustion engines.

The gas wsbines used at nearly all U.S. landill shes are either Salum or Centaur models made by the
Solar wrbine division of Caterpillar. As of 1989, more than 30 Satum or Centaur wrbines were in use af
more than 20 landiills; ksts of their applications are presented in Esbeck, 1969, and Maxwed, 1989.
The principal power-rating consequence of using landfill gas 25 opposed 10 pipefine natwal gas in
hrbines is a decrease of 10 0 15 percent in the power raling. due 1o the parasiiic ibad associated wilh
compression of the landfll gas fuel 1o the hxbine. When all factors are considered, a kwbine has a
somewhat tower net efficiency in typical lancfill gas appiicalions than a reciprocating intemal combuson
engine. The heat rate of smaller turbines is typically about 16,000 Btus landfill gas higher healing value
per kilowat! howr generated when parasitics are acoounted lor.

A tactor 1o be considered in turbine operation is thal umdown performance is poor—ihat i, krbines do
best al full vad, and pooty # gas supplies are less than needed 10 supply Wll bad operaion. Gas
conlaminants have also apparently Caused serious problems for some landiill-gas-fueled gas burbines.
These have included combustion chamber erosion and deposits on biades, resulling in severe and

2 Personsl commmsmication, Cures Chadwich, Caterpilar Corporation. Mossvile linols. Sepmember 1991
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unanticipated damage in a few cases, A well-documerted instance of turbine damage and associate
cost is preserded in Schictthauer, 1991, The use of improved coatescing type filters {in combination wit
other moddications) has apparemily solved or forestalied problems at sites described in Schiotthaue.
1991. One danger of severe damage to turbines that does not exist with conventional fuels is that a larg.
“siug” of tandfil gas condensate in the piping system could mobilize and reach the turbine (it is .
consideration with IC engines as weill}. Methods for intercepting such slugs are required when this dange
exists at turbine sites.

Although problems are seen at some hubine sites, they appear to have solutions. Turbines have th.
advantages of low operator attention and maintenance needs.

3.1.6 Steam-electric

Steam-electric generation bums landfill gas in a boiler to produce high-pressure steam, which then drives
a steam turbine to generate eleciricity. A large amount of gas is needed for economic and efficien;
operation; the result is that only a few U.S. sites use this approach, with few additional candidate site:
apparent where a stand-alone plant might be attractive. The economic difficuities of scale are a lesser
problem, however, i landfill gas can be delivered 1o supplement the conventional fuel at a conventiona
steam-eleciric power plant; imitations here can be either piping costs or the on-stream time of the
conventional electric plant.

3.1.7 Purification 10 pipeline guality methane

Very stringent cleanup technology is applied to remove all components except 1he desired methane at a
smafl number (under 10) of the larger U.S. landfills fo produce gas for pipebne use. The principai
objective not required of olher cleanup approaches is nearly complete CO, removal, but the criteria are
also stringent for the removal of olher contaminants. The technology for clearwp to pipeline standards
{with needed gas compression o pipeline pressure) is expensive; most such projects were initiated in the
U.S. at larger landiills, where the economics of scale are attainable, during the early 1980s when gac
prices were high. Projects operating today all have favorable long-lerm contracts.

Several lechnologies are available for the necessary cleanup. Many of these originated as CO, removal
approaches applied first in the natural gas industry, through further adaptations for landfilf gas appear 1o
have been major. Details of these can be found in several sources, including a rather comprehensive
review by Koch, 1986. The largest operator of facilities producing pipeline methane from landfilt gas is Air
Products and Chemicals, Inc. {APCI) and the process in use by APCI is the Gemini® process; provisions
for this process's contaminant removal and destruction are interesting and discussed in Koch, 1986.
Because of recently faliing natural gas prices, and because the largest landfills with best economics of
scale already have energy projects, additions to pipeline qualily gas production from {andfill gas in the
near future may be fimited.

3.2 Potentiat Future Technologles

Landfill gas may be applicable to several technologies under development; these include fuel cells.
compressed gas vehicle fuel, and possibly synluels production. A briel review follows.

3.2.1 Fuelcells

Fuel cells are essentially electrochemical batteries. They can operate on various primary tuels
(feedstocks) such as oil, natural gas, or coal. The potential primary fuels include landfill gas. As an
intermediate step the primary fuel is converled at high temperature to “synthesis gas,” which is a mix of
hydrogen, carbon monoxide and dioxide, and other gases. This synthesis gas is what feeds the fuel ceit.

Further discussion of fuel cell operation on landfill gas is presented in Leeper, 1986. Advantages indude
low emissions and quite high thermal efficiency {near 40 percent). It is a technology that has particular
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promise or economical electric power generation on a smaller scale. The lechnology is considered
sufficientty interesting that the U.S. EPA will be funding further triats (Sandela. 1992)

322 Compressed gas vehicle fuels

Vehicle luefing with compressed methane s of high interest for enwironmental and other reasons, and
technology for such fueling is advanced. R was reported that in 1990 at least 700.000 vehicles operating
woridwide were fueled by natural gas {Rosen, 1990); such fueling is economcally competitive in several
siuations, and expanding. Digester gas has aiso been used a3t siles includkng Modesio and Los Angeles,
Callornia (EMCON, et al, 1981). Using landiil gas would involve some purfcation possbiy o dear
pipeiine quality, then compression of the purified gas for reduced-voksme slorage and use on boand
vehicles equipped with conversion kils. Afhough landiié gas applications have apparently been lfew, an
early study (EMCON, et al, 1981) projecied tavorable economics. The most attraciive use © lor fleet
vehicles, and in particular refuse bucks, which would need © retum frequedily 1o the landiill where the
gas would be available. Gas avadabilty and economics both dictate that the vehicle Seets should be

targe.

323 Synthetic Squid fuels and chemicals

Various technoiogies are avaiable that could corwert landfil gas o iquid fuels.  These include
hydrocarbon production by Fischer-Tropsch, methanol synthesis by vanous routes, including chemical
catalysis at high pressures (Ham et al, 1979), or by partial biological oxickation. Most of these syniuels
approaches have been examined for targe-scale teashbilly using feedsiocks such as gas froen coal
Synthesis gas-based chemical processes (lor example, acetic acid manulachure) are also possbie.
These technoiogies are projected %o produce expensive products, even al the larger scales. The principal
ditficulty with any ol these, particularly fuels, wouid be that landiill gas generation can SUppon a plant size
that is generally only 1 fo 10 percent of the plant size nonmally contempiated for these technologies. The
smak scale required with using landlill gas would appear o imply very high costs
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4. COST AND REVENUE COMPONENTS

This section addresses cost and revenue components and particularly issues such as site specificity anc
cost variability that are considered to be important to energy users. It is not intended to provide exiensiv:
cost detall here, although some examples of costs and cost ranges are provided for illustration
Comment is also presended on issues including electric revenue requirements, inilial cost estimating, anc
economics as barriers to landfifl gas energy applications.

4,1 Components of Cost and income

The cost and reverue faciors to be considered consist of (1) capital costs, (2)operations and
maintenance Costs, (3) royaity payments, (4) tax and other credits, and (5) energy-related revenues.

» Capital costs include costs associated with energy conversion and sometimes other
associated equipment such as that for gas extraction. They normally include the “up
front” cosis of implementing the project and plant, and may include other large lump
sum costs incurred during the project, such as for equipmemt replacement. Somne
examples of capital costs inciude those for intial sie improvements, ehergy
equipiment, buildings, and poliution abatement equipment. They can also include initial
legal costs, commissions, rights to gas, permits, and the bike. They can vary widely as
discussed shoriiy.

+ Operating and maintenance costs include costs associated with operating and
maintaining the capital plant. Hems such as labor, equipment mairdenance, materials,
debl service, and relevant taxes fall in this category. Operating and maintenance costs
can vary substantially and depend on factors including the end use, landfil
characteristics and configuration, gas composition, local rules and reguiations, and
many others.

+ Royalty payments are continuing cosis that are usually proportional {0 energy revenue,
Royalties are negotiated and are occasionally changed as the marketplace, or other
tactors, change. Royallies may be paid to the landiit owner, owner of the gas
extraction or delivery ights, or initial project developer. When they exist (a fair fraction
of projects have none) they are usually in the range of 5 lo 20 percent of gross ehergy
sales.

« Federal 1ax credits are benefits proportional o gas energy defivery that were legislated
by Congress (Section 29 of the IRS code). These credits are & direct dollar-for<doflar
ofiset to federal tax that woulkd otherwise be payabie by the business enlity providing
the gas. The tax credils are allowable for exiraction systems installed before the end
of the year 1992 and will extend through the year 2002. They have had a signiicant
effect on improving economics and viability ol projects that might otherwise not have
been implemented.

« Revenues for eneigy sales are mos! frequently based on prices of competing fuel or
energy. They can be based on costs of the equivalent in heating value of a fuel grade
petroleum product, on electricity sales (where cost is fixed by provisions of PURPA), or
on other energy commodities. Energy market price fluctuations can materially and
often adversely affect economics. Long-term contracts can ofien be execuled, that fix
prices per unit of output and provide a substantial degree of securily to developers.

PJG G640101A.AOW 14

mi;{*’*fi

§



Possibly the most important aspect of costs, revenues and other benefits s ther specificily 1o sile and
shualion; the sile-o-sile variation, even with the same application and scale. is tar greates than & usual
with other energy technologies. The reasons inchude

+ Component capital cosi variations: Key components such as gas cleanup. uliity
provisions {e.g., on-sile waler supply), and wtilty inlerconnects can vary in cost by af
least an order of magnitude. Other captal costs, such as those lor gas and power sale
contract rights and pipefining, can be zero for many projects bul may add subsiantial
percentages {up o 25 percent or more of the cosis) % others. Enemgy equpment
costs can vary depencing on details and whether the equipment is new or used Foed
costs, which are proportional 10 capllal costs, vary comespondngly.

« Operating cost variations: As an example, landfill-gas-specc mainienance cosis
refating 10 gas contaminanis can vary by up ¥ an order of magnitude. Other costs
such as royalties (where they exist) and operator cost can vary several foid.

+ Benefits accruing per undl of energy delivered can vary (by about a tactor of five 1or the
example ol electric power), and also depend on whether the energy is sold 10 the ity
transmission sysiem or avoids utily retal cosl. Nonenergy credits allocated bor
benefits such as for gas sysiem maintenance and adiusiment, and emission control
vary wickely.

Development of detailed economics regarding application, scale, and the host of siie-speciiic taciors that
can exist ks, as noted, beyond the scope of this report.  (Also & should be noled thal costs may be
expressed in several difierent ways in Merature sources, with Many data appearing cortradiciory).
Fusther discussion of various categories of costs—capital and capllal-retated, operasing costs, and
revelwe and benefi components—is presented in appendix F.  Exampies of cost data. presenied next,
dlusirate some typical costs and their levels of vanation. .

42 CostData: Examples

421 Hypothetical generating faciity example: Cost component ranges

Table 3 presents example ranges for cost and benefil components that migit be expetienced kx the
hypothetical case of a 1 MW electrical generating faciilly. (As stated earfier aboul 65 percent of tanill
gas energy facillies invoive electrical generation). Nole thal caplal costs are installed, thal is,
engineefing, design. permiting, and other costs are faciored into the costs: ranges gven are “best
eslimates™ generated by the authors for this report.  The ranges suggest the potential for cost vanabiity,
even where (as in this example) the application (electrical genevralion) and scale (1,000 kW) are fxed.
Note that eleclric sale price and other benefits per unl output may vary over ah even grealer ralio than
cost factors.  Economic factors may #mpede the energy use of much of the landifl gas thal is generated,
as discussed in more detail below.

422 Reported electric tachity capital costs: GAA Yearbook

Some reponed data oh capial costs kor electrical generation, are also Bustrative.  in the Govermnment
Advisory Associales’ 1985-1989 Methane Recovery fom Landil Yearbook. 38 elecirical generaling
tacilities report information {capital cost and nominal electrical generaling capacily) wom which costs per
kilowatt of capacity may be calcutated. The Rgures ars for both current and projected taciities. including
intermal-combustion-engine-based facillies, gas wbine lacilties, bodewsteam urbine elackic facililies,
and in some cases facililies using unspecihed generating methods, The capital 0ost per kilowall for each
of these indwidual facilties, coded by tacilly type. is plofied against ptant capacity in figure 1. All costs
have been adiusied 10 1991 dollars. The data probably have smprecisions for several reasons (addltional
plart costs experienced K¢ postconstruction modifications may be omitted. experienced oulpul may not
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3
} ; TABLE 3. COST AND REVENUE RANGE FOR 1 MW ELECTRICAL ENERGY PROJECT
|
oo L]
{I ; Range of Capital Cost
i Caphat Cost Ranges {Basis: 1 MW capacity) (thotsands)
-
Lo
Pl Adsministration, Development and ather! 30 - 1.000
li Extraction system 200 - 1,000 -
;; Pre-treatment syslem 10 - 500
i ' Energy coaversion equipment 500 - 2,000
| Typical Range? 850 - 4,500 =
g
i
il Typical Operating Cost Components $HwWh -
‘F Operations and Maintenance 0.01 - 0.03
| ‘ Debt Service (interest and amorization)? 0 - 0.04 B
E _ ' ‘ Retumn on Investment (ROI)? 0.o1 - 0.04 i
fé: ‘ Other {royalties, efc.) 0 - 0.02
o ! Typical Range? 003 - 0.09 =
i L
FEA
! Typical Revenue Components
Yo Tax Credits (where applicable) 0 - 0.011 -
Other benefits (see text) 0 . 0.01
5 Electric Power Sales 002 - 0.104
Pt )
]'g Typicat Range2 003 - 011
oo
Iy i
“ Notes: o
G 1. Costs could include payment for the rights 1o the gas, or for the power sales contract, or to obtain an
S equity position in the project: see section 4.1 for more detal.
2. Al exiremes are uniikely simultaneously within the same project, so typical ranges are less than -
possible span thkough adding components. i
3. ROI may substitute for debt sefvice - one will increase as the other decreases.
4. May include capacity payments as well as payments for kWh delvered. -
-
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equal nominal, and so forth). However, the figure llustrates the variability (and, e lack of obtwious
patten) of landfill gas electrical generating faciily capital costs, even allowing for the databases’
imperiections. The cost data and their scatter are undoubledly explainable on the basis of sie features
and variables discussed above but detailed analysis is necessarily outside the scope of ttas repoit

4.3 Other Economic Issues

In addition %0 cost ranges, of interest 10 many energy users will be the range ol requied revenues, the
uncerianties of iniial cost estimating, and consiraints of economics on energy uses Each ol these
issves are discussed as follows.

431 Revenue reguirement for electric power generation

The average power reverwe required 1o justify an electric generation facillly at a scale of 1,000 kw
{1 MW) or greater is regarded as being most typically about 5 10 8 or more cents per kWY, Caveats are
that the equipment musl operate with an acceptably low down time and few problems due 10 faciors such
a5 energy equipment breakdowns or gas supply pioblems.  There are cbviously also slles where costs
combined with retum crileria can resull in sale prices both above and below this range.

432 Inkial cost estimating

Accurate inilial cost projections are difficull 10 develop, and initial cost underestimates—ieading 10 unwise
projects—are frequently made (this problem is exacerbated when additional costs, such as for improved
gas deanup, or equipment modifications, are found 10 be necessary as the project proceeds). Those
interested in deveioping economics for applications may wish 10 develop their intial data working with
others experienced with landiill gas energy applications. The intricacies of cosiing and implementing an
energy application are such that many—possibly most—of the smaller landill ownerfoperalors tend 0
form pastnerships and participate with entities already expenenced in landfill gas energy appications_. who
can provide help in siages throughoul a project: examining use oplions, projeciing ecoOMOICS, and
continuing through selecting and implementing the {presumably) best oplion.

433 Economic impediments 1o energy applications

Landfll gas energy projects, nchdigmdmoselobedesai:edhmnﬁsmtmmwl
economically. However, as can be inlerred from table 3 and Sgure 1, low energy sale prices can
combine with high capital and operating costs al many sles. individual landifits with substantial methane
peneration oken cannol find economic energy applications for the gas, and their enengy polental &
wasied. Wek-developed options for energy applications for smafler landiills and generation rales are also
kacking. Precise figrares are not available but based on GAA {1588}, a very small percentage (well under
10 percent) of landiills with outputs less than 200 cfm output (that could support S00 kW) appear 1o have
energy Systems. Those means suggesied tor barrier reduction and tacilitation of energy uses under less
than favorable circurstances are referred 10 in Section 6.

3 Authors” estmates. aiso dsorssed with Chrising Nolin, Cogeneration and independent Power Procucers Coaliton. Wathwyton.
bc
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ABSTRACT

Landfill methane models are widely usad to project lendiill methane {gas) generstion
and recovery, a3 well as lendfill emissions to the stmosphers. Whils seversi models
are used in the lendfll gas industry and slsawhare, their “validation™ is stil. et best.
Rmited. Validation ls, simply. adjusting model parametsss 30 that models best project
mathans recovery flald date, or eizs, demonstreting that models project methans
recovery actuelly experienced. Limited deta have been used to develop most models.
In addition, models heve gensrally validated methans recovery agasinst projections
over relatively short imtervals or at only single “points in time” wheress comparisons
over longer terms would be desirsble. Thus, confidence limits to be assigned to
model projections sre in large part uniknown. in addition, fallures of models have
been (if anecdotally) reported. In some cases, snargy squipment has been installed
and left idle mportadly becauss landfill gas has been jess than expected.

s Egin of this sitvation, this project’s purpose has besn to verity and velidats models
basad on data from a grester number of landfills in the past, using gas recovery data
ovar longer terrns (seversl yesrs whan possible). Anothar objective is 10 uss these
data 10 develop a better satimate of key parameters, yield and kinetic costficients.
snd sssociatad confidencs Emits which may be assigned 1o modsl projsctions.

This project has ssssssed trisl model forms ageinst dats from landfills meeting
several critaria: gas extraction s maximized, weste placement tonnage s well
known, and other site information characterized to the sxtent possible. To date,
dates have been obteined from 17 landfills which have met such criteriz. The models
tssted are & Terg-order, 8 simple first-order model, end two modifications of a first-
order model. Peramaters of ol modals wers adjusted for "best fit* to fisld data
thiough two statisticel methods

Prefiminary resuits show that the four models sre similar in predictive ablity. Based
on svailsble fleld data, some modals may be betler than othars by » small margin,
and s tight range for the model parameters (s.9.. vield snd kinstic coefficlents) can
be defined. Yieid correlations (R" values) ars acceptable, genarally at least 0.85.
Ditfering modsel outputs for U.S. East snd West coast landfills give bettar correlations
snd lower variance of field results versus projections. Model refinements to reflect
corrsistions with site conditions sre being tested 10 furthar imprave confidence imits
and to ascartain modal differences. Avenues to further refine the models will be

discussed.
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266 D. Augenstein &1 al. / Resources, Conservation and Recycling 16 (1996) 265-279

1200 tons /day of MSW. About !.] million cubic feet a day of gas (55% methane) are
recovered for energy uses [2]. The gas fuels 2300 kifowatts of electric power generation,
and provides space heating and hot water for a nearby county building complex. These
represent typical energy uses, which in the US include electricity generation, boilers,
space and industrial heat. Landfill gas uses in the UK and other OECD countries are
similar. Energy use of landfill gas is perceived as highty desirable environmentally [2],

Landfil) gas energy uses prove satisfactory now at a number of locations in the
United States and other OECD countries, even though *conventional® landfilling practice
is generally much less than optimal for gas generation and gas energy recovery. Most
‘conventional” landfills to date simply place waste in accordance with regulations. There
is generally little attempt to manage biological reaction conditions '. It is possible,
however, 1o optimize landfills for considerably increased epergy recovery. Improving
conditions for biological reactions within the anaerobic landfill environment may greatly
accelerate generation of methane and increase s yield. Improved designs may allow
capture of much higher fractions of the gas that is generated. These will be discussed
further below.

Composting of residues is practiced in numerous locations around the world. It can
be defined as controlled conversion of an organic waste substrate to simple metabolic
end products, and a remaining residue of recalcitrant organics and microbial cells
{compost), which can be used as a soil conditioner.

Composting’s relatively low costs, as well as ability 1o reat mixes of both sewage
sludge and MSW, suit it for waste management in developing nations. Aerobic
composlting, in which organics are oxidized to CO, and water, is the most common
approach to date. However, composting may, alternatively, be anaerobic. One advantage
of anaerobic, as opposed to acrobic, composting is that a methane-containing fuel gas is
produced. The foel gas can be of particular value to the developing nations, which tend
to be energy short [6). Anacrobic composting of municipal wastes to fiel gas as well as
compost is under development using a variety of approaches {7-10). Pertinent here is the
fact that anaerobic reactors may include variants of waste landfills {see (4] for discussion
of US EPA and International Energy Agency (IEA) working groups and publications on
bioreactor landfills). In alternate terms landfilling may be adapted to accomplish
composting objectives as well, to address limitations of conventional landfills noted
above.

One organization with continuing interest in composting is the Urban Environmental
Company of Hanoi, Vietnam (URENCQ). Based upon URENCO’s interests, review has
been carried out of both aerobic and anaerobic approaches that might be applied in
Vietnam. The technology for a possible anacrobic approach would be provided in part
by technical experts in the USA. A cooperative technology transfer program between
Northeastern University and the Technical University, Hanoi would be integral 1o an

' Leachate recycle, as discussed in Pobland {3] or Reinhant and Carsom [4), helps improve biological
conditions. However, its benefits may be only modest in most cases without other measures. Quantities of
Jeachate may be very much Jimiting in newer doep landfill designs with less permeable covers {5).
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experiments, in a pilol composting plant that the project would assist in establishing at
Cau Dien Processing Enterprise (Tu Liem District). More detajls 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 delailed review was also performed of the existing waste collection, transportation,
disposal and management. These appear far from satisfactory despite great effort of
URENCO. Also reviewed was the status of international composting experience and
technology to determine the optimum technology for the Cau Dien Pilot Composting
Plant. The review settled on an acrated static pile bin system as being the most
appropriate option for the Cau Dien pilot operation. Forced air compesting presented the
most effective present option for the Hanoi sitnation and viable to process up to 50% of
Hanoi’s solid waste. It is assumed that this will continue to be the case for 10-15 years,
as changes to the waste stream are likely to be gradual.

The Cau Dien Pilot Composting Plant, constructed at what is called the Cau Dien
Processing Enterpsise is capable of processing 30000 m® of solid waste by forced air
composting to produce 7500 tons of composted fertilizer annually. It has the potential to
produce high guality compost, in a manner acceptable from standpoints of occupational
safety and public heaith. The Plant and support laboratory became fully operational in
July 1993, delivering compost products to customers. Four laboratory technicians were
trained in quality control. An intensive waining programme was prepared and is
conducted by national institotes. A report *“Pilot Composting Plant Operation Report’”
was provided {11]). This report covered the objectives and principles of operation of the
plant, together with a detailed description of plant management and operation aspects as
well as the site Jaboratory operation and sets out maintenance requirements for the
various plant items. The report also summarized the key plaat and process operations.

All the necessary guidelines and instructions for Cau Dien Pilot Composting Flant

operation and mainfenance have been given 1o staff and workers. Review examinations
for all the siaff will be arranged afier 612 months to determine the level of knowledge
and skill of the staff. A report on the Strategy and Investment Programme for solid
wasle management and disposal for Hanoi elaborates on the use of compost for
agricultural purposes. This report will present the results of the detailed study of Hanoi
waste management and develop the Strategy and Investment Programme for solid waste
management and disposal for Hanoi as the key element of the Hanoi City Development
Pian. A large number of personnel have been trained; eight persons will be trained
abroad specializing in micro-organism production, composting process and solid waste
management. In-country training for 44 technicians and operators (including four
laboratory siaff) has been provided. Certificate and follow-up training programme was
also given. Three study towrs of 15 officers were taken 1o countries handling composting
activities and operating composting plants. An international seminar was held on 25
March 1993, aimed to introduce the project results and dissemination of composting
technology to other urban centers. A technology dissemination programme was prepared
with the assistance of international and national consultants. The trainees under the
project contributed their expertise gained to this programme.
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2. Preliminary evalustion of anserobic composting

Anacrobic composting is another ahemnative for Hanoi's wastes One important
jastification for its consideration is Vietnam's encigy situation, similar to that i most
developing countries {6] Energy and electrical power supplies are limited, of relatively
high cost, and fucl purchases on international markets pose economic burdens. Anaero-
of the wasie energy value in the form of & fue] gas.

As poted above, a variety of reactor types and approaches may be comsidered for
composting {7-10}. The approach examined bere is composting withia a ‘bioreacior’
landfill adapeation. Specifically, a landfill may be managed in conformance w0 modern
environmental standards 10 accelerale waste decomposition 10 & methane and carbon
dioxide fuel gas, as well as to provide compost. A pencralized equation describing the
orgamics’ conversion to foel gas is

CHO,+[n—a/4~b/2]H,0 —+ [n/2-a/8 +b/4)00,
fecdmock o B

+[n/2 +a/8 - bra)CH,

methane
For cellulose, the dommant component of many wastes the reaction isc
{C¢H ;,0,), +nH, O -+ 3aCH,+ 3a00,
s - N

L

Equations are simplified for purposes of illustration {intermediasie compounds, scro-
bial biomass production and remnant compost, typically abowt half of feedstock, are not
shown). What is important is that most energy of the decomposed organics is realized as
a fuel gas consisting of methane and carbon dioxide. Gas composition is typically
50—60% methane. Much more information on gas composition and energy valuoe may be
found in numerous references elbsewhere, mchuding (2)

Before presenting further detail, it is approprisic 10 pote numercus fenms commonty
applied o anaerobic processing, along lines under discussion. By regulatory defmitions.,
the processing is "composting’, defned as biological decomposition of waste ander
cootrolled conditions (for example, this regulatory definition has beem applied =
California, USA), when ender apacrobic coaditions it s bemg called “maaerobec
composting” [7-10] The process is also “maerobic digestion” o “high-solids digestion’
[12] Beginning 20 years ago, m-landfill composting with surface membrane coversge
for maximum gas capture has ofien been referred w as “controlied landfiling™ {12}
Another common term is “leachate recycle’ [3] which refers to the renarn of leachate
generated by the landfill 0 the landfill. The approach has also been wrmed "landhll
methane enhancement” {refesring 1o the increased methane generation) and mast recently
as “bioreactor landfill” technology which refers to the improved biological reaction
conditions within the landfill [4] The wrms “controlled landfilling” and *anacrobic
compoesting’ are used where possible below.

Controtled landfilling purpotes may be summanized as: (1) sccelerating gas (methane)
pencration to maximum potential; (2) maximering recovery of gas and encrgy. and

WS



270 D. Augenstein et al. / Resources, Conservation and Recycling 16 (1996) 285-279

concurrently (3) accomplishing earlier waste stabilization to compost. An advantage of
the landfill is that it can comprise a low-cost (or hikely Jeast-cost) reactor, for which
much technology and experience are developed. Low cost is a key for applications in
developing countries. Essentially all methane, generated to maximum potential, may be
efficiently recovered by demonstrated surface membrane technology (discussed in more
detail later). As discussed above, beneficial gas energy use is well established technol-
ogy. Relative to more ‘conventional’ landfilling there is also major environmental
benefit from maximizing gas capture. This includes minimizing landfil! methane emis-
sions that otherwise have significant adverse effects in terms of climate change and
stratospheric ozone depletion {13,14] Controlled landfillings’ potential to ameliorate
methane emissions that contribute significantly to climate change has also been recog-
nizcd by its recent inclusion in the US Presidential Climate Change Action Plan (Action
Item 37).

Bioreactor landfills are, also, subjects of ongoing effort in the US and other OECD
countries {including the UK, Norway and Sweden}. Objectives of that bioreactor landfill
work are principally acceleration of waste stabilization and methane generation, and
waste volume reduction [15).

Compost quality depends on preprocessing and removal or exclusion of undesirable
waste components from organic fractions. However, processing constraints are similar
whether composting is acrobic or anaerobic, and also regardiess of what type of reactor
— whether a landfill variant, or other type — is employed .

The following discusses the basic processing operations of controlled landfilling.
Preliminary projections are then presented for an operation that might be conducted with
wastes of Hanoi.

A process schematic that would apply to a full-scale controlled landfilling operation
is shown in Fig. 1. Wastes arrive at the landfill {or anacrobic composting facility). Steps
through controlled landfilling may then include; (1) removal of morganics and inenis,
i, rocks, metal, wood, elc.; (2) other pre-processing (such as breaking open plastic
bags — if present) and any necessary size reduction; {3) addition of aqucous components
and nutrients; and (4) controlled landfilting (discussed in detail below).

2.1. Anaerobic composting (controlled landfilling)

The controlled landfill is managed essentially as a high solids anacrobic composting
reacior, to accelerate waste organic conversion to methane. This use of the landfill may
involve in sequence:

1. Setup so waste is placed and contained lo allow gas capture before any significant
fraction of gas is generated.

2. Adding aqueous components with any desired nutrieats, buffer and bacieria — or for
example sewage sludge — and conlacting with the waste. Methods could include

? Dospite frequent assumptions {including in various wasic management regulations) that landfilling and

composting arc separate, even muually exchisive, pr there appear no d 1al reasons why
landfills cannot be adapied lo serve composting funttions.

e
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Fig. 1. Schematic of sccricraied macrobic composting process.”

prewetting before placement; alicrnatively, liquid components could be distrabosed
over the waste afier placement vsing a distribution pipe or other methods [16)
3. Complcting the gas-tighi containment.
4. Collection of methane unti] its peneration, and waste stabilization, are complete.
5. At longer time once wasike is stabilized (composted), nse of resulting compost.
Note that this psper does not detail gas epergy mses. Technologies for tandhild
gas/biogas energy uses that would be useful in Viemam are readily available and
reasonably straightforwand [2,17) For example, cither direct fuel gas use for beat, or gas
use for electric power generation [18) can be aftractive. Energy oses may be frther
explored as the controlled landfill is established, and readily implemented ance the
available gas output is established.
Further design and processing details are covered next.

2.2. Desails of design and operational aspects for controlled landfilling

Controlled landfilling will follow conventional landfil! practace w0 the exiemt possible.

However, it will also entail adsptations inchuling:
- Amendments such as some mix of digesicd and primary wasiewater slodges and
perhaps water may be added W wasie during fillimg. Finely divided himessone for
buffer may also be inchaded. Waste Jiquid coment should spproach “field sanaration”.
that is. maximum atainable contend thal incurs atither hydrostatic bead nor bouad
dramage fiom the waste. This Jevel is cxpecied (o be between 35% and 45% mossture
by weight.

- Temporary daily soil coverage is elimmated or modified based oo liquid permeaton
consxerations.

- Omce waswe reaches plan depth over a given area, membwane will be placed over the
surface layers as soon as possible for gas capture.
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+ Gas offtake occurs via either permeable layers, or lateral or vertical gas extraction
lines (conduits) in the waste.

With respect to timing it is expected that significant gas generation is obtained 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 landfil] operational aspects, for example base lining, leachate collection, and
waste placement procedures are expected to be identical or very similar to current
practice. )

A number of other operational, performance and cost factors meri discussion

2.3. Methane recovery potential

Methane recovery with controtled landfilling in Vietnam is estimated at 1.5 cubic feet
per pound (93 1/kg) of processed organic waste, afier separation out of inorganics and
inerts, Although solid wastes worldwide, and specifically Vietnamese solid waste, differ
significantly from US solid waste, this yield and recovery should be attainable. {For US
waste methane yield data see, for example, [12,19.201) Lower paper content worldwide
and n Vietnam is likely to be offset by higher levels of other decomposables,
particularly food and plant wastes. Membrane containment technology proposed here for
capture of essentially all generated gas is commercially demonsirated in United States
practice (see for example {21-23]). At 500 tons per day, the methane 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 electric power, or even more, depending on
efficiency of electrical generating approach. This amount of electric power would be
very significant for Hanoi.

2.4. Methane generation: Kinetics

Laboratory experiments (for example, see [12,19]) have shown conversions in | 10 2
years, to g yields exceeding those assumed above. Rapid methane generation has been
shown with solid organic residues other than municipal waste as exemplified in Wise et
al. [24] Field trials im Mountain View, CA (the most complete to date in the US) suggest
decomposition times of approx. 10 years {vs. 25-60 for normal landfilis) [16]. Such
field results are expecied to be bettered in further efforts. A first-order Scholl Canyon
generation profile (see [20]) with a conservatively Jong time constant of 10 years, will be
assumed for economic analysis purposes. In actuality, decomposition may be consider-
ably accelerated compared to this assumption by such factors as the heat of methanogen-
esis [12,24). A lag time of T year is also assumed fram the time construction oSS are
incired 1o the start of gas generation (by the Scholl Canyon model).

2.5 Fuel valuation

It can be assumed that the mixed CH,/CO, product gas will displace alternate fuels,
and perform in satisfactory fashion in commercial equipment such as gensets. This

W8
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basis of savings in alernate fuel, the mixed CH,/CO, fuel valoe is consesvatively
assumed 0 be $32.00/mmBm, equivalent 10 about $12/barel oil.

2.6. Design and cosis

ltismmdﬂllacmndkdhuﬂil”uﬂlwiwﬂleuﬁlmofhdnd
synthetic membrane-covered bandfill design, as mandaied for all pew tandfills i the US
and alteady in use im US controlled landfill demonstrations. An srangement of landhil}
fayers 15 shown in Fig. 2. Total cost per unil area of such a landfill, if constructed 1o US
specifications with US costs *, would be in the neighborbood of $300000-500000,/acre
{rounded), detailed in Table 1.

' ot Envi I Mansgemeni (199%), dhesc costs are adapied from cxpericace wilh dengs and
construction of new Lmdlifl seciors e Califoran.
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Table 1
Component costs of controlled landfili*® (per acre from US cxpericace, approximate; see Fig. 2)
Costs per acre
Base layers
Compacted clay liner (2 feet clay from $10000- 40000
nearby source)
60 mil high density polyethylenc (HDPE) $26 00033000
base membranc
Drainage layer: gravel and sand 53000040000
Leachate coliection and removal system $4000-10000
Geotextile / geonet $13000-20000
Leachase recirculation pumps, $10000-30000
piping contred
Subtotal base layers: $93000- 170000
Surface layers:
Geoextile, porous layers, geoiextile $15000-30000
Gas recovery line phlus blower 3500010000
Clay liner layer, 2 foet $ 1000040000
Geomembrane, very low density polycthylene $25000
(VLDPE) 40 mil
Geolextile /geouet composite 330000400000
Gravel, 12 inches $30000—40000
Geotextile filler of & inches of gravel $13000-20000
Excavation and backfill of onsite soil $15000-20000
Subtotal for surface layers 3143000225000
Onher associated costs:
Engincering and design (8%) $20000~30000
Quality assurance /quality control for ’ $20000- 30000
construction of base and surface layers
Contingencics at 10% $25 00040000
Total other costs: $65000- 100000
Total cost per acre $£301000-495000

* Does not include cost of waste handling,
* Costs are as-instabied. Staied value for imdividual items would vary depending on how installation cosis are
factored in, and how other sctounting is dooc. However, total US costs should be within bounds shown,

Above costs would be experienced for design now deemed necessary from a
regulatory standpoint in the US. Such cost might amount to 5-9 dollars /US ton of
waste placed at about 60000 tons waste facre (see below). However, savings are also
possible for situations of developing nations while still maintaining environmental
protection. Examples of savings potentials include: (a) waste placement over pre-exisi-
ing low permeability clay/soils should prevent groundwater contamination problems
while avoiding much bottom lining cost; (b} other design modifications such as thinner
layers are possible and receiving regulatory consideration in the US as technology
evolves; (e) locally available materials and labor use 1o the maximvm extent in Vietnam
and other developing countries should also resull in considerable savings; and (d) design

\20
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might be to standards and costs giving enviroamental impacts comparable 10 of less than
those of acrobic surface composting now in Limited use near Hanos (sec above).

In fact most solid waste, US and worldwide, has been landfilied to Jess strmgent
rquirements until very recently, at costs well under those cited above. More detaibed
engineesing, and other analysis, will be necessary befare economies posuble for a
Vietnamese or ather developing nation operation are determined. Until that anafysis is
done it is prodent 10 recognize that costs associated with environmental protection may
be substantial Hence, higher costs based on US experience will be used for reference in
this paper. It is W0 be emphasized that, whatever the other design choices and esviron-
mental standards, the controlled tandfill operation will be conduceed to minimize solad
with solid waste because of climate change {13,14]

Fos cost analysis purposes it is important % recogaize that most of modern landfillng
cxpenses will be incurred as part of basic environmental protection, ic., hopefully,
standards similar to US and OECD countries” will be applied worldwide. Most laadfill-
ing costs are independent of whether methane recovery or methane enhancement is
practiced. For exampie: (2) leachate, the liquid that percolates from waste, will form in
any cvent a5 ambient ramfall infiltrates down through waste. 1t must be addressed by aa
adequate leachate handling /recovery system which is needed m any case 10 provent
groundwater contamination; {b) waste surface coverage will be required in any event, o
standards that prevent exposure with settlement over time, as well as bird, rodent
problems, eic. This cover must not erode; and (c) all normal operation and mainenance
work will be mcurred in any case.

With normal design and environmental protection standards the capital and operating
cost bases for controlled landfilling are only those incremental costs incasred whes
controlled landfilling with methane enhaorement and complete recovery is practced,
compared 0 when it is not practiced. These are estimaed o $75000 w0 5100000
{rounded), based on 1 acre of landfil} ‘footprint’ as discussed below and shown i Tabie
2

Table 2
Estimatrd incressental pet-acy costs with comteolicd landfilling

Leachas: reciscwiation (Cost iscyement oaly) 310000
Geotrasile /poroes lvyer / geoses tile £15000- 30000
Sworface menrbenne 25000

Gas y ey and bh $5000- (00
Credit swriace cover saved with membrane (310000)
Sebotal addod consunection costs 34500063000
Eagmecrmg, QA /QC ot 15% $3100-11 700
Subtotal added ¢ won 353 300- %00
Added operabmg cost a $200 /day $23600 /e
Towl $76 M0 100 300

v
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2.7. Additional assumptions and cost considerarions

A number of other design details have been established (D.C. Augenstein (1994-95)
Institute for Environmental Management, Palo Alto, CA). Among the further assump-
tions have been:

1. Waste is filled to a depth of 60 feet, to density of 45 1b, /ft.* (excluding any cover
material). Thus, each acre filled will contain 60000 tons of waste and will yield
1.8 X 10® 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 $200 /day. This inclodes costs such as adding
water /Hiquids to wasle, extra labor, and the like. _

3. Costs associated with controlled landfilling, both construction and incremental oper-
ating, will be incurred continuously at constant rate. This assumption introduces some
error, which is modest, in economic calculations. In actuality, landfill construction
will be in modules of 5-20 acres with construction costs intermittently peaking at
about 25 year intervals.

A simplified economic analysis is possible using as the basis 1 acre of landfill with
its associated incremental costs and incremental gas yield. Assumptions are: (1) the
setup cost per acre are $75000— 100000 (see above); and (2) gas generation begins one
year after costs are incurred, and is according o Scholl Canyon model kinetics [20] with

a time constant of 10 years.
2.8. Calculation of discount rate or rate of return on a full-scale system

On the basis of any | acre’s cost and subsequent revenue over time, a retum on
invesiment, or, alternatively, discount rate (= d}, can be calculated for any time period ¢
starting after costs are incurred and ending at time 7, such that:

Sum from gas generation starling time f,, to £ =T of Jy (e™9") equals present worth
(1 acre’s cost). (Where Iy cquals gas energy revenue per acre in year y.)

The simplifying assumption is that incremental costs are incumed “instantly’ 1 year
before gas recovery begins, which is an approximation.

For 1 acre, production and revenue beginning 1 year after waste placement, and a
time constant of 10 years Iy = $39600 (¢~ '),

Given that the present worth of any future revenue Jy in yearis Jy e”

T = 25 years
1o = 1year

dr .
s 50

J 396004917 - $75000 10 $100000

For the assumed endpoint of 25 years it can be shown that the discount rate d,
equivaient 1o return in this rather simplified analysis ranges from 22% to 33%. Note that
this return holds whalever the number of acres.

Ancther way 10 estimate gas cost is to simply assign all conlinuing costs to all
captured gas. As one simplification at long times after starup (over a decade) the
captured gas cost might be considered to approach the annual incremental controlled
landfilling cost of $225000 to $300000 divided by the annual gas yield of 540000
mmBtu or 42 to 56 cents per million B,

_4E
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2.9. Commentary on preliminary cost analysis

It is o be poked that numerous variations are possible 10 analyses presented above.
Mare favarable kinetics (shorier time constant and more rapid gas geperstion} are likely
o be attainable and would yield higher returns. Also, the partcular analysis above
assumed that all incremental costs of controfled landfillimg are assigned w0 all gas
recovered. Implicit in this is the sssomption that fuel gas is the only benefit In face,
other benefits may accrue, among which are:

- Vohmne reduction of waste, which may allow significant exension of the kife of the
landfill.

+ Savings in long-lerm cosis, a5 gas peneralion is compicicd sooner and also x5 the
waste stabilization and subsidence is completed sooner.

+ From the standpoint of longer term and global environmental concerns, an extremely
large ‘greenbouse benefit’. This occurs as stmospheric methane emissaon that woukd
otherwise occur is prevented [13,14)

- The poiential re-use of stabilized /composted waste, and re-use of landfi) space.

» Savings in hiquids /shudges treatment or disposal costs,

Quantification of these benefits will not be attempied here, but their valee compares
with that of the encrgy itsel.

The forcgoimg analysis compared coatrofled [andfilling only 10 the situation of
landfilling without gas recovery at all Compartson could also be i ‘conventomal’
landfiiling where gas recovery by vertical wells is practiced. A full comparison betwees
controlled sad conveantional landfilling would be complex and will not be atempeed o
this point. Qualitative comments can, however, be offered:

Coaventional landfilling has major drawbacks in thal gas generation is quitc siow and
that only in the order of 50% of the geacrated gas is recovered Low gas recovery s
part due to the low gas caprure efficiency of conventional wells of 40-90% [20] sad sl
m part because economics and practicality of coflection of the low-rae i’ of gas
gencration are cxtremely poor, a5 pencraied beyond, say, 30 years. Alogether, becamse
of lower capture efficiency and incompless waste decompositon, # is bkely tha
conventional landfiiling would M best yield less than half the gas that controBed
landfilling would, and have substantially grester adverse “groenbouse” cnviroumestal
impact. Also 0 be considered in any comparison is that higher gas recovery with
conbrolied landfilling may be associated with betier economics of scale for downsweam
encrgy uses. The scale advantape should be substantial i some cascs, alhough mo
quantification will be atiempted here.

Preliminary estimates above show congolled landhilng 10 be financially atractive. Is
fact. expected favorable economics, among other forces, have prompeed continming
worldwide interest in broreactor landfills and conuolted landhilhng [15] Effort was made
above to use pasameter values that are up-to-date and conservanive. Cost factors may
differ and uncertainties exist for vanous reasons. such as variabions betwees US and
clsewhere in the world, or that not all gas, so collecied, finds continuous vse. Stlfl, there
is a safety margin: a reduction in return by half, or 3 doubling of the gas cost stated
above, sull Jeaves an attractve simation, In addibon the anciliary son-cnergy benefits,
not quantified above, likely compare 10 or even exceed the encrgy in value.

>
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2.10. Suggested steps for controlled landfill project in Vietnam

The following is a brief listing of further steps that would be needed as pan of
implementation of this process in Vietnam.
+ Survey to update actual wasie generation and disposal patiems now existing; better
quantity waste.
- Detailed waste component characierization.
+ Better quanbfy current sewage disposal practice and quantities.
- Site identification and characterization for controlled landfill.
+ Preliminary planning and identification of needs for waste transfer 1o controlled
landfill site.
+ Preliminary planning and identification of needs for sewage provision to controlled
landfill site.
+ Preliminary design of controlled landfill.
- Detailed projections of cost, staffing and operation of controlled landfifl.
These could culminate in construction and operation of a controlled landfill in Hanoi,
To implement a controlled landfill, operator training and familiarization with anaerobic
processing is also needed (as is the case with acrobic composting above). Thus, it is also
anticipated that a training program would be developed jointly involving Northeastern
University, Boston, USA, and the Technical University of Hanoi.
Based on the preliminary analysis above, controlled landfilling merits further investi-
gation as an alternative lo aerobic composting for Hanoi, and, for that matter, where fuel
gas product and other benefits are desired elsewhere.

-
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1. INTRODUCTION

1.1 PREFACE
1.1.1 Disclaimer

The naming of specific manufacturers 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
comparable, competing item may be available and equally suitable. No specific endorsement
of items or equipment is made or implied.

1.1.2 Purpose of Manual

This Manual of Practice (manuaf) is intended to be a source of information, practices and
procedures for the operation of landfill gas (LFG) collection and control 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 knowi:-dge about
operating and maintaining LFG control systems. .

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

R

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 industry 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
contro! and recovery.

1-1
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A brief summary of LFG health and safety issues is available in Chapter 19, Safety. For more
detailed information on LFG health and safety issues refer wo the Health and Safety Section of
the SWANA “Landfill Gas Field and Laboratory Practices and Procedures™ Manual.

1.4 PRrROJECT TEAM

The development of this manual was a collaboration of 2 project tearm which included Mr. Jim
Wheeler of James H. Wheeler Environmental Management (t) as principal author, Mr. Alan
Janechek of Gas Control Engineering (GCE) as project manager and contributing author,
Mecssers. Fredrick C. Rice of F.C. Rice and Co. Inc. and Mr. John Pacey of FHC as principal
reviewers, and Mr. Richard Prosser of GCE as a principal reviewer. Additional staff who
were instnunental in preparing this manual were Ms. Cheryl Wood (GCE) for word
processing and layout, Ms. Denise Manchego (GCE) for Computer Aided Drafting, Ms.
Monica Zuberbuehler (GCE) for graphic arts and layout, Mr. Kirk Hein (GCE) and the
National Renewable Energy Laboratory (NREL) for technical editing/review.

1.5 MANUAL HELPS - INFORMATION IDENTIFYING ICONS

Throughout this manual key information is identified by icon symboils to 2id the reader in
identifying certain classes of information and key points. The identification is as follows:

Engineering Calculations

Tables and Charts.

Point of Controversy or
Controversial Topic

Key Point of information

13

13



2. LFG FUNDAMENTALS

2.1 - REVIEW OF SCIENTIFIC FUNDAMENTALS FOR LFG
SYSTEM OPERATION

There are a number of areas of science, engineering and management that apply 10 the multi-
disciplinary understanding that is necessary for LFG practice. These areas may include:

.Biology

Chemistry

Physics

Mechanical engineering

Fluid mechanics

Process operations and production management

Maintenance management

Civil engineering

Geology and hydrogeology

Comprehensive knowledge in these areas is not essential to be a good LFG system operator.

Nevertheless, it is helpful for operating staff to be observant and to have good genera]
scientific and mechanical aptitude and problem solving skills.

2.2 COMPOSITION, CHARACTERISTICS, AND HAZARDS OF
LFG

The most significant characteristics 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 flammable (i.e., potentially explosive). 7

LFG may migrate through surrounding soils, within open conduits, permeable
trench backfill.

LFG may accumulate in confined spaces.

The weight (specific density) of LFG is usually close to the weight of air.

Typical temperature range is 16 to 52° C. (60 to 125° F.) within the landfill.
Component gases {methane, carbon dioxide, water vapor and others) tend to stay
together but may separate through soil and liquid contact.

o & & »
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A Chanracteristics of Landfill Gas

Mecthane is a colorless, odorless, flammable and potentially explosive gas that as landfill gas
together with other volatile trace gases may be emitted into the atmosphere; LFG that contains
other gases may migrate through the soil into sumounding areas or contact groundwaier.
These other gases may adversely impact the environment. LFG may travel long distances
under ground. It may accumulate underneath and in structures and confined or enclosed
spaces creating a potential explosion hazard Methane and carbon dioxide are simple
asphyxistes. Carbon dioxide is colorless, odorless, and non-combustible.

The flanmable range of methane is approximately 5 to 15 percent (by volume) in air. The
Jower limit of 5 percent is referred to as the Lower Explosive Limit (LEL); the upper limit of
15 percent is refemred to as the Upper Explosive Limit (UEL). Walking across a carpet in
Jeather shoes creates a static charge sufficient to ignite methane. The suto-ignition
temperature of methane is 540° C (1004° F). The specific density of methane and carbon
dioxide are 0.55 and 1.52 respectively, however, the specific density of LFG is close to that of
air. For structure protection, it should not be assumed that methane gas will rise. The Jandfill
gas mixture may be lighter or heavier than air and its behavior will be dictated by its overall

LFG has its own characteristic odor due %0 trace compounds in the gas. Some of the most
significant examples of the classes of odor causing trace constituents include esters, phenols,
organic acids, solvents, and sulfur compounds (inchuding mercaptans). However, LFG may
not always exhibit an identifiable odor since the odor camrying trace componcnts may be
stripped off as a result of movement through cover or adjacent soil.

The methane in LFG is the same gas that is the main component found in commercial natural
gas. Since methane by itself is odorless, commercial natural gas is odorized, usually with
mercaptans (a class of sulfur compounds), to identify or “tag™ the odorless methane for safety
purposcs.
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The movement of LFG can also be affected by atmospheric pressure changes. These changes

can occur as a result of:
1) Daily (or diumal) cyclical fluctuation of atmospheric pressure and

2) Barometric changes brought on by weather changes (e.g., storm front movement).

The movement of LFG can also be affected by changes in soil pressure due to ground water

fluctuations from recharge (e.g., after a heavy storm) or pumping and tidal fluctuations at sites
near the ocean.

Under certain conditions, LFG can migrate latcrally long distances from the landfill. An often
used rule-of-thumb is LFG can migraie up to 1000 feet. Structures within this distance may
require additional precautions to protect them from LFG accumulation. In some dramatic
instances landfill 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
subsurface gas migration from landfills which fueled explosions with recorded fatalities and
damage to structures. LFG will potentially migrate along all possible pathways, favoring
those that present the least resistance. '

24 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 well demonstrated 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 used to fitel boilers, furnaces, engines and vehicies. LFG can also be
used as a feedstock for chemical processes.

Recovering LFG for its energy benefit provides a side benefit of reducing labilities
associated with LFG.
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Conditions of the waste mass (nutrient substrate) present in the landfill that is
available for the anaerobic bacteria,

Motsture content of the refuse,

pH of the refuse,

Temperature of the refuse,

Maintenance of the anacrobic environment (ie., litle oxygen present in the
refuse).

* & 0 9

Most of the factors associated with LFG generation cannot be eastly changed or improved. Of
the above factors, other than composition, volume and age of refuse, moisture and temperature
are the most important factors in controlling the rate of LFG generation and the volume of
LFG generated. Usually, most of these factors are naturally limited and less than that required
for optimum LFG generation, but may ofien be sufficient for generation of significan
volurnes of LFG.

2.5.1 Conditions for LFG Generation

When municipal solid waste (MSW) is placed in a landfill, the void volume (the volume not
occupied by solids or liquids) within the MSW is filled with air from the surrounding
atmosphere. Through patural acrobic processes, the oxygen from the air is quickly consumed
and an anaerobic environment is soon established within the landfill This anacrobxc
environment is one of several conditions necessary for the formation of methane.

o

Introducing Oxygen into the Landfill

7

If oxygen is reintroduced into the landfilt, those portions into which the oxygen are introduced
are returned to an acrobic state and the methane producing bacteria are inhibited.  If the
mtroduction of oxygen is stopped, some time must pass before the oxypgen is depleted. The
affected refuse mass then graduaily retums to an snaeyobic condition and LFG is again
produced. This process impacts the rate of LFG gencration. For an energy recovery project
this may have dire consequences. Far & migration control project the introduction of sinall
quantitics of air is typically not significant. However, introduction of large amounts of air can
result in erratic production of LFG and a site that is difficult to control.
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Effectiveness of Testing

The usefulness and validity of LFG testing is controversial and most experienced LFG
practitioners tend to discount its value. It has been used in the past pomarily to support
development of energy recovery facilities. Regardless of the value of testing programs,
understanding testing theones, techniques, and procedures can provide a better understanding
of how to better operate a LFG collection and control 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 prooedure for performing field
testing.

2 6.3 Basis of Design of the LFG Control System

A LFG collection system is sized based upon current and firture municipal solid waste intake,
corresponding LFG generation and yield potential, rules-of-thumb, designer experience and
observations, and any field testing performed. LFG generation will rormally peak shortly
after site closure and will continue for decades. For some sites, a formal basis-of-design
document is prepared as part of the design process. Operating staff should become familiar
with the Basis-of-Design which should be integrated into the operating documentation.

The basis-of-design document should state the assumptions and conclusions that prov:ded
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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Section V1.

Ecological, Energetic and Economic Comparisons
of Anaerobic Digestion
Edelmann, W.K.Schleiss, and A .Joss
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Ecologlcal, energetic and economic comparison of
anaerobic digestion with different competing technologies

to treat biogenic wastes

W. Edelmann*, IC Schieiss* and A_ Joss*
* Arbeitsgemeinschaft Bivenergie, CH-8933 Maschwanden, Switzeriand (E-ma
* Unwelt- und Kompostberatung, CH-6340 Baar, Switzerland

Abstract inorder to get more detailed information for better decision making in future brogenic waste
weatment, differert processes lo ireat iwogenic wastes in piants with a treating capacity of 10,000 tons of
organic household wastes per year were compared. The comparison included iife cycle assessments as well
as economic considerations lor different treafing methods. M nts on compost plants showed that
methans emissions are higher than estimated 3o far. With the tools ECOINDICATOR and UBP anaerobic
digestion shows 1o be advantagecus as compared to composting, incireration or combination of digestion
and composting, mainly because of 2 hetter enargy balance. In hully enclosed, professional treatment plants,
the specific bictechnological treatment coats are in the range of about 150.-sFr/ton for asrobic, anaercbic
and combined technologies. it can be concluded, that anaerobic processes will become considerably more
important in the firors mainly for ecological reasons.

Keywords anaercbic digestion; composting; mcineration; MSW;biogenic wastes; environmentaf impact
study; economy; methane emission; ife cycle assessment

introduction
Some years ago, humid biogenic wasies had becu dumped or burnt in incineration plants.

Today in Switzerland, the biotechnological treating methods became more important
because of legal restrictions such as TVA [1], a law which favours separate collection of
wastes and their appropriate treatment and recycling.

For the biological breakdown of biogenic wastes both aerobic and anasrobic technolo-
gies exist, The aim of this study is to compare the different treating methods from ecologi-
cal, energetic and ecological points of view. So far, some comparnisons have already been
made (Membrez er al.. 1997, Acbersold et al., 1993, IEA 1997). However, most of them
focus on single aspects such as economy or only oa the environmental impacts of & few
parameters. The work preseated in this paper tries to approach the problem in 2 more holis-
tic way comparing as many parameters as possibie for standardized plants with treating
capacities of 10,000 tons/a. Five different biotechnologies plus treatment in a modern

incineration plant were examined.

Assumptions, definiion of the compared objects
Data were sampled or existing Swiss plants. However, these installations differ in several

ways: For example, the treating capacities of the plants, which were observed in this study,
vary from 5,000 to 18,000 Uyear. In order to get comparable data. ail data were standard-
ized: data, such as construction materials, investment costs or salaries, were calculated for
piant sizes of 10,000 t/year. It was assumed that all plants were constructed in the same sub-
urban area. This allows us to assume identical transporting distances while collecting the
source separated biogenic waste for all biotechnological treatmemt methods. It was
assumed that there is no possibility to externally use the waste heat of the cogeneraticn of

electricity and heat frop biogas, at this theoretical site.
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uirtitruclure for pre- and posireaiment etc.. The materials 1, .od to provide the treating
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Environmental impacs a8 & hnd
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incinerution were done by 8, Heltweg at the Lubwrutorium Vor techmisehe Chemie, ETH
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were calvulated Ui the heavy metal leaching, I Figure 7 duu are shown lue g leaching and
101 D.5% heavy metal export into waer. With 5% caporyinto water ~ which js a very high
value - oaly [P has 4 slighily lower suin of total Bl -puinis than IS (not showa in Figure 7),
UBP showed o similar runking us comyprced 1 ECOINDICATOR, However, begause UBP
Bives very much welght Lo the heavy maral import into the soil, 1S perlorms hetter than OC
wnd BC due 1o he Naer, that heavy mewls ure withdrawn from coodogicul cycles while dump-

g the ashes. Al in UBY, OP showed e bext resubts. For details see Edelmann, Schiciss,
1y9y, ’

Figure T shows the overal) performadices of the pricesses. High scores goreespond 1o

high environmental impavis Energy plays u predominant rote: Taking ull the nevessary
activities Mo sueount, the anaetobic digestion (DP} causes +/- nu environmentat impucis,
L2 the impacty are compensaled by the genccution of w surplus of reacwabie energy, which
substituies for lsit and nuclear energy. bn addition (o the energetic and envirenmental
LOnSIuCtion vists. the energy running custs ol EC are more than 100 kWh eleciricity
per on of wase, which causes considerable negative impacts. Compusting in a highty
avtumated plunt seems to be even more pulluting than incinerstion in & modern incineration
plamt with advanced eneTgy recovery. A comparison of EC with DP on the level of primary
NIy lenergy nevessury for the production of electricily, substiwtion of aon-renewuble
energy by biogas, e1c.) showed a difference g5 targe as 700 KWh per tun of waste treated
(Edelmunn, Schleiss, 1999). The substitution of the nuirients present iy compost with inin-
eral fertilizers cuuses 8 primary energy need of nesrly 90 kWhA of compost, in addition to
consideraie anvironmenial impacts in Jitferen impact categorics (ibidem),

Fur incineiation, twu sensitivites were calewlated,
relevant as Fus hunechnalugical progesacs. For ore details wiingineration, see Hellweg
(1999,

The guses, such as NH,. N,0 and H,3 vould nol be measurcd on site (ser ubave). The
enNitivites calvuluied with du feom wieraiure show, Whas the envirnnmenial impucs of
(hese emissions play u very impustunt eole. Mainly because of acidilication und greeatause
elfect (FigureS) us well as cutrophicutsay {Figure 6), outdoor sicps of the waste treaimient
increase the wtal impact vonaderably trigure?; +/- gus). The benefit of re-using the feni)-
1210g value ul the green waste i shown by the sensitivity “no aurients” in Figure 7; lor
example, i ir is not nevessary 10 produce simmon g by the Huber-Busch synthesis, fonsit

becuuse ol the saoe sensitivities arg

. % 4 g . Wi

energy use including a lot of negative impacty

negative impact of DP is observed in the categon
tion: the scaling of Figure$ diffess feom that of F
tively lurge methane emissiony of the material,

Here, there is u convideruble improvement poteniist by creating us quickly as pussible asry-
hic conditiong immedistely afier digestion. The wcusurements cited above suggest thut
biufiiers reduce oaly 4 relively simall part ot the methany emissions by methuse oxidiz-
ing hiocenoses. For detailed discussions see Edelmana, Schieiss, 199y,

May be prevented. The only considerable
y ol greenhouse effect (see Figure §; atten-
1gure 61). This is mainly caused by the rela-
which 15 (posi-lcomposied after digestion.

Economy

The invesment and FuRig costs of the differemt provesses were

investigaled M existing
plants (Sebleiss, 1998) and afterwards correcied for plunt
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10000 ¥a. In Figurs B, the investment custs of the fully sulumaied EC are very high; it may
be suggonted huwdver, that it could be pussible (o construct & new piant of simitar design
with 1ome Anuncial savings. The data o! 1S refer (o tha trestraent of 10,0000 in & plant with
" capacity of 100,000 vu (no separaie cullection of the organic fruction). Detgiled infotme:
tion s givenin Edelmann, Schiuag, |99y,

In Figure 9. the costs for wape cullecion are not included. For the bicischnological
westimeniy they von be spaumed wbe identical. With incingration it is not necasanry tu col-
fect twace (“gray” and “green’s. but thy irshapurting distanices ure longer dug 1o the lugar
fadat ol Whe L oMecuun aica caused by the higher ireating cupucity. OC shows the lowest
lreannenl sty ddae Lt sebatenvly how st On the athwr hund, the running vos of
OC wre Mghes st ke of the onher Brtceinatigocl resments e of Tuwer gultmus
hon. DO cheuper than the ather digostnn wehncloglon buvuus ol fuwsr investivent
Lapen cumposiig withi biobiter ew s, bui e not solied for ull wpplicetions (high coment

of hitchen wantes, 6tC ) Jue 1o gavenms civsaiung. BC shows 1he lowest running coms, bul
very mghinvennment cusia which cause hugh capil cons.

Oistunssion

The ecolugical and the eusmumsy umparisns {Figures 7 und ¥} show thut the Motochno-
Tugie st steanicnts Juf Brugeniv wisle teuiment s generaily Iavorgble with resposi to
incinctalion The pure vnnposting techiolingics (EC and OC) uppear 10 b loss sculaguwst
than digesiiun the higher the percentagy ol digeation, Ihe belics ihe score. The three cule-
gorics greenhouae eftoct, swditivativn ond henvy metsls play sn impuriani role 1o the
mpact usaesivenn. The greenhouse effevt inunused mainly by COyapd CH, COp omissivn
cannut be prevened of Bogoan maner i degraded. Fur thowrgticsl reasons (Edeimann,
UGS} 10 ve nut sutpriaing shit w cunsigerable smount of mathen is emined while cumpul-
ing. hore, there vew ma 1w exitt b faientiol L iMprovaman.

Heavy imetits Rave 8 vury strong ¢1ie ) in UBP and sluw in ECOINDIC ATOR YS, provid.
i thut thare caints 40 gaport intw 1M waiter, Hudvy instals sre dapuslisd by rain and sir o
the Bivnues whivh alverwutds is irisied 1n u provessing plant. The ireainent Lasil diss a0l
atehute BT antly o ihe heavy matkd luad uf the biomass (nicial deriving from chapping
and feom trapontong gagioes e ). Buoaves i hua vy matsls she suppused W be in u s
o 1ean 1nen fiman hound 1n (he sahes of the dump, IS shows un sdvaniage: in this casd the
heavy metels wie withdewws (rm scalugisl cyvias. Conshbering th lsct Lhat the Muavy
hetel fond ol 1hye cumpost usually Is (i beluw ihe legal Iuavits (Schiain, 1999, it duous oot
seem lugical wt ull 1o burn (hg (very presious] organis substancy 1n order 1o “redue hauvy
wikala presant in mif snd rain”, huwevar.

When compacing ihe dulloraal leahnihgrta, enargy plays w predommnant tuls. Digostioh
laniy wre beater Hrom an ccotogicsl poind of vivw, hes shas ey don 't need eateront Tosst! und
clednicaleneryy Hounly ome quanier of the hogani wasts is dugavied, s plant cun b sl sofll.
vienbinenergy thadeimann real | 1998) Tha proguciion of renswahle snergy has positive vun-
vequences 00 mawly all imoaa caugiiy. becuusd of saving of W compansaLon T
mmtenewable uncrgy. This reduces ihe unpacty ol PAAMmEArs such a Padiomtivity, dunt,
500, CO.ND,, grvenhound gusts, uzons dophation, sidificalion of Cavitugsnic sibsaive.
Ihgeation pissis <ol show an <van Dailer performance, If Iy wers consnasied near s
indusiry whivh cun us th wasie heat of alccirnity produciion sl peer coynd.

1 1o naarly inpmasible b teke sdvantuge of wesis hest whila composting (Edgimenn
efut 199X Lonh ing ot the remvlin of (he sninpeind und tw Moo, i i
vafy duthonit s undofutund that Liduy compers g plonis sie vsmmituiod, whety high viles
Gomat] aindd evu feur crwgy b invausod W e st Usg runewabiy sluf onergy, which is e 10
g v hanvis o Lompusyfide o) o smd hys inihe Braganm winsy
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LANDFILL GAS GENERATION AND RECOVERY IN THAILAND

Kanoksak Fam-o-pas
{Assistant Professor. Department of Agricwltural Enginecring
Faculty of Engineering. Kasetsart Umiversity. Bangkok. Thailand ).
Thomas Wethenll '
(Managing Director, SCS - Wetkerill Environmental. Auckland. New Zealand ),
Boonma Panpradist
{Lecturer. Departmeny of Irrigation Enginecrtng.
Faculty of Engineering, Kasetsart University. Bangkok. Thailand

A relatively limited amount of information is curremiy ovwiabie regarding appropeiate wpui
porameters for methane generution models for Asian countries. This paper pravides an overview of the
prefiminary findings of the Energy and Environmental Engineering Cenire ai the Kasetsart Unrversin:

ed on their work at the Komphougsoen Londfill in Thailawd  Work on this project has afso been
supporred by the Chai Pattena Foundation, Group 79 Co. Lid., Notwonal Energy Policy Office. Unuted
States Emvironmental Protection Agency - Methone Branch US-Thailand Development
Parinership/Kenan Institde Asia. and the World Bank. The methane genercazion rate was estimoted wsing
‘parameters developed from a review of wasie stream compasition enalyies and landfill gas recovery
testing. The paper also oddresses the implications for estimating greenhouse gas emussions and for

planntng energy utilization projects.

1. Introduction

The Kasetsart University, Thailand has been developing a landfill gas-to-epergy (LFGTE)
project ar Kamphangsaen Landfill. which is located in Nakhonprathom Province, Thailand
approximately 80 kilometers northwest of Bangkok. The landfill is owned and operated by a

private company, Group 79 Limited 1t was opened 1in 1988 and curremly receives
approximately 4,000 wonnes per dav of municipal solid waste from the Bangkok Mectropolitan

tta. The total amount of waste in place is estimated 1o be approximately 1) million tonnes.
which has been landfilled in an area that occupies approximately 61 hectares.

In 1996, thc Energy and Environmental Engineening Center, Faculty of Engineening.
Kascisart University successfully tested a gas engine modified from a gasoline engine using
landfilt gas (LFG) from a portion of landfill. A pilot project was established in 1997 and a LFG
collecion system consisted of 39 vertucal extraction wells was constructed in a refanvely shallow
portion of the landfill. The project also incorporated a LFG pipeline and a2 power plant tha
wicludes two of 435 kW Waukesha engine-generator sets. It is planned that the electncity wall be

used to supply the University campus gnd.

After the construction of the vertical extraction wells, it was found that the leachate level
was approxumately 1-2 meters below the ground surface duning the rainy season, therefore the
slotted poruons of the vertical extraction wells were below Jeachate level. Leachate pumps were
irktalied. but they did not function properly due to clogging in the pump casing. This resulted o
lop LFG quantity and quality. ft was further observed that the LFG quantity and quality

Jfbpped sharply as time progressed.

The onginal collection system was subsequently abandened and 2 new area of the landfill.
which was about 18 meters in height, was selected for recovery of LFG. However, dunng
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construction of the first new vettical extraction well it was found that this portion of the landgyy
also had a very high leachate level. which wouid constrain the abibty to recover LEG. Based on
this finding, an altermate collection sysiem design was developed and two horizontal | fi;
collectors were installed in January 1999. The new honizonat colleciors included piovision for
drainage of leachate from within the iandfill. Based on the successful performance of these new
collectors, five additional collectors were installed tn January 2000

For project planning purposes, it was necessary to reassess the approach that had been used
to estimate the methane generation and recovery potential for this landfill  The United States
Environmental Protection Agency's (USEPA) Landfill Air Emissions Model {version 2001
has been used in the analysis. Input values for the model were developed irom a review of
available information for the landfill and the methane generation potential (Lo) and the methane
generation rate (k) were reviewed and seiected based on consideration of the tocal waste stream
and climatic conditions.

In addition, a comparison was performed to obtain a co-relation between the estimated and
actual methane recovery rates, Therefore, methane generation rate under conditions in Thailand,
which may be representative of other Asiwan countries, can be more accurately esumated. This
paper presents the initial findings and the implications for esiimating greenhouse gas emissions
and for planning energy utilization projects.

2 Methane Generation Estimate
Methodolagy

There are a variety ol methods that can be used to estimate the methane generation cate at
landfills, however, the USEPA's Landfil Air Emissions Estimation Model (version 2.01) is
generally recognisced as being the most widely used approach. The USEPA model is a first-order
decay model. and this approach is also consistent with the more complex methodology (rather
than the default methodology) recommended by the Intergovernmental Panel on Climate Change
(IPCC)H{2] for calculating methane emissions {rom landfills. The equation is as fotlows: -

Q — Lo R (e»kc R e-kr)
Where:

= Methane generated in current year (m’/yr) -
= Mcthanc gencration potential (m’/Mg of refuse) .
= Average anpual waste acceptance rate (Mg/yt) o
= Methane generation rate constant {1/yr)
= Time since/to landfill closure (yr)

= Time stace landfill opened (y1) RS

Input data for the modet was developed from a review of available information for the ¥
landfill. A further calculation was performed to convert the methane generation rate intu 3 LFG 2%

generation rate. The projected LEG generation rate for the landfill was calculated by multiplytng
the methane generation result by two, which is based on LFG comprising 50 percent methan€
and 30 percent carbon dioxide. ;
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An addisonal calculation was performed to esumate the quanuty of LFG shat could
potentally be recovered from the landfill dunng the fursi phase of the project developoeat. A
discussion of the key input information, assumptions, and model outputs 15 provided below.

Methane Generation Potential

The methane generation potenatial (Loj depends upon the composttion of refise present in
the landfill. The USEPA[3] reports that the values for (Lo) can range from £2 10 270 In
addition, the USEPA has cstablished the followmg default parameters for Lo

s Clean Air Act (CAA) default value of 170 m'/Mg
*»  AP-42 default value of 100 m* Mg

However, utilizanon of the USEPA default parameters for Lo was not considercd 10 be
appropriate for the landfill and other similar sites in Thailland. The basis for thi conclusion s
that there is a considerable diffcrence berween the composition of sohd waste 1bai 15 disposed w0
landfills in the United States and that which 1s gencrated in Bangkok and disposed at the Landfili.

In order to esomate an approprate value for Lo for the landfill, representative data
regarding the composition of the wasic was obtained for the Bangkok Metropolitan arca. The
wasle composition for Bangkok was obtained from data collected by the Bangkok Metropolitan
Authonity (BMA)[4] at the On-Nuch transfer statror on an annual basis for the penod from 1936
to 1996. The data from the period fiom 1993 10 1996 was selected as bemng representative of
current conditiens.  Information was also obtamed from USEPA[S) that shows tymcal waste
charactenisucs in the United States. )

“The wasic composition data for Bangkok and the United States was then reviewed and
allocated into four major wasie categonies as shown below. The readily degradable items
included food waste and a portion of green waste (grass). The moderately decomposable items
included a portion of the paper wastc and the rematning grecn wasie, and the siowly degradable
pmi’on included the remaining portion of the paper waste. wood, textiles, and other matenals.
The non-degradable #tems included plasnc, glass. metal. concrete, rubble, and other men
maternals.

Waste Type Waste Compaosition Waste Composition
Bangkok (1993 w0 1996) USA (1996}
Readily Depradable 20.0 13.8
Moderastely Degradable 6.9 278
Stowly Degradable 17.2 158
Neoa-Degradable 55.9 36
Totals 104.0 100.0

As indicated above, the Bangkok waste sweam contains 2 higher percentage of readily
degradable waste (which comprises entirely of food waste), but a sigmficantly lower percentage
of moderately degradabie wastes. Notably, the Bangkok waste stream did not include any green
waste matenal. In addition. the Bangkok wasie strcam contains a lower percentage of slowly
degradable waste and a significantly higher percentage of non-degradable waste. It was also
noled that the Bangkok waste stream contains approximately 50 percent moisture, whereas the
smoisture content of waste in the Umited States is typically about 25 percent.

157




634

Based on the assumption that the Bangkok waste stream may have an average methape
generation potential of approximately 225 m3/Mg (on a dry basis), and the waste compositiery 48
and moisture content are as outlined above, an Lo value of 50 m3/Mg was esumated for the %

Bangkok waste.

Methane Generation Rate Coanstant

The methane generation rate constant (k) determines the raic of generation of methane fog %5
refuse in the landfill. The value of k is a function of a number of factors including refuse} 1‘*
moisture content, availabiity of nutrients for methanogens, pH, and icmperature.  The
USEPA[3] reports that the values of k can range from 0.003 per year to 0.21 per year. |-

addition, the USEPA has established the following default parameters for k:

. Clean Air Act (CAA) default value of 0.05 1/yr
. AP-42 default value of 0.04 !/yr for moderate climates and 0.02 lly:-fgi-

dry climates :

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

M
in order to select an appropnate value for k for the landfill, representative data regardi
the composition of the waste was obtained for both the United States and the Bangk
Metropolitan area, as discussed above. A review was also performed of published data on
values that may be applicable to the landfill. Based on information that was developed by}
Hocks, as compiled by Hans-Jurgen Ebrig{6], k values for the different waste categories were a$§)

follows:

Waste Type Reported k Value
Readily Degradable 0.6931
Moderately Degradable 0.139
Slowiv Degradable 0.046
i Non-Degradable 0.000

A calculation was then performed to develop a weighted valuc for k that would
representative of the potential methane generation rate for the landfill. Climatic coaditions
also different in Thailand than the United States. Information regarding climatic conditio
the vicinity of the landfiill showed that the total annual rainfall in 1998 was 1,225 mm,
monthly rainfal} ranging from 0.0 mm in February and March to 302.9 mm in September(7]-
addition, the waste mass in the landfill was observed to be saturated with leachate. Based on
findings of this assessment, 2 k value of 0.15 1/yr was selected for the Bangkok waste. =

l"\ .
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Projected Methane Generation Rate

Based on the information developed above, a2 model rua was performed to estimate the
potential methane generation rate ai the landfill. I is estimated that the 1otal quanuty of methane
that is generated at the landfill will peak at approximately 9,000 m3/ty ¢ 18.000 m3tr of LFG)
the estimated tume of site closure n approxumately 2020. The modelling aiso indicates that wotal
quantty of mecthane that is generated at the Jandfill will decline rapidly i the furure. It s
estimated that the total quantity of methape that 1s penerated in the vear 2030 may dectine 10
approximately 2.350 m3/hr (4,700 m3/hr of LFG).

Projected Methane Recovery Rate — Phase | Area

The Phase | area covered an arca of approximately 24 hectares The landfill was
constructed by cxcavating approximately 4 meters below the ground. The deposited waste mass
extends approximaiely 18 meters above the ground. Using a current in-place density of 1.0
tonne/m3, it was estimated that approximately 0.5 million tonpes of waste had been placed in the
Phase ] area.

It has been assumed that the LFG collection system that has been installed in the Phase |
arez 3t the landfill covers approxmmaicly 4 percent of the waste m place and has a collection
efhciency of approxumately 75 percent. As a result, ap overall methane recovery rate for the
Phase | arca of 3 percent has been used in this assessment.

Based on the results of the recovery projection, it 1s estimated that approximately - 150
m3/hr of methane (300 m3/hr of LFG) could be recovered from ths portion of the landfill in
2000. After closure of the Phase | area in 2000, the methane recovery rale 1s projecied o decline
and is estimated to be approximatelv 43 m3/hr (90 m3/hr of LFG) 10 2010,

3. Field Test Results and Comparison to Estimated Values
Installation of Horizontal Collectors

Two borizontal LFG collectors were installed at the landfill 10 January 1999, and five
additional horizontal collectors were instalied in carly 2000. The fiurst two colleciors were 90
meters long and the additional five collectors were 100 meters long. Each horizontal collector
cxtended from the outside edge of the landfill into the centre of the site.  Each collecior was
coustructed in 2 manner that included provision for gravity drainage of icachate from within the
landfill (rather than by pumping). The horizontai collectors were installed at 30 and 40 meter

spacings.
For the first two collectors, LFG was only recovered from beaders that were installed at the
outside edge of landfill. For the additional five collectors, LFG was recovered from both ends of

‘he collectors. Four of the additional collectors were tesied for LFG quality and quantity. One
zollector was not tested because construchion activities had not been completed.

The projecied LFG recovery rates for each collector were estimated to be approximately 50
n3hr per collectar. This estimatc was based on the assumpuion that the honzontal collectors
rould provide an average recovery rale of approximately 0.55 m3/hr of LFG per meter of LFG

:ollector length.
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LFG Quantity and Quality

LFG flow rates from the first two collectors were tested durlng the period from Au

1999 to December 29, 1999, Average flow rates were approximately 60 m3/hr and 624
The average methane concentration was approximately 55 percent and 57 percent, respectivel
TS

Test results conducted duriag February and March 2000 showed that average flow
approximalely 70 m3/hr could be recovered from the collectors with LFG recovery at both
The LFG quality was approximately 50 percent methane. For the collectors with one heg
one end, the flow ratc of 50 m3/hr could be collected at approximately 30 percem mcthauc
slight decrease in the LFG quality in the ontginal two collectors was observed.

The recovered LFG was burned in three separate flares, and the total quantity..of
recovered from the Phase 1 area averaged approximately 310 m3/far. The LFG quakity avers
approximately 3% percent methane and less than | percent oxygen dunng the testing periods

R

Comparison of Estimated and Actual Methane Recovery Rates N

The preliminary resuits indicate that the actual methane recovery rates ai the Iaudﬁﬁ.
higher than projected for the Phase | area. However, experience with field testing at of

an imitial testing program. As 3 resull. the LFG collection sysiem is being operated -onlthi
continuous basis and monitoring and testing of recovered LFG is being performed to pro ]
further data for ongoing comparison. o el

Confidence Levels X

There arc four sources of uncertainty associated in the estimation of methane and LF(H
emissions from solid waste landfills. These include the uncenainty auributable o the methog

data uncerainty, uncertainty associated with the estimate of the collection cfficiency of the LELH
collection system, and other factors. i
. R

The USEPA first order model is widely used for estimating methane emissions fromg
landfills and is considered to be applicable to the landfil. The model accounts for changing LF
generation rates over the life of a landfill and takes into account the vanous faciors that mﬂuukx
the ratc and extent of LFG generation.

The sources of data uncertainty are directly attributable to each of the data H*“
Information regarding waste quantities and composition was developed from a review of ‘sifé -:
specific data. Input parameters for Lo and k were chosen to reflect conditions at the landfill. ‘ A

Another source of uncertainty influencing the quantity of methane that is emitted from tbc
landfill is the degree of oxidation that occurs as the LFG diffuses through the soil fill mal cyiA
and the cover sotls. As the landfill contains large areas with little or no cover material, st
oxidation factor was not used to reduce the estimated quantity of methane that is béisg.
generated. As a result, the accuracy of methane generation and recovery models is gene
estimated 10 be approximately plus or minus 25 percent for the current year, with potcnn

greater vaniances over the long-term. - E
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Conclusions and Implications

Disposal of municipal solid wastc i landfills produces methane, which 15 2 potent
reenhouse gas. In recent years, scientists and pohcy makers have become concerned that the
uijd-up of grecuhouse gases may wcrease the share of the sun’s beat retaiped n the aumosphere,
hich may in-turn affect the Earth’s chimate in uncerain but potennally disruptive ways. In
ddressing these concerns, each nanion has commitments under the Framework Convention for
lumate Change to address sources and sinks of all greenhouse gases.

Under the FCCC, Partes in Anncx | (developed counines, and ihoswe vounines with
conomies in transition) are required 1o report inventory data for all greenheuse gases on an
pnual basis. The IPCC has wdenufied methods for calculating precnhouse gas coanssaons.,
wwever, there has been limued informantion available that can be used for estimating vreenhousc
-as missions for landfill disposal of solid waste in Thailand and other Asian countroy

En addstion. devclopment of LFGTE projects is recogmzed internationally as being a viable
nd cos1-effective method of controlling ernissions from landfills. While there are many bundred
f these facilines throughout the world. there arc only 2 hmited number i Asia. Planning lor
-FGTE projects also requires a good understanding of local conditions 1o ensure that LFG
renerahion and recovery cstiumates are appropriate for each particular landfill.

Based on the work that has been accomplished by Kascisant Universaty 1o-date. prehminary
-alues have been selected for Lo and k that are considered 1o be applicable 10 the landfill. and
sher sites in Thaland. While this work 15 ongomng, the preliminary value for Lo of 50 1s
sigoificantly lower than default values that are often used in gas generaton and recovery
stimates in other countnes. The value for k of 0.15 is significantly higher than the defauht
-alues that are often used in pas generation and recovery esimaies in other countmes  Use of
bese prehiminary vatues may significantly change esumaies of greenhouse gas emissions in
Thailand. This finding could bec assessed by companng emission nventory estimates that are
developed using both the IPCC default and first order decay methodologres.

h is also anticipated that use of these prehiminary values will mpact the cniena that are
used for idenufving and screening feasible LFGTE projects in Thatland. Due 1o the composinon
of the wasic stream and rapid depradation of the waste. LFGTE projects may only be
economically feasible at larger operating landfills that have long-term disposal capacity.
Alternativelv. LFGTE facilites mav have 1o be reduced in capacity 10 ensure the avaslabilivy of

LFG mn the long-term.

In addition. LFG collection svstems should also be designed to allow for management of
leachate so that elevated leachate levels do not restrict recovery of LFG. Colleciors that allow
for drainage of leachate are prefemred over extrachon wells that require pumping svstems. LFG

collection systems should also be designed for ongoing expansion nto active disposal areas to
ensure that sufficient quantities of gas are available. Excess LFG should be flared 10 control

greenhouse gas emissions.
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ABSTRACT
One tonne of municipal solid waste stored in a landfill produces from 120 to 150 m’ landfill gas within several years.

Without any recovery system, the landfilt gas can migrate toward the atmosphere and contribute fo the greenhouse effect.
Alternatively, due to its methane content, it can be recovered and used as an attractive source of energy from waste. The
rescarch program METAN has been developed im the Waste and Energy Rescarch Centre (CREED, VIVENDI
Environnement Group) to identify and quantify the various methane flows in landfills. This work has sought to improve
estimates of the net contribution of landfill emissions to global warming, particularly for different landfill configurations
and various on-sitc management practices. Specifically, ficld work was conducted at two kandfills in France, Montreuil sur
Barse MSW Laadfill and Lapouyade MSW landfill (ONYX) during winter conditions. Methane mass balances were
establisbed at each site based on measurements of methane collected, methane emitted toward the atmosphere, and methane
oxidized as it moves through the cover. Several landfill configurations were tested, including: covered, teraporary cavered,
and non-covered cells, with dnd without active tandfill gas extraction. Complementary measurement methods were used to
improve the precision. An infrared thermography technique was applied on onc sit¢ to obtain a map of the thermal
anomalies of the site so0 as to locate significant point sources of methane emissions. In addition, two chamber methods and a
tracer method were vsed to quantify landfill gas emissions to the atmosphere. Lastly, an isotopic analysis method was used
to quantify the fraction of methane oxidized through the cover. The quality and the quantity of LFG recovered had also been
measured. The methane mass balance equation was utilised as a technique o validate the field data from a landfill site. The
results of the field campaigns present good comelation of the methane balance at the two sites and, as a consequence,
provide good corrclation of the assessment of the emission of methane to the atmosphere. These results indicate that a
lIandfill with ordinary soil cover, but accurate design and expertise in LFG recovery, reduces methane ernissions to the
atmosphere by achieving 2 high rate of methane recovery. For the two case studies with recovery systems, at least 94% of
the biogas produced was recovered and flared.

INTRODUCTION from buman related activities (US EPA, 1990). Methane
Methane, which is a more potent greenbouse gas than CO,, generated in landfills is a direct result of the natural
has increased in atmospheric concentration by a factor of 2 decomposition of solid waste. The organic component of
in the past century. About 70% of the current emissions are [andfilled waste is broken down by bacteria in a complex
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of methape and carbon dioxide.

Esttmates of global landfill mcthanc cmissions to the
atmosphere have ranged from 9 w 70 Tgy', differing
mainly assumed methane yields from cstimated
quantities of landfilled refuse and assumed methane
oxidation. The mwst recent estimates indicate an annual
stmospheric contribution of sbout 20-30 Tgy'. For
France, mational estimates prepared for the United Nations
Framework Convention on Climate Change indicate that
about 25% of the annval methane emissions are from waste
disposal, constituting the second largest source afler
agriculture (United Nations, 1995).

None of the existing mational and global estimsles are
based on ficld meacwrements of emissions; rather \bey rely
on estimated mtes of methane production applied 1o
national statistics for landfilled refuse. That ks why this
study was undcrizken to quantify the various biogas flows
on & lndfill. At individual site, a methane mass balance
provides 3 uscful famework do describe bindfill methane
processes and pet emissions. Landfils are ofien well-
inventoried, and the implementation of active methanc
recovery systems can achieve significant and readily
quantifiable reductions within a rclatively short time frame
since the stmospheric lifetime of mecthane is quite short
{about 10 years).

Such a muss balance approach should be spphied o the
partiioning of methane production into  emissions,
oxidation, recovery, hateral migration and the change in
nternal siorage (Bogner and Spokas, 1993) :

Methane production = X{emission + lateral migration +
recovery + oxidation + A storage)

o

/LN by /4

Figure 1: Schematic representation of the landfill methene
mass balance {from Bogner and Spokas, 1993).

The research program METAN began i Febroary 2000
with ficld measurement campaigns of (i) recovered fhuxes
(i) surface fuxes of methane on the landhil and (in) of
mcthane oxidation through the landfill cover.
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The mvestigated landfills prescat several types of cell
configwations. The adopted strategy o quanofy the
craiticd biogas was o use complementary approaches: (i)
Infrared thenmography 1o locate therrml anomalies of the
site, potentially due w ecrmusson zooes, () Direct
measurement of methane emissions wsing both 8 racer
method and chamber methods, () A stable carbon
wsotopic study 1o delermune the porton of methane
oxidised during transit from 1he tandfill surface.

STUDY AREAS

Lapesyade Landfill

The ONYX lamdfill Lapowysds  (VIVENDI
Envromnement} locsed near Bordeaux s Framor bas been
operating since October 1996, This sie receives 150000
onnes of wasike per year.

This site consists of two differest configarations (Figure
2): (i) & fal covered zone sncc 1998 (el 1) and (i) an
opersting zone mclading temporary covered cells with or
without active biogas recovery and an aperating cell (cell
2).

Figure 2: Schematic map of Lapouysde Site.

The LFG nmss balance has been doveloped for the fmal
covered zone cell | and 3 emporary covered cell {(A10)
without LFG recovery, from cell 2. The amount of wask
landfilled in these arcas is presented w table 1.
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Table 1: Amount of waste landfilled in the different zones

Year Cells (amount of waste in tonnes)
Phase ) A 10
1996 32777
1997 127 472
1995 149 681
1999 37 800
TOTAL 309 930 37 8OO

Montreuil sur Barse Landfill

The Onyx landfill "Montrewi]l swr Barse® (VIVENDI
Enwvironnement) located near Troyes in France has been
operating since 1986, and has received ISC 14001

certification ia 1999.

This municipal solid waste landfill (MSW) consists of
three different parts {Figure 2): (i} a former area where
MSW was disposed of from 1986 to 1993, (i) an
experimental area where MSW was disposed of from 1994
to 1999 (iii) and a new operating zone.

Figure 3: Schematic map of the investigated areas

1t has the advantage of a broad range of cell
configunations: (i) an active cell (A2), (ii) 2 temoporary
covered cell (Ad), (iti) two experimental cells made of
different top cover configurations (AS with a clay cover
and BS with a synthetic bentonitic peocomposite), and (iv)
areas with and without gas recovery (AS and BS). The
amount of waste landfilled in these several areas is
presepted in table 2.
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Table 2: Amount of waste landfilled in the different cells

[ Cets {ampunt of waste iy lonnes) |
year hs Bs Az Al
1983 180,00 7] ] Q
1994 B 558,96 [1] 1] a@
1995 0 811448 [) 0
1996 801,42 1105464] 684,08 0
1997 o 0 35 246,21 0
19088 Q [ [ 0
1959 0 o 2 91660 } 36 603,58
2000 Q [ 25 926,24126 017,00

TOTAL |8 538,38] 9 169,10) 64 673,131 62 620,58

All of the measurements took place in the same two weeks
so that it occurted approximately in the same conditions.
The Infra Red Thermography (to establish the map of the
thermal anomalies of the site and to locate the areas to be
investigated) and the local flux measurements were the
first campaigns to occur. Then the special fluxes
measurements (according to the JR thermal anomalies
map) and oxidation measurements campaign begun. The
measures werc first realised on the two celis As and Bs
with the recovery of the biogas (pressure at the weil of -
2.5hPa for As and -14hPa for Bs). To evaiusle the
influcnce of the recovery of the biogas on the emission of
methane through the cover, the recovery was stopped for
two days ({the pressure at the biogas well increased untit
1.8hPa for As and ThPa for Bs) before the fluxes were

measured again.

METHODS

For cach ficld campaign, all of the measurements took
place over a period of two weeks with approximately the
same conditions repetition {in February 2000 for Montreuil
sur Barse campaign and in December 2000 for Lapouyade

campaign).

Inira Red Thermography messarements

The IR thermography comsists in visualising the spatial

distribution of discernible surface temperatures, in the '

form of a thetmograph. This visualisation is achieved by
measuring the encrgy in a given spectral bandwidth
radiating from an object. The sensor used is a thermal line
scanner. The entire system is installed on an acroplane,
which, for this project, made transects once during the day
and once at night. The use of the IR Thermography
allowed the establishment of a map of the thermal
anomalies of the landfill. On a landfill, these anomalies
may have several origins, among them: wel areas, zone of
LFG emissions, sreas where the microbial activity is
important under the cover. The map of the thermal
anomalics has been used to determine local chamber
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measurements  location and 0 identify & possible
correlation betweea the IR and the emissions of biogas.

area of {he Rux b

tracer methed

This mcthod is based om tracer measuremnents and bas
abeady been deseribed in Tréigourts #7 af, 1999, It relies on
concurrent coaceniration measwements for the methane
and ap inert tracer gas (here SF) relesced at a known rate
upwind the haadfill. Two methods were tested (Figure 4
and Figure 5) The mcthane flow is derived from the
atmospheric transfer coefficient K measured by the tracer
gas. From a methane sowrce to a given point, K is the
relstionship between the concentration of methane
integrated a1 that point and the mass released When the
methane flow rate Q is comstant, K cqmaks w0 CAQ where C
is the conceotration of methane o the point of
measuresnest. Whik K is a function of ihe position of the
point of measerement in relation to the source and weather
conditions, it is independent of the type of effluent
released. The flow rare @ is derived from K, which is
determined (i) by the emission of a known mass flow of
SF,. and {ii} by measwrements of tracer gas and methane
concentrations »t the same point.

The downwind method coasists im injecting the SF; above
the ndfill snd mcanwing the mbegrated concontrations of
SFand mcthane on a hne sitmated downwind, based on the
average wind direction. The readings were made using two
gas phase chromatography devices equipped with a flame
yonisation detector for methane and as chkectron capiure
dexcchror for SF. (Trégoures et al, 1999). The error rate is
ipverscly proportional 16 the X/L ratio. For the Montreul

’mamhmiﬂykm&cudaof

Telewar of SF,
Figure 4: Schernatic principle of the downwind method
This method bas been ased st Moatrevil sr Barse and at

Lapouyade A10 cell.

For the in titu method, the landfill is divided mto N
paralle] strips and the integrated concentrations of methene
and tracer gas are measured st the downwind odge of each

strip. Using this procodure, e methane fhx comitied by
cach sirip can be measured and then summed w0 evabame
the wtal Mux of the zoue (Trégowres ef al, 1999).

Seassemagts of the cotcvitutinie b 55, sng ),
Figure 5: Schomatic principle of the in sine tethod

This method has been applied on phase 1 st Lapouysde.

Lacal measurements of the fluxes of bipgas by the
Two kinds of chambers have been wsed: a static chamber

method was applied a1t Mootrewil sur Barse: and an exerml
recirculation chambeyr was deplayed st Lapowyade.

The static chamber method bhas been wsed w0 weasure
methane fhaxes from soall areas of the landfill serface
(0.25 m"). This porabic mcthod is static, without outside
circubation of the gas. Its design revolves aroand 3 semsor,
which operates within the charnber itself, downstream of 2
desiccant. This device © equipped with & sexmor voltage
regalator, s pump, & fan and two automomous loggers, vac

The pxasue trvolves the placeoeat of the stanx
accusmnlstion chamber on wp of the proemd surface for
short meavaring periods. The flax is cakwlated from the
change in chamber methane concentration with time and
the chambes volhame/area vatio: the concentration of CH, 1
measured contisoowsly (and analysed on site) which allows
o cakulaie e Dow of methane in the chamsber and thes
the flux of methan: cmitted by the ares covered.

The external recircalstion chambes wsed at Lypouyade site
uscs 8 pump with 2 flow raie of approximascly 100 per omr
10 circulste the chambes stuwogphcre 0 2 outside loop
The rate of mocthane emnchoarst i the loop 5 meavares
using a laborstory chroomtograph ramsporied i & wubt
vehicle (Tregourit et al, 1999). A gnd of 20m*20m wa
followed for the investigation of phase 1
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Quantification of the methane oxidised through the

cover
Microbial methane oxidation i carried out by

methanotrophs, Methanotrophs  are a2 class  of
methylotrophs which have the specific enzyme (methane
monooxygenase) that allows them to oxidise methane to
methanol  (Anthony,  1982).  Methylorophs  arc
microorganisms capable of gamning emergy from the
oxidation of reduced carbon compounds.

Many factors can scasonally affect the mass of methane
oxidised through landfill cover soil. These include all the
controlling wvanables for soil microbial processes:
temperature, moisture, nutricnts, substrate form and
availability, and presence/absence of toxins. A major
vncertainty in estimating CH, flux from landfills is
determining the attenuation of CH, emissions ™ by
methanotrophic bacteria in the zerobic outer portions of the
cover soil. These bactetia intercept the pas as it migrates
toward the atmosphere. To estimate cover soil oxidation,
the difference in the §°C (carbon isotopic composition) of
CH, within the anoxic zone and CH, released from
landfills and captured downwind on the Iandfill is
measured.

Diagram (Figure 6) shows CH, escape from landfills
through (i) fissures and vents, which is measured through
downwind plume sampling and (ii) transpori through the
soil cap, which is measured wutilising the chamber
technique and the downwind plume sampling method

{Chanton ef al., 1999).

Oxic Zone - Methane Oxidation wad
B e E—

Chamber 5 13CH, = -45%,
Feasure =

53 %

\ Vent Pipe =-55 %

Anoxic §12CH = -55% t
Anoxic Zone - Methane Production

Figure 6: Plot to iltustrate carbon isotopic variations for
Jandfi}l methane (Chanton et al., 1999).

Stable isotopes are usefal for determining CH, oxidation
because, as it occurs, the remmining CH, becomes "C
enriched due to preferential utilization of the lighter “C
isotope by bacteria. The difference in the isotopic signature
of these two pools of methane is directly attributable to the
fraction of methane oxidised [fy). Oxidation percentage is

determined by equation 1 (Chanton et al., 1999), which
describes isotopic fractionation in an open system.

£o= [(BE-BA W Son-Olyms)* 000]*100
whete
f5 is the % of CH, oxidised in transit trough the cover sail

cap
BE = §%C value of emitted CH,

A = b"C value of anoxic zone CH,

o, is the isotopic fractionation faclor for bacterial
oxidation

s 15 the isotopic fractionation factor associated with gas
transport.
Equation I:
fractionation.

Expression of the isotopic carbon

Liptay er al {1998) and Bergamashi er al (1998} have
argued that gas transport across the soil cap is dominated
by advection. Therefore, it could be assumed that & ~1.
The bacterial fractionation factor associated with
methanotrophy was defermined by incubating cover soil
samples 1 in sifu temperatures. The fractionation factor o
can be determined with equation 2 (Chanton er al., 2000):

§"C,=1000 * (1/1 -1)In{n/ng) + 5 °Cy
where
n/n, is the fraction of methane remaining

al titme t
5'C\g is the 5C value of the methane

at the initial time
Equation 2: Equation for determining the fractionation
factor & '

A time-series of analysis was performed to determine the
fractionation factor o : cover soil samples were placed in
closed flasks and a known concentration of methane was
added. These flasks were incubated at outside
temperatures, and two gas samples were taken every day
during seven days. The determivation of the isotopic
compeosition of these samples permits calculation of, as in
equation (1), the fractionation factor inherent to the soil
and 1o its specific microbial flora.

This stable isotopic study was conducied at the two sites to
detenmine the major pathways of methane emission from
the landfill and the portion of methane oxidised during
transit from the landfill surface. Samples of methane were
collected from the plume of air downwind of the fandfill.
Methane within thesc samples intcgrates the total emission
for methane from the landfill. Specific samples were aiso
coliected from all mmjor sites of potentis] emission
inchuding from ventilation pipes, from pipes harvesting
methane from the subsurface and from bubbles of landfill
gas effusing from cracks and borders of landfill cells.
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Quantification of the Methane Recovered through Gas

Recovery Systens

For the ecxperimental arcas where methane is being
recovered by an active sysiemn of vertcal wells or
borizontal collectors, the macs of recovered landfill gas is
directly calculated from messared flow rates and
concevtration data If these measwements are taken at a
site, the recovery pathway is the best-quantified input for
the methane balance calculations.

Matbemmatical Modelling for the achievement of the

methane mass balance
The Landfill Mcthane Generatioa Model developed for

these test sites 1s based on a first-order degradation model
with mukiplk waste-types as imputs. This type of model has
been used successfully in the Netherlands and Germany
where it bas been applicd o actual landfill sites with
excellend agreement (Coops, cf al, 1995, and Scheepers
and Van Zanten, 1994).

The amount of methanc was calculated from the following
relationship (Coops cf al, 1995):

'

8=GBY AC, ke

Q*P:eduedmdmwdm

G =0.94 m® methane per 1 kg of organic carbon [ 1.87 m®
LFG per 1 k] (assuming 50% methane production)

B = Formation constant {value sct o 0.65)

A, = Amount of waste stream n present in the refuse (kg)
Corga ™ Percentage of organic carboa is waste sucam »
¥.= 1/halflife rate of decomposition of wasic stream » (yr
)

1 = curTen time v clapsed years from start of filling

The default values used were taken from the Dutch work
on modeimg gas production from European handfills.

For achicving the mass balance, the lateral migration of
methanc must be calculated. The sitcs Ead s geomembrane
(HDPE) coupled with other engincered controls to prevent
hateral migration of gas through its sides and base. Some of
these other cootrolk ware 0.6 m of compacied clay,
geosynthetic bentonite mats, and other drainage materials.
However, the gtomembrane would be the rate-limuting
bamicr. Once a system reaches steady state the flow
twough a combimation of barriers is controlled by the
slowest diffusion rate. Therefore the ransmission of gas
molecules through the polymer stracture of the membrane
would be the rate controlling the step. The HDPE liner wall
aflow 0.58 cm’ of CH/m”/day at | atm pressure and 1.5
mm membrane thickness 1o pass through it (50% methane
test gas) (Lim, 1995 and Pauly 1989). By accounting for
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the total minface area of the hned cells, the estmawd
amount of lascral migraton was calculated.

The change in storage of methane within the laadfil! i 5
function of scveral vanables: the creation of additonal
void space by the decomposition of the contaiard wasie,
settiement that ocowrs due 1o the incressed void space
created by decomposition, fluctuating  leachate bewels
within the landfill which duecdy mapact tee volume of
available pas-filied void space. ihe concentration changes
within the trapped gas mn the landfill and the varatim of
the atmospheric pressure All of these factors can retain or
refease methane from the land(ill reservor. The vox} space
that is available for gas storage is considered © be
relatively constant over a short ime period (measwred from
day to day). This voxd spacc will bowever change
significantly over time based oa the factors cicd sbove,
primarily as consolidation occurs. The voluee of gas wiil
oot change but the concentrstioa and demsity of this
compressible gas scpresents the chamge = storape that

landfill gas collection systems and flare are also clearly
detectable ona the [R picare.

oa the landfill kave been investgated in onder %o determnc
if they correspand to LFG cmissions zones. The measured
flux in those areas present the same order of magnitade

ﬂhn&eﬂndauAsndﬂaTw‘m_iiEE_
direct] emission The possy

explanation to tat thermal difference would be either the
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~qure 7:Black and white map of the thermal anomalies of
Montreuil sur Barse site {anomalies are in white)

presence of saturated zone mm the cover, or 2 weaker
** ‘ckness of the cover layers in these arcas or iemperature
variabilites within the waste mass that radiate to the
¢ face. The thermodynamic properties of the waste, the
cover system, and the biological process occurring within
t* - landfill will effect the temperature profile of the landfill
surface. External meteorological conditions will ako effect
t* - thermal readings at the surface. Among the 26
measurements performed in areas with thermal anomalies,
7 measurements have presenmted higher flux and were
mainly linked to a zome with a different nature of the
crer.

Chamber measurements have been used to locate the
pc~  Of methane emissions. At Montreuil sur Barse, static.
champers werc deployed, whercas at Lapouyade dynamic
¢* mbers were used with external recirculation of gas. The
static chamber method used at Montrevil sur Barse
Pr_ented high uncertainties in determining fluxes.

Data obtained by the chamber method differ depending on
th ‘cchmiques. As an example, on cell Bs, fluxes given by
the static chamber method described sbove (with a far and
oz ite amalysis of the CH, concentration) range from
198.64 to 214 830 mg.m”d’, whereas fluxes measured by

an et type of static chamber (constructed of a stainless /g, 5
stcel bemisphere, which covered a surface area of 0.11 o2,
pla d on top of a semi-permanent iron collar which was
pushed into the cover materials, withowt fan and further
199

gnalysis in a lab) give values ranging from -2.47 1o 33.8
mg.m".d"'. On 1op of that, the n°t chamber method seems
not to be precise for little fluxcs. Due to the high
uncertainties, the chamber measurements have been used
only to locate the points of methane emissions.

<

Fluxes measurements’ destribution is presented in Figure 8
al Montreuil sur Barse tests cell As (clay covered cell) and
Bs (geosynthetic bentonmitic covered ecel). Each cell
presents a broad range of values for the emission of
methane. It appears cleatly that only few limited arcas are
cmitting_me mt_black}. Those areas are mainly

localised near discontinuities such as the leachate or biogas
wells or the cell's borders which represent preferential
pathways for pgas transfer. Apan these local zones,
emissions through the cover are insignificant.

Zf

Figure 8: Schematic localisation of the emission of
methane on the geocompaosite covered cell (Bs, left) and on
the clay covered cell (As, right) at Montreuil sur Barse

< border of the cell

G biogas weil

Often in the experimental zonc, where strong suction was
being applied in the process of methane recovery, negative
fluxes were measured, indicating that atmospheric methane
was being taken up. Apparently, ne methanc was supplied
to the chamber from below, probably as a result of the
negatlive pressure at depth.

Figure 9 presents the spatial repartition of the local biogas
emissions {in ml.min'm-?) at Lapouyade on phase I,
which is covered and recovered since 1998. The main
emissions are situated on the slope of the embankment,
which is consistent with the previous results at Montreuil
sur Barse. This condition is ofien observed ip landfift
applications due to the preferential horizontal pas flow
pathways which occur in the waste mass.
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Figare 9: Schematic localisation of the emission of

methane on the covered and recovered phase | at
Lapouyade.

The exidation of the methane throughout the cover
To cakulate the fraction of methane oxidised n the soil
cover, three factors were determined: (i) a the
fractiomation factor, which cxpresses the more rapad
comumption of the Lighter isotope of methane, 'CH,
relative o PCH,, (ii) the isotopic composition of methane
in the anoxic zone where i is produced and exists prior %o
exposure 0 oxidation (A, equation 1) and (i) the emmitted
methanc (6E, equation }) which bhas beem exposed to
oxidation.

Emiticd methane was sampled @ two ways, by collecting it
in chambers and by collecting air samples, particolarly
during a calm period at night at the site, and downwind of
the site. The fractionation factor () was determined from
the results of Figure 10.

™ -0 W - AN e A0
AR =% F_RLIL

5
[ l
- -A
;} bl L J [ 2% ]
e
51
-39

2 43 1 8 8 8
balifhde)

Figare 10: Excmple of the evoltion of the CH,
concentration in the chamber (Lapouysde) as a

The data on Figure 10 represent two incubations of tandfill
soil and methane at ambient wemperature. Graphed are the
mwmuama'k&)mm
In of the fraction of methane reypmining (M = conceniration
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af time §, Mo = concentration st mitia! time 0) From the
slope of the line, the frachionation factor &5 determimed 35
1.0160 (A) and 1.0205 (B) for a2 mean value of 1.0187 -
0.0022 for Montrew) sur Barse.

The fractionation factor measured a1 Montreuil ssw Barse
and Lapouyade can be compared 1o other observed i the
hterature (Table 3)

Table 3. Companson of the fractionation factors measured
aldnlwosalcsmthhmn!m

Suex Fract fackw
Lapouyade 1,0152 £ 0 0022
Montreui) 1.01615 +/- 0,00005

Florxda tandfiltc 1,025 - 1,049
New Havpchare landid) 1.022+£ 8,008

Swedizh landfills 1,023 - 1,037

Litserature values 1,005-1.103

The fractionation factors arc s the range of the bterakne
values. Table 4 preseats the resalts of the isotopec study
expressed as the mics of wxthane oxidised by the

methanotroplhs at the two sites.

Table 4: Ratc of methane oxudised through the top cover

Rt of s el fovergy: v %9
Wotr | Sesry fpockosmery study) |
Lapooysde 0-35 = X0
[ 0-4 ]
Nt of e LS X
Poride close owl 535
Camay »353

It appears that in winser, at Mootreuil s Barse, oxidation
s confined 0 the \cmpomry sod cover aad is abseat in the
other zones. At Lapouyade, a tanited meanwemcats of

‘oxidised methane mdicated a valae of 35% of wethane

oxidised thyought the cover (wistey was quite mild) bwt
globally, oxidaton 5 close 1o 2ero.

In comparison with other landfills, &t bes genevally been
observed that the occurence of CHy oxidation vanes
scasonally, being lower or sbsemt in wister and greater
summer {Chanton ¢t al, 1999, Chaton snd Lipaay, 2000,
Bicjesson et al| submitted, } and Svensson, 1997,
Boeckz et al, 1996). Summer valucs sagpest ratos
between oxidized and produced CHy m landfills at around
25-30 % im the gortheastern USA (Liptay et al, 1998), 25
to 35% in Flanda, USA (Chaaton and Liptay, 2000), and
39-53 % m Germany (Bergamasche ot al | 1998). This has
been interpreted to indicaie that oxidation takes place oaly



in the surface soils which are temperature sensitive and not
deep down in the profile. The lack of CH, oxidation at low
temperatures has implications for budgets 31 CH, turnover
in landhlls, which on 2 global scale should inciude a

latitudinal factor.

Achievement of the methane mass balance at the two
sites

Each of the individual factors for the methane balance
equation is evaluated. By applying the methane balance
equation, the well-quantified methane pathways can be
used to bracket or verify the ranges on the modelled
values. The methane belance can be expressed as:

Mcthane Generated = Methane cmitted + Methane
oxidized + Methane recavered or flared + Mefhane
migrated + A Methane storage (Bogner and Spokas, 1993).

For the analysis, all values will be expressed in kg
CH/day. Table 5 presents the results of the methance
balance for the Montreuil sur Barse site. This includes the
chamber and tracer emission measurements that were done

on the Test Cell As.

Tabie 5: Montrenil sur Barse Landfill (Test Cell As)

Table 6. Lapouyade Site (phase I cell, covered and
recovered since 1998)

b Chetwbeeri: Tracer
| __Sput__| Oupes | laput ] Outpet |
bgday (%) Vepyday (56) | Ry (%) | Egiday O%
Mctham: Prodection. 1092 109.2 (190)
cthonc Recwvery (Seavwed) 1024 (M) 1014 {#4)
Meeshome Exwssiont (measered) X TTN] 1997 (183}
Wiethamt Orzindation {measured) 0.03 {0§2) easfen |
Meghaar Migration {modclied 111} [XTH)
Cloagte iin Mevkane Storage {difforonce} 438 (4. 15.9 (13
Toud 109.2 109.2 1243 1243

The valve for the methane storage is set to achieve balance
and then analysed o determine if the change in storage
would be realistic. This is assumed to be the maxinwum
daily observed change, whick is calculated by determining
the amount of mcthane that would need to be added or
removed from the gas-filled pore space of the landfill in
order to achieve the observed concentration change.

At the Montreuil site, this was 2% that corresponds 1o a
maximum of 32 kg CH, per day, and the Lapouyade site
was 318 kg CHJ/day for the Phase I cells and 55 kg
CH,/day for the Al10 cell. Tables 6 and 7 presents the
methane balance for phase I and A0 cells of the

Lapouyade site.

201

F Tg
ky/da f& L Apfay (%)
Methane Frodwciion (mmodeiled) 3570 BT {Y

‘Methane: Recovery (measwed) )
Mcthns Emispions [mess.red) ] 26 (%7,
Methane Caidation LY X 16

thane Migration ( modciied) ol X0] p 1]

in Methane Storagr fdTeroncey 68(0.2) 26,4 (06)

Towl 378 S 3988 fotl] ¥ig

Table 7. Lapouyadc Site (cell AlO, temporary covercd
without recovery system)

AIDCel  Chambers | AI0Celt Trace
Inpw Onaprd Jnpul Cutpus
gyday t) | kprday (% )| txiday (%)
Methane Production (medcticd} 460(”0), 2L CE) )
Methane s ey [TC) os)
1 Methane Emissions (mezhaed} 423 (WY 253 (4%}
Daidation {messured) (16,7} 46 (3.1
Mcthan: Migration {modelled) iy 3 {0.6
bhmm;ﬁm‘! 43.1 {943 1594
Towd 0.1 503.1 460 A8

At Montreuil sur Barse sitc, the developed Landfill
Methane Generation Model (EMGM) provided an accurate
estimate of the produced methane. This model has
compared favourably to other general landfill gas
production models. Therefore the LMGM model should
provide an accuratc estumation of the methanc generation
potential of the Lapouyade cells. In addition, the model
will thus provide an accurate estimate of the peneration
term for balancing the methane balance equation.

There is good agicement in the methane balance for the
scenario described in Table 5, Table 6 and Tabie 7
(chamber). The tracer technique and the chamber provide a
realistic estimate regarding the achievement of the methane
mass balance except for the A10 cell We can observe that
the "change in storzge"” term for the mass balance achieved
with the tracer method exceeds the limit. In this case, the
wacer technique did not take 21l the emissions into account
thereby underestimating the true emissions.

However, the tracer studies used to measure methane
emissions scemed to generally provide morc accurate
measurements for the Montreuil sur Barse As test ce]l. As
seen for test cell As with the chamber mecasurements,
localised “hot spots™ existed on the landfill cover, but these
were  missed with the low density of chamber
measurements on the surface. These hot spots could also
be accounted for in the determination of the flux footprint
with alternative micrometeorological models. The grid of
the chamber measurements was pot systematic and could
have lead to underestimation of the total emissions of the
cells. Even if 94% of the methane produced is recovered,
about 18% of the production were emitted o the
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stmosphere (assuming a2 change in stonage reflecting
mhﬂdmﬁomﬁep«emmhmlm
it was decided 0 test another kind of accummistion
chamber with a more systematic grid o order to cousider
the cotire cell at the Lapouyade site.

Static chambers bave been shown to undeyestimate the true
valoe of the surface (lux 18 labontory simufations. Recent
work conducted at 2 Swedish landfill (Bonesson, et al.,
2000) sk showed the order of magnitude differences in
fhuxes that we had scen i the data from the test cells. [n
their work the highest emission estimate for the entire
landfill surface from static chambers was 9.7 kg CHyhr,
bowever, the bacer gas techoique resulted m 41 kg CH/hr.
Borjessom cf al. recommended chamber measurements oaly
for smali-scale esimation of methane fluxes.

The chamber measuremcnis at Lapouyade were more
reliable indicators of surface cmissions thas the
measurements taken at the Montreuil sur Barse site. The
achicvernent of the mass balance scems 10 be betiey with
the chamber resylts than with the tacer results. For phase
L this could be explaiped by the fact that the tracer
measurcments did not take ihe embankment into acCHmL
Indced, e chamber mcaswrancnts  taken on  the
embankment showed increased emissions compared 0 the
rest of the cell. So, in this case, the mess balance was
improved with the chamber measurements. On phase I,
ouly 1 to 2 % of the methane produced is emitted owards
the atmosphere and about 97% of the methane produced is

recovered,

For the two scemarios with recovery systems, at least 94%
of the biogas produced was recovered and flared. The wet
emissions for a country are pencrally cstimated by the
oquation provided by the [PCC (IPCC, 1995), and national
estirnates are sumsmed to provide a global estimate fn that
equation, the methane recovered daring active extraction is
assumed 0 bc 3 mazimum of 80% of the methape
produced. The Held results at Montreuil sur Barse and
Lapouyade show that this vahue of 80% is conservative and
that on well-managed landfifls, a value of 90% for the
methane-recovered term can be used. However, o cell
without a recovery system allows the emissions of 92% of
the mcthane produced towards the atmosphere (chamber

results).

At Lapouyade site, the downwind samples say that the
methane escaping to the stmospbere sces little exposure to
oxidstion. Bt methane escaping twough the soil cover
sees more oxidation. Therefore, the pnmary mechanism of
methanc loss to the ar from this landfill must not be
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through the topcover but via large cracks (ot covered by
the chambers) or via vent pipes.

CONCLUSION

Ultilising the methane mass balance equation is a

to validate the ficld data from a landfill saste. The resules of
the field campaigns present zood cvaluation of the
methane balance at the twe sies and. a3 2 coosequence,
more confidence in owr assessment of the emisvion of
methape 0 the atmospheare. These results permemed us 10
obtain a set of ongiml data, whch show that ONYX
landfill management with ordmary cover bt accurae
design and cxpertisc m LFG recovery reduces mthane
emissions to the atmosphere by achieving 2 high rate of
systeme {(at least 94K of the bogas prodoced was
recovered and flared).

The net cmissions for a country are gonrally cstamsted by
the equatica provided by the IPCC (IPCC, 1995), snd
oatiomal estimafes are temoed © provide a global
cstimate. In that equation, the methante recovered during
active extraction is assamed w0 be & seximam of 80% of
the mecthane produced. The field results at Moatrewil nx
Barse and Lapouyade show St this value of 80% s
conscrvative and that on wellmumged landfills, a
minimum value of 90% for the mcthane-recovered term

can be used.

attention should be given 10 the aracks, fissares. veats and
slopes, where onc finds the major pathways of easitsed
methanc. Apart from these special areas, the fhuxes of
gas recovery. The cxamination of the mass balance
provides an indication of the perfornmace of e recovery
system. Some additional managemiess strategics %0 reducr
rocthane emissions could be implemented, such a3 lamiting
the size of the ccll, serting wp & demporay cover as quackly
as possible, fixing surface discontipuities, and recovenag
the biogas early, cven just w flase it

Chambers can also be wsed %0 estimate the total cmissions
ofamdtpudnmttmof&ty:d_mmlu
small, the more precise the cvaluation of the wial cossion
of a xone i §t is, though, necessary ‘o apply both the
chamber and e tracer methods in order do compare e
mass balance calculaied with both In that way, @«
methape emissions will approach more preciscly the most
accurate value.
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At Montreuil sur Barse site, the thermal anomalies detected
didn't systematically correspond to emissions of methane
but they are mainly linked to water saturated zomes or
different thermal transfers following cover configurations.
In the winter conditions of the ficld campaign at Montreuil
sur Barse, it sppeared that the IR thermography wasn't a
good method for determining emission points. As a resuit,
the IRT was not applied at the Lapouyade site. However,
other studies have shown better comelation between
thermai anomalies and emission of biogas (F. Guigourés,
2000),

The oxidation rates have been calculated using the
fractionation factor measured at each site. it appears that in
these winter conditions, at the two sites, a global zero
oxidation rate occurs in the areas with LFG collection.

These two field campaigns will be complemented by
additional measurements at Lapouyade on the same
configurations under dricr apd warmer conditions, as well
as on a cell with a geomembrane cover.
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ir; this Paper

landfill 0 the cnvironment in a controlled manner, at a rate which the
crvironment can accept without harm. To be compatible with the Government’s
policy towards sustainable development, this must be carried out in a manner
which minimises pollution conurol burdens for future generations. Ways in which

this can be achieved include
* seclecuon of inert wastes for landfill disposal
* pre-treatment 1o a quality which will not cause unacceptable harm

+ management of bioreactive wastes in such a way that the system degrades
to approach a stable, non-polluting state.

1.27  For inert wastes and wastes of low reactinty, pollution of the environment
should be prevented by appropriate design incorporating passive or simple
control measures. Any leachate and gas generanon from the landbll will need 1)
be managed proactively to ensure that the site will stabilise according

susiainability criteria.

1.28  Pretreatment of wastes shouid either result in a less bioreactive waste, or a
more predictable material for which it s easier to design appropriate
environmental conuols. Pre-treatument may also considerably reduce the quantiy

of waste requining disposal.

129 For boreactive wastes, the achievable rate of siabilisation will dicuate the
Tequirements for environmental protection. Achieving a timescale of a generation
for the stabilisation of wastes cusrenty presents a number of difficulties, arising
from limiwtions in our current understanding of the rates of many landfill
proccsscs,r and the ability to achieve rapid flushing of wastes within a biorecacuve
landfill. The landfill designer must therefore sclect the approach at the tme of
design consistent with the BPEO.

1.30  The practical design approach for bioreactive wastes will depend on the
waste types and properties proposed for disposal, the characteristics of the site and
the proposed afteruse. In sclecting the most appropriate approach for landfilling
in a particular situation the designer should consider the following approaches in
descending order of priority, as illustrated by the decision tree in Figure 1.1.

iy In accordance with the strategy for sustainable development, the
designer should first examine the potential for accelerated stabilisation of
the landfill to achieve degradation of wastes to a stable form within a
generation of cessation of Gpping.

>  To achieve this objective, the landfill will have to be designed and
operated to maintain as high a rate of activity as necessary within a
bislogical reactor, together with a sufficient degree of flushing to
remove the products of decomposilion. Faiksafe control measures
and a very high degree of management will be needed during the
active period of waste degradation. The degree of conuol
required raises issues for the designer and operater which are -
highlighted throughout this Paper.

>  The state of knowledge at the time of the design must be sufficient
1o give confidence that a particular design objective can be
achieved. A summary of the considerations for accelerated
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stabitisatron s given m Appendix 2 For sites which wall e
hacardous wastes (o1 codinposal, reforence sheubd atso be made o
WMP26F

i) W may not be possiblc to predict confidently the achierement of
stabilisauon within a specific period at the time of design As pant of the
risk assessment approach and iteranve design process. the designer
should examine whether accelerated  vahthunon should  be
encouraged, by considering the impact on the environmental contral
should statwhsation be only partly succewsiul wihin the imended

umescale.
> Design modcls will need o cither mcorpot ate the abiis 1o sl
ipproprate pasave control measurcs reirsspectveh et

aticnuation o minimise the long tam burden bor hiee
gencrauons. This appraach is kikely 10 be the practicad opuon
the majority of siluatons for the foresecabie luture.

i) Where accelerated stabiisation is notl possible but landhil
neveriheless acceptable in a pasticular location, the design approach
should consider the degree of containment required and 1he
incorporation of very long T passive conirols.

> Insuch sinmations the tandfill cap may necd 10 be of high quakity
and durability, such that the environmenul impact should be very
low cvea if the liner failed, and the maintenance obligation,
though long-term, should be small and of low technological
requirement. Isolation of waste from the environment is not
compatible with the aim of sustainable development in the long
termo because the potential hazards do not diminish with time,
cven if the risk is bow.

‘131 Where the risks are unacceplably high or place 0o high a burden on
“future gencrauons, the designer wil need (o reconsider whether the particular

mcsshouldbchna_ﬁllcd,andmynccdmmmﬂmﬁmfonhcma.ﬁle

‘and afteruse under consideration. In all cases, the suitability and msechanises of

the approach 1o Lwdfilling 'is site specific and shoukd be determined by risk
acseecmyen.

113



Waste arisings

o i Assess according
Para1.9/1.20 to wasté hierarchy
I S .
For landfill:
Assess:
Paral26 — — — — |- — — | Waste
* Site
* Afteruse of site
ST -
oo — L Wastes inert / Passive or s:mpi]e
Para 1. low reactivity? controls appropriate
to site and afteruse
Pre-treatment
Paa128 — — — — | — effective in reducing
~~_bio-reactivity?
Paral29 — — = — - —
Stabilisation . . .
Para1309) — — — 4 — confidently Flushing biclogical
predictable? reactor
Stabilisation Encoura 1
. ge accelerated
Para 130§} — — — {~ — < unpredictable but?effects stabilisation with longer
controllable? term passive controls
Reconsider
options
) Containment facility
Para 130in) — — —

with very long term
passive controls
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5 pesign Ubjecuves and
Considerations

Introduction 31 Al landfill designs and changes to design should start with a review of this
chapter. It is essential that the designer has a clear undersunding of the
approaches to landfilling and defined obpectives before commencing desugn. in
accordance with the overall aims and approach set out in Chapacr §

3.2 The principics considered at the design stage must also be eonbesdied 1n and
carried through the constrisction and operational stages of the dove b ypment This
chapter describes the fundamental principles to be followed in gn cpanng a
tandfill design and provides guidance on design objeciives, ronsde tateans and
standards which shoukl be applied.
> The owerall approach 8 based on risk assessment rather than
prescription. It is ncither possible nor desirable for all guidance to be
prescriplve and users should not attempt {0 take recommmendations for
individizal aspects of design out of coatext.
>  Discussion of design considerations highlights some of the mitadons
of current knowledge. Understanding and knowledge will develop
during the curvency of this Paper. The desigoer should be guided by the
state of knowledge at the tme of design taking into account the Kfe of
the landfill and its aftercare.
> The sections on objectives and standards set out clear guidance on
design methadology, which is considered in more detail in subsequent
chapters.
33 The chapier is ammanged in the following order
e key principles for the designer, which reiterate the overall concept for
the design described in Chapier I (paragraph 3.4)
+  stages in the design process (paragraphs 3.5 w0 3.9)
¢  design considerations for the overall approach, with reference to the
issues for the landfilling of bioreactive wastes in accordance with the
aims of sustainable development (paragraphs 3.10 to 3.26)
e  risk assessment as applied 1o landfill design and determinaton of the
acceptability of impacts (paragraphs 3.27 10 3.34)
s design objectives which must be applicd consisienty throughout the
dcsign, prepantion, operation, restoration, aftercare and afteruse of

the site (paragraphs 3.35 w0 3.55)
*  design standards including absotute standards, performance standards
and guidelines (paragraphs 3.56 to 3.61).
Key principles for the 34  The following hey princples for the designer should be considered at the -
‘esigmer outset of the design process.

& The overall concept is the comstruction of a lndform with waste as an
engineering project which is appropriste for a particular site and s
waste input.

/
15



> VRIS TEGUITCS COMSISICNCY 1N APPTOACH 10 Preparation works ana
environmeral controls, operation, restoration and aftercare. All
stages must be laken into account by the designer and the design .
must be understood by the operator.

*  The design model for the site must have regard 1o the objectives of
sstainable devet t for future landfills. -

r
> Adecision Ucc for assessing Lhe approach is given in Figure 1.1 and

the design considerations discussed further in paragraphs 3.10 to

3.26. -

*  The overall approach ta design and the design of each element of the
landfill appropriate fo ifs emvironmental sctting are detennined
through risk assessment. -

> The risk asscssment approach and methodology are described
further in paragraphs 3.27 t0 3.34.

[ ]
*  The nature of the wastes that will be used to build the new landform and
the processes of degradation and leaching during the life of the Jandfill

are important factors in the overall design approach and methods of .

o

operation for a particular site.

> A detailed description of the processes of waste decomposition
that occur within a landfill is included as Appendix C. This
indicates the complexity of the processes and the range of u
composition of the ensuing leachate and landfill gas. For any given
types of waste proposed for use in construction of the landform,
‘the designer should consider its probable decomposition
processes and products of decompositon over the whole

AT

timescale, =

+  Design is an iterative process which should be reviewed both at its ° a
inception and before making any changes. '

> Any amendments lo a design should be considered against all E
aspects of the design, construction and aperational processes
according to the cycle iltustrated in Figure 3.1, and crossreference
made to other secions of this Paper and parts of the WMP26 series

as appropriate.

*  Landfill practice is & dynamic science.

> Landfill designers must consider probable changes in landfill
practice and waste input that may occur over the whole lifetime of
the Jandfill from conception to completion of aftercare and
should, where possible, make provision for these changes, or allow

for them to be incorporated at a later stage. A process of periodic -
review should be used throughout the life of the site and prior to
the design of later phases!.
apiey 6 for explanation of phases.
il
"

7%




L

Define objectives
and overall
- concept

Propose changes

Site h:ianual Obtain approvals

Consider *  Planning application Prepare landfill
acceptability of st ' -
imp.ct' . mmlmm\
. V.\erng pian

Operale site

*  Operatiora) data
Interpret analyses ¢  Envirorunental data
Maenitor
performance
Analyse results




&t

-
"
- l
- FENUER 4G S JO DU I JO FRIIP LA JO] |7°8 01 61 '8 sydeidered 235
‘g mpuaddy pur g sadey) 305,
tanipor) W Seurn sisem Jo Sursuaing 2t uo 23uepind 0] PIHM 335 ¢
1 My pue gz g 01 93¢ sydeadiered 305
L
10 poytaw pue udissp eridasuod e ysyqeiss o) ssao0xd udnop ayd jo JuruwiBaq
ayy 1e yoeosdde 1uswssasse ysut e Sur|dde passosve oq pnoys Y)Y (1§
- ssruye pasodosd e

SINSLILIBIREYDI IS o
sassadoxd uonepesdap ap jo uonopaud pue Jsem IR JOo smEU IR .

SIUIWII £37 222D
4q pauyap st [ 121dey?) w paquIsp Bunypue] o1 yoeosdde jeiano 3y Or'¢ SUOGEIIPISUCD Wi

“pamaunas {reoipouad

] pnoys pue ‘o §,91% Y JULNP sUCIEEIIO JO IXGUINU B UG INO PILLED
. 2q 01 Ap2yy] st uSisop uononnsuod a1, 1daouod ul s2Juey> Juedyiuds sxmbasiou
g pooys nq ‘uSisap urew 2 ut suondamsse pue suoREMOED JULRNG ) [_;r[znb
% : I0 ULIYUGY O) SUORE[nIfED ;wsuaqo:dmo:\ apnpul plnoqs udsop uonINNSUCI
4y -uomannsuod rusad 0 uoumuammop 19eNUo). - pue uonesgrads
re19p JIDYRs i udip vowngsue  patsamsop Ay = o padopadp
2q pinoys wiisop urew 2y "uoii:; L 03701 .s:maﬂcud s AP UYMW 6E

Bur“ypue; o1 q:eo_lddz Jnstloq 3y jo
JUSUIUMENE 21D JO] [EIWA 51 puk “ssas01d. uonerado | PUR UOTIINIISUOD |
u3i5op Y1 UIIMIFY UOTIRULIONUI Sum:}su'e.n Jo sueam 2 sapuoad
Yorym “grenue 2us 2y jo 1red fenusssa we st ulisop urpw Sy <

- uIWNEe}S
- [ETUIULUOIALD U Ul UOSNOUI 10} JTqEINs 2q p!noqs]_re)ap'_;o 1943]
21 ‘pa1nbaa $1 )USWISSISSE [EIUIWLWUOIAUD TBULIO] §I quswdopzasp
ayn Jo 1502 yn Bupnput ‘as sy jo Juswdojaasp Arooejsnes
L a1 101 paunbza sidadse e sopisuod pnoys udissp urew ayy <

suoneadde 22U JuswISeuew J1seM 21 10§ ueyd Juyiom aq jo

pue iuswrdo|a43p a1 105 uonesiidde Sunuued s1p Jo stseq s surtoy udsap uteur

- Y] -s 31 Jo uoneloisae pue uoneisdo ‘uonannsuod jjesao 3 10} udisap
PAUOSe3l ANy € O] PeI] [|IM (IYM ‘N0 PILLIED 3G PINCYS SINSST [RIUIUWILOIAUD

Jo 1udwssosse pue uonednsaat s paprerap e o8ms ufiep wiow 1y g

. saseyd Juanhasqns ut uonednsaaur 10 vonedyLEp 10) s1adse
fediund sy ino Junss pue ssnzoie 10§ sjesodosd pue saaniedy udisap ayqssod
sowinfoa aewixordde Fud ‘ans e jo yuawdopraap ayr 10f japow jeucnou
e up ynsaz i S aunupuadxs sofew o swan 10 NUieASUOd [RIVWEPUI]

! due autuwnmap 0 3duanadxs Jusn ‘ans ay) Jo Anprqeta pue Aiqisea [Jesda0
IY Yum pausaduod Ljedouud aq jpm 1oudisap syi 38ers ponydouey a1y g
- -28ms yoea Joj TP JO 13a3] Nendordde ve Yim
pardope 3q prnogs 21s ayl sog sapdiuud snsyoy sy saders 252y Jo yoes uy ‘uBsap
uoINLSUO) pUE wipw Tonigauod se 513y 01 pa11ajal saders oy 2amp owul paplap
Alpeoag oq ued yaym yoeoidde paders e mofjog pinoys udsop pury  g'g
L]

"udtsap I JO 195100 31 e pARIS Apreapd e
12afoid e jo uSisap pue asn pasodoad 10) saanRalgo 3(n 2amms1dfoad HasomBuo £5320

TAIEIFL AET MIER Iriden ew mreesee ern e sannern mnanes el ooFeean reremisime e .- eeFecnrn 2ery 10 €afx



4L

Sares uoaepesdap Jisem jo uondmaisd T ul s013e L3y € sy 51 315 3¢
noydnonp Quuopum neyses; jo Jurgsny anyse or Lge 2y 1 “kddins 1uatnau
10 PUT UOUTSIUGICD 305 IGHUIMOW I GO LAl pUe IMem [ JO SadELNS
Hp e oane are susnredo-otia ) usteedo-onm g wonepesdapoiq
0] 3008 iy ywga ‘wauadosd uoguaa ssmem pue Apqeswind sigeuea
Vs ruaew snosuadosatay 4y e s aven poyanog paeananeoddy.  gr'g

‘Padojaaap 51 2us 3 se 100 pawres
3q prroqE spoyiaw Jugeiado pue udnop @ Jo maas npouad
*218s repronsed v e Sonuse sarses vo aneg a saSoegd P e
D3GR 2P 1350 2 e paxd o1 yqissod 1ou 5 u Ry “aSueg Lew
N1 YpU) € 12 S 2isem jO SINSLIRIEE AN ‘PATMOIIL pUE
MWWWWMDMW <

“gareuidosdde paudnap aq pmogs spoypaw fruonesado
pure $300m vogesedasd 2 snp woly Ypoe; I Jo o5y 2anIe Q) 1340 2Fwep o
£28 2 2699 moq o wopRIIPEBOS 203 pum PepEE P PAGIEGD 0) pIsn SHSEA
9 30 2030 20 aBop 2 o 3y p e Lyeep pm Soadp QUPSY 3L SIS

*q xpuaddy w popwoxd are vonenmiqers
parenaoe oy Hunse Juussudus ssoud ¢ st vogedo poe udiop I ap
Burdormap 20 $20551 freano 2 Sussireurmns srep feucarpiiy s fre o idde
pue 925 A g1 Wdualered v umy w1 passnanp aaw tuonenpRO ARG g

GOIIe wW0d3q Ageniuass
ypaq p prooys sanpsas jo wvopestpqowm reaunmod g1 (m .

N Y JO 2y A 1340 51181 I go gwmdaooe sy (n

Tuonpaid 1Y jim Suqdras pue uonestununa
Jfem 0V np vonmodmos Jwem w fuey moy pue ares
P Jo BURATRO3 [rdyd 3P 1vnodye onn Sunm ‘sastmranong
WARGE  Ppun pun uonwprip jo vonxpad L (1

13p1uod 01 Padu tim s2ulsap s ‘yorosdde umemdo ap Suwaspuy g

TUIUISIITSE YSU1 ) 4Q PRICISUGUIIP 3 03 MMEY [l SIINTeIut
(ONUI03 YONS JO IEENRS [PIUMUGOIAUD Ay ] “UOHEIO| reonaed 2 ur foysem
IVIEII0N 10) 40 s215Em LLan ye3a mop 10§ vonaNoad EUIRIUOIMYS pannbas 2
Spsvasd s imeaan jonuos sassed 10 GONENUINE 1IIPIYM SIPISUGD OSTE PIRoyS
SSMBBLL U S MZNIEIN) 215 pue sIKes Y o umew i ursase up 2yg

Jgerd e prvswuonana sl wawueeod
uesn Buop ¥ LHaYs JqIsE3) 10U $T UnnesyIgers PIIRINIIE Jiaym e

3o 1w Jussed wad) 123u0) 105 apew 2q ued uostoid Jsneiag
FIIPYUO giw papasd 3¢ 10uued vonriaad e Uil ue uonESIIgEYS
HIYM YD PIAeInoIUS 3q uEd uonespqEs PIRINIDOE 1IYIYM -

UOIESI[IGNS Paiesdfadde 10y Alnade SuussuiBua
s3200d € s Aginj paresado pur pauBrop 3us 2y pue ‘UPYEOF GIm
Pa121pasd 3q wex e mown Loys fjanegas r UIYIUM UONIESIMETS I2IdYm o

Ao 10 13pso w 12pruo) pux [y 2 uo parenstyp pue ggg
ydeadered unino 1ax idaiens FH Y1 2 2Urpaode ul yaeoadde eiamo sg) susexs
oS UnOD Jw Sares 3indEIION 104 ans synonned » 105 nonesado

wogrpeds
FESEM JO BOOITPIs



Q¥

Pasnbas
$1 JUSWISTHATE 5L PAHTEP 1agm spopaw xadwod 10w 01 uornsaiBord yim ‘udisap jo seler
Ares np ‘JO] ssed 150y ¢ se {dde 01 spduris 3q 01 papumnut 5131 VN 3t [Pw DONEDOSSTE Ul Joq 3y
4q padopaap uaaq sty Adopopopows 3y | 9661 U1 pasniqnd oq (s (Bojopoau sy g g xipusddy
usaid 5t yorne L JreryIea) lypue] 10§ iassIsTe yiL mspgeqad sop Bojoporaw e jo Leunens y

"49ZJ WM W1 Y xipuddy 'resodsipo) JO Momiza0 Py

eyl e papadu uonINoid [rruswuonana jo 23183 i uo Suipuadap (renuane
pue astadsip Jo uLIGy pajjonuo? B) Y31y 01 (PAAIYIe 3q URS 1BL) IUIWUTRIUOI 153G
aq1) mo[ K131 woyy saies 38edaas jo aFues v 1oy paulisap 3q 01 paau Aew sussds
‘wRisds wawaBewew Jreydea) s [ypuel e yo wed st aouy [ypuer Auy  ZZE

Jaanrdojaaap A qearersns jo sapdouud o dusavnuoo
J19511 Ted ST S PIPIcAR 3q paogs Fui2om3n-I2A0 MSTIoNy $37IN052] [eLaew
Jo-3sn Lressadouun ue sanmbst wonossoud jo 3a1dsp arendordde ue puodaq
3uiod ‘uBisap-1on0 neIqYap Jo 2318ap € sonpdun udrew Hojes Lue jo voismord
aqu ySnogy nlrew foges sjqeins e Sunriodiodur paauap aq ues uonesynads
12un sreudoidde we fem snp uf spopam peuonerado [upue; pue isug
g 10} uoneoypads sueunopad  uTEINEP 0) 10 JuSWUOIAUI Futaiadar
ay uo 1edun 3qeqosd I ssasse O) ISYNR PISN Iq PNOYs SIY], “UORENLS,
ligpuel/1sun usaid & ioy ayes sFedoss paausep ® Jof uonnguasip fpqeqoad
ayp Houenb wes [ sadojopoyqizwt yuswssesse ysoy 'ﬁ![}a—zamnd nop g

PATTISIIP 021X we o) spmby jo adessed s mofe MMM IOV 1B '

‘sa15emM

21p jo asnieu aqp uadn Fupuadop ‘vonejost Nruyapul 1dwane o1 Uel Ise2 e

pajionuod 1o ufisap o1 dpqsuodsas arots 3q Lew 3 B pue AQRUIENEUN §I
SI3 1211 pastuS0o031 Mol §1 1] “SOISEM JO UOTE[OS] PURE JUIUILEIUO) [E101 Jo :nda{qo
3y spremol papuay pey spg6l Alres i ut {gdosojiyd uBmsop yypuey 5§

ssad01d juaussasse Wsu 3 Aq pauaLIRIp 39
[HM $218 25317 | IUSLIUGIIALD [E20] 13 O {jajes pawinias aq Lew sed pue ajeyoes|
‘o1el Moy pue Rienb jo sgaas) umaad 1e P sapdun sy Buyy jo uopessad
Ialje sieai (Cc—Qf WUGWUCIMU3 s Y wnuqimbs w suo st wswdopsap
JJQRUIEISNS JO SUNE I S[YNYY YNYm [[UPUE] B 'SULII) 1SIPROIq AP U GG

“3qE naty [ 1t Juoy moq *asusuadxs Lg partoddns pur ouspyuco
yia ipaad jouuved ng ‘uomsodwodop sjerspadoe gitu yamm siope) Jo
adpamowny 31 aaey Afuo sm sum Juasard ay) 1y -I2ueU N UEW widl Fuol 10 uaping
2 uey) skay o1 2onpas Aeapesd [m uonersusd v utgum vonesiprgels Sutanyoe
MORL avar Jio 281 9yt O) onp suog'uuausﬁ 2NN U0 U2piEng [enualod oY1 |y ons
2wt i aaaddin o anuraod im sassadoad fiypuep jo sdpamouy IO 8IE

-a1ea Buysn]y painbaa
ay aznu pur vipqeswsad astwndo 0y sepao w ‘uonsedwad Jo
23182p atenido dde ue yim 1no parues s1seam sy Jo wawased pue
‘SSE D1SBM wiorun sow e 2npoad 0y Suiyypuer o) Joud (g pue
[ s1aideyy 99%) parmbas aq dew qusunean-aad ey Apapp swizas 1y <

$1013%31 Bungsay
se {jaansays paesado ag o1 sjypue J0f 12p1o uf s33es Y3y e uene(NID
aeydea 1oy sonbiuyon pamowdua jo awdopasp sy pue suompuod
TUIIIYJIP JIPUN SIISem JO SINSIHDELBYD I NeIpAY 1 Jo a8pajmouy 1anaq Jof
pau e st 203y [ paoy o1 s1arereq Ag pue Sunmounuoys Ay paee 2q 01 readde
uNJo NG PSRRI A1ood e suisem pajypuey Jo sxynespdy oy 408

sayel Iseaal apgemadasoe
jJodaouos ayy



Figure 3.2 Typical comparalive seepage rates

FOR LLUSTRATION ONLY

Caiculation of aciual seepages rales Is complex and dependent upon many vanables.
and should be camied ot usang an agreed risk assessment methodology (see fext).

A - Rates derived lrom theoretical studies (based on 1m head)

Case Material Thichness | Conductivity Delects Seepage o
{metre) | {metre/sec) (imarday)

1 Clay ; 1x10° None 1720 Dascy
2 Clay 1 1x 10° None 17200 Darcy

3 Clay ! 1210 | 1%olaeaattzyp® | 17200 Darcy

& 8Es 0.3 t x 10" None 3re Darcy

5 |G G.006 Lz 10% None 145 Darcy

[ HOFE 0.001"° None 3 Gross et al. 1990
7 .. HDPE 0.001° 5 % 3mmn holesMa 3000 Gross & al, 1990
2 HDPE ower 0.001" - 5 x 3mm holesha

8 _mneral not stated | 1% 1 _Gross et al, 1990
’ HOPE over 0.001"* - 5 x 3mm holes/ha

9 minoral not_staled 1290 30 Gross ot al, 1990

° US reference: HDPE used in UK is more usually 2mm thick

B - Rates obtsined by measurenent

10[!{!’-‘5““ COA_ 50% probability kevel 40 Advon &
1 1]HDPEMiIneral Nu CQA, 50% probability level 75 Roberts, 1994
Noves:
1. Examples 1-9 are based on permeabilly alone. .
2. HDPE is quoied for Blustraton only. Other maderials may siso be considersd.
1
= Vanisbility ol sespape rate |
1
17200
, L 2 * 17200
#3000
* 1720
= 1000
'.;Z‘ 2370
£ 145 75
= 100 .
- - 40
' 30
3
| ]
1 —
i 1 2 3 4 5 [ 7 a 9 0 51
! Cans

f——— = ]



bilisation of residue

;K assessment

- the number ol cxisting licences where Regulaton 1o(i){n) appnes.

3.25 In the NRA’s Policy and Practice for the Protection of Groundwarer’”,
landfill acceptability is classified by type within zones of (ravel time 1o a water
source and within resource protection areas. Landfills are defined as acceptable
when subject to engineered containment and operatonal safeguards. If the
nature of the waste and the hydrogeological conditions are such that the pellution
control authorities in consultation with the WRA judge that 1s deposit does not
pose an unacceptable threat to groundwater, then they may agrec o a site being
operated on non-containment principles. Acceplable operavonal safeguards

must then be implemented.

3.26 When the rate of decomposition slows sufficienily, the e ol gas
production may be insufficicnt to prevent the ingress of anr 10 the main badv of the
waste. Eventually this could change the decomposition processes Irom anacrobic
to aerobic!!. The previously reducing conditions which maimtained many
contaminants in an insoluble state would then disappear, allowing for the
-mobilisation of many inorganic compounds. This would apply to all landfills
containing bioreactive wastes, The designer should consider the possible effects of
such a change in source term when carrying out the risk assessment for the site.
However it is probable that the diffusion of air into a typical lined and capped
‘modern landfl} will be very slow, such that any release rates would be

exceptionally stow.

327 Landfill design has historically been based on a selection of design

features from a meni of alternative measures to achieve an absolute goal. For
'flcj!_ﬁjﬁiile, containment has been perceived as an objective which can be achieved

either absolutely, or to an equivalent degree, by one of a range of techniques
according to availability of materials. It is now understood that all liners will allow

some leakage. A probability distribution can be applied to each of the factors
governing the rate of leakage for a given liner design, such that its probable
leakage rate and consequent impact can be modelied.

8.28 The acceptability of a landfill design in the environment should therefore
be assessed by a process which guantifies the probable impact, or the probability
distribution of an impact, for each source term on each relevant receptor, that
being the persons or features affected by it. This process is known as risk assessment
and should be used in an iterative way to produce an acceplable design.

3.29  The process of risk assessment leading to an acceprable quantfied impact
and thereby (0 an appropriate design is outlined below. An example of a risk
assessment process applied to a quantifiable element of the design, and the
source/pathway/reeeptor relationship, are illustrated in Figure 3.4 and Table 3.1.
The risk assessment process and a summary of a methodology with an illustration
of its application to leachate seepage is given in Appendix E'2,

W NRA: FPolicy and Practice for the Protection of Growundwater. Bristol, National Rivers Authority, 1992 In
Seotland, the Groundsooter Protection Strategy for Scotland is the equivalent document.

't See Appendix C.
2 Further genera) guidance on risk asscssment is given in DoE (1995): A Guide io Risk Assessment and

Risk Managemend for Environmenial Profection, London, HMSO._ISBN O 1 753091 3.
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Table 3.1

Example of a risk assessment approach for a quantiGable impact of landhiilling

Potential impaci Waiter poltuton

Source Leachate

Receptor Groundwater

Pathway Leakage through liner sysiem.

movement through unsaturated rone
and groundwater

Establish:
Sensiuvity Determine water quality objecines
Source term Quality and volume of kcachuc
Evaluate
Relationship between Jandfill and Prediction of leakage rates agains
receptor impact (using agreed methodology)
Adjust design accordingly Improver liner quality
Reduce leachate generation rate
Reduce Jeachate head
Improve leachate quality

3.30 'I‘hcapproarjnmzybe_summuisedas
+  identify all potential ampacts
"o for each potential impact identify the source, the recepiors or sargets, and

the pathway

*  establish the sowrce term by geotechnical and other investigations

®  derive a relationship between the landfill and the receptor using an
agreed methodology and probahility distribution for the source term
and for each element of the pathway'® -

= establish the sensitivity of the receptor by consideration of bachground
levels, starutory limits or policy

e coasider the imapact oo the receptor and its acceptability

*  repeat this process (o obtain a satisfactory design for the landfill
consistent with an acceptable impact.

331  The process should be repeated keratively for each potential impact unul
both an acceptable overall impact and an appropriaic design for emvironmental
protection is produced. A risk assessment process should be applied 1o any
quantifiable impact inchuding, for example, Icachate, landfill gas, traffic and
noise, providing that the effects of mitigation can also be quantified.

B A sumemary of 2 methodology for probabilistic risk aswessment for aadEl leachate migradon is grven
in Appendix E Thit methodology will be publithed in 1996 The methodology kas been devcloped by
the DoE in association with the NRA_ 1 is wntended w0 be smple 10 apply as 2 frst pass for the early
q::dtslgu . with progression o more complen methods where detadled risk assessment o
l'fq .

-



Naste density

biore:
_,dcparu _g f!xom these values. Inert wastes may have higher densities!>. Wasie
'_dcnsuty may change with age as significant mass may be lost by the formation of
. Tandfill gas and lcachatc

20%". Vatues of 15-20% arc accepied as being typical of the surcharge aliowance
that may need o be made when considering the void capacity and final pre-
settiement contours of a household waste landhil. The effects of settlement need
0 be considered in quarry landfills or in landfills whose base is non unifurm (or
stepped) and measures taken to avoid problems duc o differential settlement
which can lead 10 stresses and breaks in the engincering cap, and possible

drainage problems.

>  The precise effect that controlled bioreactor landhlling techniques may
have on setlement is unknown. [t is likely that there will be o overall
increase in total settlement resulling from foss of mass; hewever, the

rate of setlement s likely to be accelerated. Funther gidan e sginenin
Appendix D.
6.14  An example of a detaited analysis of seulement is given in Figure 6.1 This

considers the composition of the wasic as received, by origin, and sub-livided by
degradation rate. Each component is then considered against an individual
patcrn of degradation and aggregaied 10 give an overall seulement curve. Much
of the seuletnent is manifested as a loss of mass of carbon, hydrogen and oxygen,
through gas generation. The resuits in Figure 6.1 are derived from a mathematical
model of a smal landfll, but the approach is valid generally and can be used with
cither micasured parameters, or assumed data based on current published
research. 7

6.15 The density of waste in a landfll varies widely because of the large
variations- in waste constituents, the degree of compaction, the state of
decomposmon the amount of daily cover, the total depth of waste and the depth
from: whlch a sample is taken. Reported densities range from lows of 0.4 tonnes/
m? recorded in the United States?? to highs of 1.23 tonnes/m3 recorded in the
UK‘-", imh more generally recorded values of 0.65 to 0.85 tonnes/m** For
-planmng purposes, a density range of between 0.65 to 1.0 tonnes/m? for
ive wastes should be assumed unicss there arc overriding reasons for

L RPSEJouslon and Wye College (1993): Reclamation of Landfill Werkings to Agricalture. Phase 2 DoE.
Other reports have suggested seulement values in excess of 25%: see Barngard A and Edgers L (1990).

"'-“Scldémcn(ofuunidpal Solid Waste Landfills”. Thirteenth Annval Madison Waste Conference, pp

192-205; Di Stefano, A B {1993): “‘Settlement of Beddingham Landfill” in pre-prints of papers for the

'#9h Anpuial Conference of the Engineering Group of the Geological Society of Loadon, ed S P

Bentley, Wall D Kand Zeisa C (1995): “"Municipal Landfill Biodegradation and Setilement™, | Environ.
ménul Engineering, Vol 121 No 3. pp 214-224.

12 Oweis | S and Khera R P {1990): CGrolechnology of Waste Maragement. Cambridge, Universin: Press,
1990.

1 Biddle A (1935): Evaluating Landfill Compatiors.

1+ Harrison N H (1985): “Compaciion and effective densities in Yandfill sites.” Proc Inst WM. North
Woest Centre Mecting, Leyland, February 1985.

15 The South East Waste Regulation Advisory Comminee {SEWRAC) use conversion factors of 1.5
tonnes/m? forTypéA (inert/low reactivity) wastcs and 0.8 tonnes/m? [or Types B and C (non inert)
wastes. See SEWRAC (1994): Waste Disposal in the South East Region: Results of ihe 1993 Wastr Monitoring

Suruey, page 2.
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Submersible puinps have been used sausfactorily for many years. Eductor pumps
are increasingly used, particularly where there is a large number of leachate
removal points.

6.60 Temporary pipework is acceptable during site operations bui is prone o
damage and is unsighdy. The design should allow for the use of permanemt
pipework as soon as is practicable Lo carry leachate from the removal manhotes 1o
the reatment or disposal facility.

6.61  Manholo should be classified as permitting or not permiting cnuy,

> Manholes and wells may be constructed of many materals. i
concreie is convenient but prone 1o physical damage. FIDPE 3y alsa
commonly used. The minimum size should be ¢. 304 o 1o Facilivan:
pump insertion if necessary. Manholes, including temporar pumping
chambers, should be fitted with heavy lorkable covers which cannot be
removed by one person. Entry to any manholes or chambers should
only be undertaken where it is unaveidable, and in accordance with
appropriate written safety procedures which are incorporated ino the
site safety plan.

UUERE > The discharge pipe/manhole function at any pumping manhole
o : should accommodate settlement of the waste around the manhole. The
manhole should itself accommodate potential down-drag effects. With
) alt manholes care must be taken to ensure that any foundation loads do

T T not cause damage to the liner system.

6.62 The manigement of collected leachate is considered in detail in

ijafagraphs 9.118 to 9.156. At the design stage, the designer should consider with
_the site operator whether treatment of leachate will be required, and if so, should
énsurc that sufficient area is available at a suitable location. The designer should
ilso consider whether or not easements or agreements are necessary for the
f:rout_ing of pipelines connecting the site toa discharge point

6.63 "'ch:cuhgon of collected and possibly treated leachate is likely tobe a key
consideration where accelerated stabilisation is to be achieved. It will only be
" -possible where there is an effective leachate collection system, There will be a need

1o consider the means of distributing the recirculated liquids through the waste to
ensure that there is overall wetting of the wastes and flushing of the leachable
contaminants, that preferential pathways are not established, and that downward
flowing leachate does not impair the landfll gas collection system. Accelerated
stabilisation is discussed further in Appendix D.

andfill gas managcment 6.64 The primary ob_jective-s of the landfill gas management system are

- * 1o minimise the risk of migration of landfill gas beyond the perimeter of
the site such that risk of explosion, combustion, asphyxiation, odours or
vegetation damage on adjoining property are eliminated as far as
possible

= 1o avoid unnecessary air ingress into the landfill and minimise the risk of
underground fires )

e o minimise damage to soils and vegetation within the restored landfill

area

N .
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" atures of a landpll gas
management system

Gas wells
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on the global climate.

6.65  The risk assessment will detcrmine the appropriate Jevel of landfill gas
management. All aspects of design, construction and operation of am landhl! gas
conwro! system should be to the highest standards, and commensurate with the
requirements of the risk assessment and WMP27. This assesanent shouid inchade
harm to the global climate and air quality. The design should alvo tal e account of
the planned afteruse for the sitc {sce WMPZ6E).

6.66 The following features should generally be incorporated i a landfill gas
management system (o meet these objectives, as indicated by the ricl aswrcmen

* 2 containment system which will retain gas within the sie s prevem
off site migration

¢ a sytem for landfill gas collection and wtilisstion o1 tlaning wih
adequate back-up faciliies (sec paragraphs 9.169 10 9 184;

* 2 scparaic system 10 control gas migration at the site penmeter which
<an operate independendy of gas collection from within the body of the
wastc

*  gas monitoring borecholes cutside the waste boundary

e use of safe practices to avoid hazardous concentrations of gases within
temporary of permancnt working areas of the site.

>  These features are illustrated in Figure 6.5

© 667  As the contro! and management of landfill gas is rapidly evolving, the

designer and site operator should ensure that full advanuage is taken of changing

theory and design. The designer should assess the likely iandfill gas generacon
pattern having regard to the waste types and the rate of filling, and the intended

- mode of operation.

> Where acceicrated stabilisation is an objective, a substantally greater
rate of gas production is likely. This may necessitate targer plant and
provision of a high degrec of standby plant facilitics. This will enable the
control system o be sized and appropriate collection and flaring or
utilisation equipment to be specified.

> The designer should ensure that an appropriate Jocation is availabic for
gas plany, generally one that is screened or hidden from view with
minimal visual and noisc impact The impact of flare and exhaust
emissions from landfill gas plant should be assessed.

6.68 Gas wells may be either vertical boreholes passing through the waste or
horizontal pipes kid in the wastc lifts as landfilling progresses. Horizontal wells
constructed in deep landflls can suffer blockage and dislocaton due to
diflerential settlement. Their usc is generally restricted 1o shallow landfills (Jess
than about 10m deep) or to existing landfills with high water (leachawe) ables
where there is littde dry waste between the surface and the leachate wable. Where
vertical wells are to be used the potential effects of seibement on the well should

be assessed, including the possibility of damage 1o the lining system.
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re 6.5  Landfill gas management

. s Link for
Perimeter migration fing main
oonlr_ol system. connection
{cross-connection
vaives usually closed)

Wasle
boundary

Mertical wells
with monitoring traps at
*nd flow low points
control vaives

Gas monitoring boreholes
spaced as WMP27,
unless otherwise agreed,
within sile boundary

Landfill gas

Cross - extraction
connection compound

valve BRI

Contaiﬁment l_i_r.xe:r'kfgr-
perimeter gas control.
Option for additional

horizontal or, vertical -
wells for migration control.””

Three tier landfill gas management system:

1. Gas extraction

2. Liner barrier (plus migration extraction if necessary)

3. Monitoring wells
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s control al the perimeter

Interface uwith olher design
wt ’

C-cpumpingamnpoundc

extraction wells in the waste inked by piptwork 1o Lhe capping sysicm 10 a gas
pumping and flaring compound. The wells may either be consuructed as waste
filling progresses or drilled retrospectively - this will be determined in consultaton
with the site operator. Possible damage to the hning system mus abo be
considered if wells are drilled after wasie filling is completed. The favout of the
collecion wells should be considered at the design stage using best current
practice, and the design should abso consider the poutioning of am pennmeter
migration conuol system. The layout of the connection of extraction pipes 1o wells
should be considered so that, where possible, permanent sections can be installed
in stages and the extraction and migration control systems can be crosyconnecied

for security.

6.70  Atthe pesimeter of the landfull the leachate contatnment hner wil provde
a deterrent to offsite migraton. Because of differences in the viscoun of gas and
fiquids ctay and bentonite barriers are orders of magnitude less effecine at
restricting the flow of gas than that of leachate. The designer should consider
whether the proposed leachate containment hiner is sufficient for gas conuol or
whether a higher specification liner is required for gas control purposes.

671 The detailed desgn of the landfill gas conuvol sysem should be
undcrtaken in conjunction with the silc operator and specalist landhll gas
contractors/cngineers. The designer should consider the integradon of the
various components of the gas management sysiems with other ¢lements of the
landhll ‘design. for cxample whether it will be affected by the leachate
management system or whether there is sufficient depth in the restoration layers®
to accommadate well heads, extraction pipes and pipework required for leachate
extraction: Settlement can disrupt the cap around the well or cause down-drag to
puth the well against the Ening system.
> Addiional materizls above the barmier layer may be required to
accommodate landfill gas pipes in a pipework 20ne within the capping
system®2, ’
> The.fayoul of the gas conuol system to minimise diswupton \o the
planned afteruse should also be considered.

672 In asscssingdnédeﬁgnoﬂhcgu pumping compound the designer should
consider

s  the cnvironmental impact (for example, noise, visual inorusion and

effects on the aunosphere)

*  land availability

*  access for maintenance

+ utilisation options

*  the electricty supply to drive pump equipment

e the likelihood of wrespass and vandalism

*  operator safery.

" Sec WMPGE.
® See paragraph K.30 and Figure 10.1.
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L access roads

-
*  earthworks cut and Al areas
«  arcato be lined initiatly
"
*  location of landiill gas and leachate management facilines
* sile drainage including surface water, leachat: disposal roules or
irtigation plots o
®  site screening, including iree and shrub planting.
Monitoring requirements 6.76  Processes in a landfill are dynamic. There is a nced o monitor the -
behaviour of a landfill conunuously to determine
¢ itsimpact on its surrounding environment
[
* its rate of reaction and its progress towards stabilisaton (sce also
WMP26A).
6.77  The daia required by the designer to monitor the performance of the -
landfill design clements is shown in Table 6.2. Moniloring is described in detail in
WMP26D.
6.78 The performance and regulatory monitoring will enable the designer 1o -

determine whether or not the landfillis behaving in the manner anticipated at the

design stage. The designer should always seck to alter elements of the design 1o
accommodate changes required by actual field experience.
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Tabk 6.2

Performance monitoring of landfill design

Itemn

Data requirements

Earthworks

Fencing

wroundwater drainage system

Landfill gas

Leachate collection system

Laner system

tenance schedules

 tour

S~tlement.

Stabibiny

Whether the assumpions used in the carthworks bala v
have been borne out by construction and operavosial
expericnce, which is gencrally related to void use

Will demonstraic whether predicied site life and maiernls
import/export requircmenis are correct

Whether the lenc ing sysiems provided are proving clle m s
or whether specificativns should be relaxed or suengihencd

Check on efficiency and performance

The designer will wish 10 know details of pracucal
experience gathered by the operations team

Efficiency of designed removal system, monitored at
scecondary monitoring points located away from the removal
sumps

Durability of matctials used in manholes, pumps and

pipclines

Leachaie generavon assessment shoubd be checked against
openational data

- As licence requirements .

Designer may wish 1o monitor the performance of the
compOhent parts of the hiner system including materiais but
this may require intrusive investigation and generally should
only be considered as part of 2 rescarch programme

The landfill desgner and the site operator should monitor
maintenance schedules w determine whether these arc
realisuc, whether they are being followed, and whether they
are in need of revision

Refer 10 paragraph 9.96
Topographical surveys to check on actual setdement and
test predicuons

Checks on stability of iemporary and permanent slopes 10
determine whether design assumptions were correct

[P



'r_ aratory works

673  Adescription should be given ofihe likely equipmeni that will be provided

ai the pumping compound, for example
>  pumping and ftaring equipment, duplicated if necessan for back-up
facilives
> condensate traps
>  pipe layout
> flare design,

6.74  The pumps and flares should be destgned with appropriate performance
standards. Consideration should be given to the possible need Jor VO
destruction even for landfit! gas of low combustion potental. The Einvaonmenial
Protection Act 1990 and its associated regulations have extendod wasie copulators’
responsibilities more widely. Those responsibilites take in the conuaol of gas
(tares. Until guidance is available Lthe waste regulatory body should take account of
best practice and emission standards for comparable industrial processes.

> The components of best practice are likely 1o include, depending on
the site, some or all of the following

» the probable variation of gas volumes and gas composition,
including trace components, during the life of the site

e  the landfill gas collection and pumping system

= the interrefation of the flare system with landfill gas wilisation
s Nare design

. con.lbustjon temperature and residence time

* flare capacity, including the effects of wrndown on flare
operations and emissions performance

+  standby provisions '
+  continuous combustion monitoring
s process control of flare operation

¢«  exhaust gasrecycling

+  emission monitonng

+  safety

*  maintenance.

6.75  The design of the preparatory warks required before the actual deposit of
waste commences should be shown on a single plan. This can be developed in
more detail at the construction design stage. Early drawings can be used to
prepare estimates of the initial expenditure required to develop the site. The
works will include the following elements, as described in the preceding sectons

+  highway improvements

*  site fencing
s wasic reception areas including weighbridges, wheel wash. offices,

garaging

19¢




Control of landfill gas
I{mporiance

Problems arising from

T e compenents in

9157 Unconrolled lamdhidl gas puscs nisks, through ity explosive asphiiam
and greeshouse gas characeeristics. Virtuzlly all aind 1 sives will produce gaseous
cmissions for a long period of ume The extent to which this wll occur. the
compositon of the gases and the conirol and monnonng sarmrangemenis which sl
be nceded will have been considered as pari of the landhill design process Landhil
Eas managemneni and monitoniag are discussed in devait in WMP27

9.158 The quality and quanuty of intermediate and 10p cover nwd
operations and resioration will inlfuence the extent of fateral gas magraton

>  For example, the specification of 2 low permcability cap as pari of ihe
restoration may well cacourage lalcral snigration by cficeimeh
preventing gas escape through the landhil surface

9159 Potential problems arising from landhll gas fall o the follonnag
categorncs

*  explosions or fires due 1o gas collecting in confined spaces, such as
buildings, culvenis, manhoices or ducis on or near landfill stes

= wphyxiation of pcople entering cufveris. trenches, manhokes or
bmldmgson or near landfill sites

©  ignition of hndﬁll gas when released through fissures at the surface,
-with a risk of setting fire 10 the waste

o detrimental effects on crops and vegetation on or adjacent o andhll
sites

»  risks 10 human health

Coe J nuiﬂncebmbkmespccially odour.

9.160 Migmdbﬁﬁhmpm&mcptmw&llbcidmﬁﬁeddur&xgtbedcﬁsnﬂy
phascoflhedcngnpmccsmdﬂ\eeﬁcclofcxtcmalmmchasdwp

" changes in ba.r-gmcu'lc pressure should be considered during risk assessment. To

_bcalﬂemdcasnandopcntclmdﬁﬂgaconudmcﬁecmdruumy
to undemzna'i}m m"htgﬂy indcpendent mechanisms for migration exist

s gascous d:ffuson {concentrasion gradient)

s advection (pressure gradient).

9161  For this reason, as well as the need 10 buikd in a design safety Eactor, it 7
usually necessary to have more than one kevel of conwol at any site, specifically
dcsigned 10 meet the requirements of that particular site.

>  Landfill gas systems designed io control vertical and laieral migration
must take priority over, and musi not be confused with, any utilisaton
systems which may be installed. Nevertheless, a well designed system for
landfill gas utilisation can and should complement a migration control
system where practicable.

9162  Aiarge number of minor constituenis have been identfied in houschold
waste landfil} gas at low concentrations. Some of these compoundsare responsible
for unpleasant odours and some of them may represent 2 health bazard. Odours
from landfill gas differ from those from keachate since the sraell of the laner is
predominantly duc to carboxylic acids which are only presemt au dow
concentrauon in landfll gas.

4>




9.163  Landfill gas is typically diluted in the air above a site by a factor of between

a thousand and over a million. The numerous organic compounds which mav be

present at significant concenirations at source are usually diluted o below the

toxicity threshold. Measurements of metals as volaule derivauves or in particulate

- matter have shown that concentrations in landfll gas are very low at both -
houschold and industrial waste sites. At sites taking chemical wastes, care must be
taken 10 ensure thal toxic gases are not gencrated by the reacion between

) incompﬁﬁble wastes or do not volatilisc from the waste iselll : -

Landfil gas odours 9164 Landfill odours can cause considerable nuisance, as sufficient dilution to

© ‘'eliminate the smell may not be achieved under some weather condinons
-Poténtial sources of odour and control options are discussed in paragraphs 4% 1) -
9.96.

Gﬂmhousegns emissions 9165 Both methane and carbon dioxide are greenhouse gases. Methane is
' stimated to be about 20-30 times more damaging than carbon dioxade. Therefore i

. ‘conyersion of methane to carbon dioxide is less damaging to the environment
‘than allowing the landfill gas mixture to be discharged to the atmosphere

166 The combustion of landfill gas either in flares or as part of an energy
i overyproccs converts methane to carbon dioxide, and should be undertaken
l]cncvcr_me la.ndfill gas yield is capable of supporiing combustion. When the )
méthane ¢ ntent is mo low or too variable to support combustion, consideraton
;ﬁbu.ld be gl\nén o usmg 2 supporl fuel but this should only be implemented if a
nsk'analysm shows Lhat clear benefits can be gained. . &

i TS
9. 167 Passwe gas ventmg systems and mlgmtmn through the surface cover of 2
land.ﬁ!l “gité - pose a potcnUal environmental hazard. However, the microbial
oxldatmn ‘of mcthanc in ;ouls may oﬂ'cr a powerful means of reducing the
methane crmsnons. Rcscardi" mdxcau:s I.hal in the near future this process may
be enhanced or controllcd through comrollmg the soil type and humidity.
Operators should mammn AN  OVErview O t\hl's research so that operationai

[T

Wiectives of landfill pas 9.168 Landfligas mnagemcm systems sh i dbe part of the site infrastructure
nar...gement systems and will normally be subject to waslc managcmem licence condmons‘ The
objectives of landfll gas management systems are to -

e  minimisc the risk of migration or accumulation off-site

»  eliminate so far as possible the risk of explosion or mph)n;i;-_n_'on

. prevent unacceptable nsk to human heaith, detriment to the

environment or nuisance.

Yt of system 9.169  Three types of system may be used to control latcral migration of landfill
- gas, either individually or in combination
a} passive venung ]
b} bammiers

¢} pumping. [ ]

™ Whalen S C, Reeburgh W S and Sanbeck K A (1990): Rapid Methane Oxidation in a Landfill Cover
Soil_ Applicd and Environmental Microbiology, Yol 56, pp 34053411 i
-
-
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Passivr venting

Sysiems

pZ

Landfill gas
exirachion systems

9170 Passive venting systems should only be used in situations where the rate of
£2s generation is low, for exampie hiologically vid sites, and inert waste sites. Thes
rely on the inherent property of gases to move from a location with high pressure
and/or coacentravon. t0 one where pressure and for concenraton iy lower
Such systems can be implemented by a number of means including renting
columns and drilled vents as set out in Table 9.8 and shown on Figure 92,

9.I71  Stonefilled venting wrenches rely on then acnng as @ permeatubity
contrast and the importance of such venis admiving axygen from the arr o the
ground should not be oweriooked. The reduction of efficiency with depth means
that simple venting trenches will not eflectively prevent lareral migrateos a1 depihs

of more than about 3 mewres because gas concenuatons (o h ot cquilibiium
between the decper pars of the wench and the swrrounding  wooand
Performance can be improved by insalling a low permeabihity geomemtaane on

the side of the trench away from the waste,

9.172  Physical barriers range from swonefilled wenches 10 Jow permeabulin
constructions including flexible geomembrancs, bentonite cement, and shurry
walls, piled cut off, and combinations thereof. Bentonite cement and other clay
bariers are not fully effective againgt gas migration unless they incorporate a
geomembrane. The performance of all physical barriers is considerably improved
when combined with 2 means of removing the gas, such as by passive wenung or
pumped extraclion.

9.173  These systems depend on suction (o remove landfill gas from the wasie.
They comprise five main components

s gas wells or drains in the waste®

= pipework keading from the wells 1o the pumps

*  condensate traps to remove condensed liquid from the system

s  pumps which m-(hegmﬁomd;cmc

o bandhill gas diffusers, flares or utilisation plant.

9174 Gas wells mnd draims: Landfill gas wells comprise either drilled boreholes
constructed after the waste has been emplaced or stone collecion constructed as
part of the waste emplacement process.

»  Drilled wells - comprise large diamcter boreholes drilled into the placed
waste and complcted with an inner perforaied well pipe swirounded by
a gravel packing. The wp of the borehole is compicted with non-
perforated pipe surrounded by 2 bentonite seal 10 allow for sendement.
A typical well is ilustrated in Figure 9.3.

> As a genenal princple, the performance of 3 well improves with
increasing diameter and borcholes are now being drilled up 0 I m
diamcter. The well pipe s generally about 150 mm internal
diameter HDPE with between 10% and 20% open perforated area.’

T Migraton control systess can. in seitable geological conditons, moorporaie weils locaed m axt-
ural ground pest oucide the wamne, where g d demons can prowsde meove predic iahbe behanoow
tham the waste. The risks of puliing gas out of the site w0 the sarrounding ground must be amessed
belore adopting this approach.
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Table 9.8

Passive and low permeability barrier landfill gas management options

Drilled vents

These are drilled using conventional percussion
or flight auger mecthods after substantal
thicknesses of waste have been emplaced

Advantages

A reladvely cheap method of providing
pressure rehief

Do not interfere with day 1o day operations
Can easily be converted to a suction systern;
Disadvantages

Risk of drilling through basal liners

Limited effectiveness when pressure gradienis
are absent

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

Stone columns

Stone columns built as tipping proceeds, typically
1 m diameter or 1 m square '

" Adpaniages
Relatively cheap to construct
Effectively relieve positive pressure

-More effective than drilled wells at diffusion
venting because of greater surface area

Promote downward;ihigm.ﬁon of perched
leachates '

u N - E -

Intrusive in workinggﬂ_';a g
Liable to damage by mobile plant
Lack vertical stability

Promote rainwater infiltration

Yropiled columns

An uncased stone column or stone £lled pipe is
inserted into the site after tipping has been
completed using vibropiling techniques

Advantages
Do notintrude into eperational area

Costs comparable with conventional drilling
Effective in relieving pressure

Disadvantages

Relatively small diameter makes diffusion
venting poorly effectve

Same as for drilled wells

[

T
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Table 9.8 continusd

Stone filled venting treaches and pits

These are excavated into or around the waste
and hilled with clean graded stone usually as part
of the restoration works

A geotextile is frequently uwsed to separate the
stone from the waste

Adosnloges

Simple to construct

Can be cost effecuve

Effecave for shallow sites (<5 m decp)

Large surface area allows inward diffusion of
air hence good flushing characternugs

Difficult 10 prevent ingress of surtace water

Lose effectivencss with depih and wil! not
prevent migration at mote than 3 m depth

As above, but Wil'.h'a Iun pcrmabthty membrane
such as MDPE or HDPE oo the side of the aench
away from the waste -

lnuudc_i_n rcslmuon scheme
stagy

Effectively control migration provided that the
wenches and membranes penetrate 1o the
waler table or 10 2 low pereability st

Disodvantcges
Difficult and expensive to construct ar depths
greater than about 5 m

Advandages

The surfaces of the trenches can be scaled thus
reducing the risk of infiluation of surface waser
and improving compagbility with some land
uses .

Disadvantages
Reduced surface area of venting colummns
roairs diffuss hani
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Figure 9.3 Typical combined leachate and landfill

gas collection well
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¢ Horizontal drains - arc usually constructed in the waste as it isemplaced
and comprise a horizontal stone bund or a stone-filled trench with a
perforated collection pipe which is connected via risers 1o the gas
pumping sysiem.
9175  Gas collection systems are subjected to very considerable forces as the
wasle compicts, degrades and scttles, and this should be taken into account when
the system is designed and constructed. Substantial downward drag forces are
imposed on the relatively incompressible vertical wells and stone columns which,
in extreme cases could punch the wells or columns through the landfill base liner.
Drilled wells should therefore terminate at least 3 metres above the hase of the
waste in all containment sites and incorporate sliding joints a1 their upper end.
Constructed stone columns should have a substantial foundation pad dessgned o
withstand the forces likely to be imposed.

9.176  Because of the heterogeneous conditions within a landhll, the forces
imposcd on a vertical structure will be not be confined to the vertical plane.
Lateral forces will deflect the siructure out of vertical alignment and ray crush or

shear the well pipes.

9177 Al gas exuraction systems are subject to 2 progressive loss of performance
due to the build up of silt, chemical precipitates and biomass. Small diameter
wells, ie <150 mm internal diameter, are so badly affected that they can become
unserviceable within 3 or 4 years of construction?s.

“9178  Vertical weils will only extract gas effectively from unsaturated waste. The
reduced permeability of degraded waste, accumutation of condensate and the

‘physical displacement of pore water often result in a build up of leachate within
iandﬁl] gas wells to the detriment of their performance.

-9, 179 * ASaresult, vertical wells are not: effective in: cxlracnng gas from wet sncs

- Ew:n ir \msattmtcd sites the opcrator may m;ﬂ ﬁnd it neccmry to arrange for

. lea:hatc remow.l from v-crncal gas wells using’either | pumps or c_,cc(ors.

failed to achlm go-od rcsul'ls Dn accoﬁn of thc hlgh Icachal:c levels. Horizontal
coliection systéms are mug:h more hkcly 0 be damaged by loading forces than
vertical wells and their use at depth in landfill. sites has now been largely

discontinued.

9181 Pumping mains and pipework: Landfill gas pipework systems are
generally made of smooth bore HDPE piping with fusion welded joints. The pipes
should be sized to suit the anticipated flows and may range from 150 mm internal
diameter at the well head to 300 mm or more, close to the pumps. Temporary
systems are generally constructed from flexible HDPE pipe, typically 150 mm

diameter.

9182 Condesnsate traps: Regardiess of whether the pipework is permanent or
temporary, careful attention should be paid to the removal of condensate from
the sysiem. Landfill gasis samrated with water vapour as itis generated within the
waste, and this is carried into the wellsand pipework along with the gas. Variations

% 1In situ falling head pevmeabslity tests of 150 mm internal diameter wells drilted in wasie have shown
permeatilitics of the order of 1 x 10%m/s in houschold waste emplaced for about 1¢ years.
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andfill gas whilisation

in the iemperature and pressure within the extraction sysiem cause same of the
water vapour o condense and drain fo low points in the sysiem where in extreme
cases it can cause blockages.

>  The pipework system should be designed 10 drain the condensate to low
points which may drain either back 10 the wells themselves, or 10 self
draining condensate knockeut pots which discharge the condensates
back into the waste, or 10 condensate collection anks.

>  Most regulatory authorities take the view that discharging condensate
back into the waste from which it oniginated docs not require a separave
wasic management licence although it may be 2 conditron of 2n existing
licence. Otherwise condensate is 3 controlied wasic and s subgect 1o
regulation for its disposal or discharge. Condensate may he a highh
contaminated fiquid®.

9181 Gas extraction pumps: Cas extraction pumps now generally take the
form of centrifugal compressors driven cither by diesel engines or by clectnicity.
They are available in a range of sizes typically between 150 m3/hr and 500 m*/hs.
The smaller units are available skid or trailer mounted complete with a
condensate trap, flare or diffuser and the necessary conarols and monitoring

- - equipment. These are generally used for temporasy systems either to deal with
' emcrgcnc:csorfofpumpmgm

> Gasputnpmg equipment may be required to pump gas/air mixtures
" *which fall within the explosive range (ie 5% - 15% methane_ in 18- 21%
.. oxygen). They cannot be made intrinsically safe and 30 it is essential
 that flame arrestors are fitted to prevent ignition within the compressor
" . propagating back through the pipework to the site.

9184  Flarcs and diffusers: Landfill gas extracted from the wasic should be

,dupooedofbycombusuonmapwpmhnkfhn Where the gas contains

. .rmmqemmhmmawm and 2 risk assessment prochades the
use of a support fuel, it should be discharged 1o the atmasphere through an
" elevated diffuser stack to ensure adequate dispersion.

> The landfill designer should have estimated the quality and quantity of
"+ landfifl gas likely to be generated and should design measares w cpre
that the emistion does Dot canse a nuisance or health risk o jocal
residenis using atmosphere dispersion modelling where appropriate.
> Itis not possible to predict the ocomrence of malodorous or hazardous
trace components in the Jandfill gas and so it is necessary for the
operator to investigate the landfill gas itself and the products of
combustion from the flare or utilisation plant to verify that the
predicied performance is being achicved. These investiganons should
be undertaken as part of the plant commissioning trials and should be
npca&donceamr&omtbenon.
> Optnmnshouldbemdutlhccombmeﬁoencyolmny
landfill gas flares is very poor.

9.185 Encrgy recovery is a mature, successful icchnology in the UK and where it

¥ Condensase ofwen form 3 cwo phase mixsere; an orgaaic rich “oily” phase and an aqueows phase. if
chemical analyses are required, the presence of the two phases showld be Gkien inaso acrount

20>



204

0

N )
| | 2 g g
y =B
, T
\ m_ “g
A e ' | Y m. g
= EE
- B
ll'..l'.. ° 0
S ——lIH g
. | ——00 m g

c

B

—oe s

3

1]

Waman}eg
a1qotey SqOIITY Siqoaey| 001
R .

Al . 111 I1 I | 8feg

sed Iypue| jo uopsodurco ur ssdueyn ¢'n sandyy




Section X.

Microorganisms Against Green House
Effects — Suitable Cover Layers for the
Elimination of Methane
Elimination of Methane Emissions from Landfills

M. Humer and P. Lechner



MICROORGANISMS AGAINST THE GREENHOUSE EFFECT -
SUITABLE COVER LAYERS FOR THE ELIMINATION OF METHANE EMISSIONS FROM
LANDFILLS
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ABSTRACT
= Landfills represent an important source of the greenhouse gas methane. This is due lo incomplete gas collection on sanitary :
landfils, abandoned gas collection on older landfill sites with only small gas production, and emissions from unauthorized i

open dumping. Enhancing microbial methane degradation in proper cover layers couid serve as an additional measure to gas

collection for operating landfills as well as an altemnative for older and smaller landfills. High oxidatior rates can be

achieved in coarse, ripe waste compost, such as sewage sludge compost or municipal solid waste compost Laboratory tests

reveal that methane oxidation in these composts was clearly better than in natural soils. Apart from a proper compost

quality, the design of the cover layer is also very important. In 2 field experiment on an Austrian landfill, differently

? constructed cover layers made of comprost were tested under real conditions over a two-year period. This paper contains the
' results from these investigations and proposes a proper design of such cover layers in order to enhance methane oxidation.

4.

INTRODUCTION
Methane, the main component of landfill gas, is an
. important greenhouse gas. Methan's plobal warming
' potential (the infrared radiation absorption potential within
the ztmosphere) is about 21 times more effective than ppm
carbon dioxide, calculated over the time horizon of 100
years (IPPC, 1995). Atmospheric methane concentrations
have risen steadily from 0.7 ppmv in pre-industrial times
to a recent fevel of approx. 1.8 ppmv (Blake et al., 1988).
This is a clear indication of human intervention in natural
fluxes (see Figure 1).
Estimates have put total global annual methane emissions Bition
from all sources at about 500 - 60¢ Tg, of which only fess peopie
than 200 Tg arc natural (Gribler, 1998). Thus methane
emissions due to human activity, mamly agriculture,
biomass bumning and landfills, are up 1o three times higher

than emissions due to natural producers (eg wetlands,
termitcs). 011,500 7000 3.000 660 400  prasond
e0D) 5000 1000 600 200

Tiwe frears) |

gEE8
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T T G T

R W N NDOO e~ ——

Figure 1: Development of carbon dioxide and methane
concentration in the atmosphere in correlation with the -
global population (Krapfenbauer, 1995)
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Apart from methane a numnber of other hydrocarbons, e g.
volatile halogenated carbons, can be found i landfill gas,
but manly up to 2 level of only <1%. These compounds
abso have a great impact on the environment and human
health. For exampile, chiorofluorocarbons {HCFCs) have a
large global warming potential, a handred- o thousand-
fold higher than carbon dioxide or methanc; ¢ g vinyl
chloride (VC) is carcinogenic.

Although today's sanitary landfills usaslly operate » gas
extraction sysicm, by which hndfill gas © collecied and
burned in flares of used as an coergy source, a high
ammount of gas still escapes inte the atmospbere. Methane
1 also exmtted from older and smaller Yandfill sites, where
the subsequent application of » gas collection systern is oo
costly, as well as from open, umauthorized dumps.
Landfills contribute about 20 - 70 Tg to global methane
emissions each year (Khalil et al., 1989). At the moment
Western Euwrope and North America are the farpest
producers of landfill methane due to high levels of waste
production per capita and the highly-degradable carbon
content of the waste. Meadows et al. {1997) estimaie that
total global methane emissions from landfills will increase
significantly by 2025 {see Figure 2). The authors assumc
that this will ramly be due to growing populations and
urbanization in developing countries (such as in regions in
Asia or Africa), which most likely will lead 1o increased

306

waste gencration and disposal in landfills  Presunably
landfifls in these countnes will not have gas collecuoe
sysicms because of insdequate o nassing dechmucal amd
financial facilities.

The main global methane sinks are chemmcal reacnons m
the troposphere and microbsal methane oxadation m soils
by methanotropine bacieria. The scieatific cormmmpaty has
long kpnown sboul the presemce of methane oxidmzmg
microorganitms i differest mawral systems, g acrobx
soils, watcr, manme hsbiats (Whitenbury, 1970
Microbial methane oxsdabion, that means the rumover of
methane to carbon droxade and waler by mecrobial activity.
is very imporant and accounts for about 80 % of ghobat
CH, consumpuion (Kightley et al, 19951 The effect of
methane oxadanon ia carural lLadfili cover soils has
already been described by a3 mumber of authors (Crof ot
al, 1089, Whalen et al. 1990. AERC Lid 1991,
Bergmann et al . 1993, Kightiey et al | 1995, Boeckx et al.,
1996, Bonesson ct al 1998) Most of the referenced
invesugations show that a lugh rethane oxadanon capacth
could be found n porous, coarse and organk-nch
substrates {e.g Crofi, et al., 1989, Berprmann et al | 1993,
Kightley et al, 1995).

Bascd on these 1eports we mibawed mvestigatons w1996
wto several waste composts, mxluding sewape shadpe
compost or municrpal solid waste compost. used as lamdfil:
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cover material to enhance the natural potential of methane
oxidation. As a first step, we camed out laboratory
cxperiments with soil colummns to assess the mcthane
oxidation capacity of compost substrates as compared to
pamural soils. These tests have proven that ripe compost is a
suitablc substrate for methane oxidation. As a secomd step,
a field experiment was started on an Austnan landfill
during the summer of 1999 in order to investigate the
" effect of seasonal conditions on methane oxidation in
differently  constructed  compost  covers.  These
investigations have been running for two years.

GENERAL PRINCIPLES

The process of methane oxidation consists of the
conversion of methane into water, carbon dioxide and
" “omass by microbis} activity. Methane oxidation is
uependent upon a number of determining factors, such as
the water content, temperature, soil conditions and nutrient
compounds.

Microbial methane oxidation is very effective in many
aatural systems, such as the aerobic Jayers of topseil in
wetlands, and it is a determining factor in the natural
carbon cycle. For examgple, in the Florida swamps and in
the marsh lands in Germany, it was demonstrated that
methane produced in anzerobic zones was reduced by 70-
90% in the covering acrobic zones by methane oxidation
before reaching the atmosphere (King et al, 1990;
Knoblauch et al., 1995). In soil layers with optimum
ambient  conditions  (oxygen-methane rato) for
MICIoOrganisms, an ,,oxidation horizon" of 0.} to 03 m is
usually formed. This horizon is where most of the active
methanotrophic bacteria accumulate and the major
mcthane oxidation processes take place. Under altered
conditions, such as a reduced supply of methane or
oxygen, this borizon may proceed vertically in the soil.
“icroorganisms which are capable of oxidizing methane
have been known since the turn of the 19® century. These
Microorganisms are  mainly  so-called  obligate
methylotrophic (= methanotrophic} bacteria  which
specialize in the assimilation of C1 compounds (such as
methane and methanol). Today  methanotrophic
microorganisms can be isolated in nearly all imnological,
marine, and terrestnial sites. Obligate methanotrophic
bacteriz use methane and its decomposed compounds,
methanol and formaldehyde, as their sole source of energy
and carbon. This process is catalyzed by an enzyme called
methane mono-oxygenase which can be found in all
methanotrophic organisins and is essential to methane
oxidation.

Methane mono-oxygenase acts as a mon-specific catalyst,
which may lead to the co-oxidation of NH,® and other
hydrocarbons, such as halogenated ones, which are also
found mainly in landfill gas. Methane mono-oxygenase is
available in either soluble or membrane-bound form,

depending on the concentration of copper avmlable m thc
substrate (Bender, 1992).

Environmenta)l factors have a decisive impact on’ the

activity of methanotrophic bacteria, i.e. methane tumover
rates. Methanotrophic organisms on the whole are fairly
adaptive, but some certzin ambient factors are required.

Temperature

Most methanotrophic bacteria kive and multiply best at
temperatures ranging from 15 to 30°C (mesophilic
cultures). Heat-tolerant cultures can sustain their growth
rates up to a temperature of 55°C (exospores may survive
even after short-term exposure to temperatures of up to
80°C). Some psychrophilic coitures have an optimum
temperature below 15°C; however, the lowest temperature
limit at which their activity ceases is probably slightly
abave O°C (Heyer, 1990). There are differing scientific
statcrocots  concemaing  the  dependency of mwethane
oxidation on temperatme. Laboratory experiments
conducted by Whalen et al. (1990) show that a temperature
increase from 15°C to 25°C causes the methane oxidation
nate to nearly double, and the authors indicate that methane
turnover rates depend heavily on temperature; however, an
investigation conducted by Boeckx et al. (1996) show
only a slight temperature effect on methane oxidation. Our
laboratory tests indicate the same, in a wide temperature
range of 5°C to 30°C we have found rather high and
constant methane tumover.

Water content

The water content of the substrate inflaences methanc
oxidation in many ways. There is a strong comelation
between the actual water content and oxygen respectively
methane permeability, which also has a big impact on
methane oxidation. Gas permeability decreases with
increasing water content.

At a moisture content below 13 % of the maximum water
capacity, methanottophic microorganises tend to become
inactive (Bender, 1992). Tests carried out by Figueroa
(1993) on different landfill cover matenals show that
optimum conditions for methane oxidation are found in
areas with a relatively high moisture content. The highest
methane turnover rate could be achieved under the same
ambient conditions in biowaste composts with a moisture
content of approx. 40 - 80 % of the maximum water-
holding capacity. Boeckx et al. {1996) indicate that water
content widely regulates the activity of methanotrophic
bacteria. They found that the optimum moisture content is
situated at about 50% of the water capacity. In our
laboratory tests the activity of the methanotrophic bactena
was strongly inhibited at a moisture content of <20% w/iw
in compost (corresponding to <15% of maximum water
capacity).

Oxygen suppty

Mecthanotrophic bactena are obligate aerobes, which can
achieve optimum methane oxidation rates even under
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microserophilic  conditions, te. at very low oxygen
concentrations. Bender (1992) carried out expeniments on
a soil of a paddy fiekl and demonstrated that the microbial
activity of mcthanotrophic bactena is reduced sigmficantty
ounly below oxygen conceotrations of 2 % viv m the
gascous phase. Accordmg o the total foromia in
stoichiometry, iwo molecules of oxygen per molecule of
methane are required for microbial methane oxidation:

CHe + 20, - 00; + 2H,O0 +210.8 kCal/mol
(according to Croft and Emberton, 1989)

3 This eqoation results in an ideal OJCH, ratio of 2:] (2}
Oy | CH, respectively 4 g Oyfg CH,) m the substrate. This
stoichiometric calculation works only if no cabon &
converted oto bromass. If biomass is accumulated, less
oxygen is needed for methane oxidaton. Thus Mennerich
{1986) indicates that 3.6 w0 4.0 g Oy g CH, 15 actaally
needed for methane ocosdation, Kjeldsen et al. (i997)
indicate 3.5 g Oyg CH, is required.

Inhibiters and co-exidation

Methane oxidation may be impacwd negatively by a
aumber of different organic and inorganic substances. This
may be caused indirectly (competing enzymes) or directly
{toxicity, unsuitable ambient conditions).

Incrcasing NH," concentrations have a decisive effect on
the oxidation rate. NH,” is a so-called .competitive
inhibitor” to methane oxidaton. The methane mono-
oxygenase enzyme, which is produced by the
methanorophic bacteria, also acts as a canlyst in the
extraceflular oxidation (co-oxiiation) of NH," as well as
vanous ofganic cornpounds. This leads to the formation of
products that campot be wsed by the methanotrophic
bacteria themselves o mey even ncgatively impact
ambient conditions. Bronson and Mosier (1993} camied
. out special experiments w0 iavestigate the nhibiting, <ffect
: of various inorganic nitrogen compounds on methane
; oxidation in acrobrc soils. The results show that admixture
: of 25 pg NH,CVg of soil akeady Jeads w 2 78 - 89 %
inhibition of methane oxidation.

Methanotrophic  bacteria can  also  degrade  organic
compounds, such as halogenated hydrocarbons, which are
also present in landfill pas. However on the other band, the
methane oxidation process can be affected negatively as
well. Deipser et al. (1997) found that partly balogensted
carbons (HCFCs) could be degraded up to a rate of 50%
and Vinyl Chioride could be degraded about 90 % by
methanotrophic bacteria, but the oxidation of methane was
2t the same timc mhibited at higher concentration of these
organic compounds.

Kjeldscn et al. (1997) indicate that in bawch experiments,
benzene and toleene at high rates and at much lower rates
partly halogenated carbons {trichlaroethylene,
trichloroethan) were also degraded when methane was
present.

o
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Seil condition and nutrient supply

Substrates, in which maxymum metbane wrmover rates
should be actueved, mous) have a antable pore vohmne w
ensure a satisfactory supply of oxypen and methane as well
25 an adequate revention ime for methane in the substrare
The substrate maust also be rich i organic matser and
provide a satisfactory supply of outrents.

The nutnent supply and the content of organx: matwer n 2
substrate are vitaily umportant in wmethane axiabon For
fwo reasons. On the one hand, orgamc mater serves
mainly as a cartier for microorgamsoe snd mnproves the
properties of soil and substrate; oo the other haod, 3
satisfactory nutrient supply is a prerequisite 40 the build-up
of methanotrophic biormass. According w0 mvestigations by
Kightly et al (£995), the admixture of scwage shadge (25|
g pet kg of soil) %0 coarse-gramed sand raises the specific
methane oxidation rate by 26 %, admixrare of peat leads %
an imncrease by Im:ndndmxmofw
&mmmb&wmmw
ocrease in the Aomover rate was by sdmaxing
minens] fertilizer.

LABORATORY TESTS

We first conducted labotatory cxperiments with soil
colurmns o assess the methane oxidation capscaty of
sevenal compost substrates compared W mnasl soils We
then tested the influence of differmg ambsient condwions
{such as temperature, water content, oxygen and methame
supply). The experiments were carmed out at staadand
temperatures 10 2 chmatc chamber using  gas-proof.
transparent columas of acryhc glass (Figure 3).
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Figure 3: Schemanc dizgram of a sotl-colurnn used w:n
laboraiory tests
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The testing materials were filled to a depth of 60 ¢, and
methane or landfill gas mixture was continuously added to
the bottom. The methane supply rate ranged at between 3
and 9 ml/min, corresponding to a load per square meter of
approx. 150 - 450 | CHy/m?d. Air was blown in through an
open passage above the built-in substrate. Oxygen had to
MWMM conditions.
Throughout the experiment, measurements were taken for
temperature and gas composition (CH,, CQO, O;) at
different levels (10, 30 and 50 cm deep) inside the columns
as well as for exhaust air. The tests were conducted in
duplicate and quadruplicate (tests at different temperature),
respectively.

Exemplary results

The following section shows some selected results from
these laboratory tests. Figure 4 shows the maximum, mean
and minimum methane oxidation rates for some tested
composts (municipal solid waste compost = MSW,; sewage
slidpe compost = SS) compared to soil. “Methane load per
square meter" indicates the maximum methape load
supplied in each of the experiments. The minimum
oxidation rates indicate the methane turnover during the
adaptation phase. Table 1 shows the analyzed chemo-
physical data for the tested substrates prior to starting the
experiments.

Mean methane oxidation rates achieved in fully-matured
and well-decomposed compost (like MSW 1, MSW 3,
551, 53 3) were significantly higher than rates in natural
topsoil or conventional cohesive landfill covers. In a layer
of ripe waste compost of 60 cm in depth and under
optimum ambient condifions, i B possible to fully
decompose an average methane quantity usually released
from a municipal solid waste landfill with an assumed
depth of 20 meters.

The adaptation time of the methanotrophic bacteria until a
steady state of degradation was achieved, lasted from
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 approximately 3 weeks (with the exception of 552).
This horizon was indicated by a band of intense
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vaporization, respectively an orange-red band 015 cm'm
size, which was clearly distinguishable: frorm
materials. The reddish slime that cmrergd th
aggregates was visible with the naked-é;
examination of the material extracted . fr
showed a high density of spherical bacteria whic
to be responsible for the formation of this “biofilm"
compost agpregates. Within this methane oxidation
horizon, there was also a significant increase i
temperature of approx. 2° - 4°C as compared to the rest of
the column.
The sewage siudge compost SS2 never reached a steady
state of degradation within the testing time of about 4
weeks. It showed no considerable methane oxidation
because of its high initial ammonium and nitrite
concentrations. This is the reason why the test with this
compost was stopped after 4 weeks. The compost was
subsequently analyzed and the data showed that the
ammonia and nitrite in the starting compost material were
fully converted into npitrate (full nitrification inhibits
methane oxidation).
Figuze 5 shows the curve of the methane oxidation rates
measured in a fully-matured sewage siudge compost (like
SS3) at different temperatures in a climatic chamber. The
test started at a temperature of 18°C and after an
adaptation time of about six days alt of the supplied
methane could be oxidised. By reducing the temperature to
approx. 4°C the oxidation rates decreased to about 70 -
B0% and they increased immediately when the temperature
was raised again. In the rather wide temperature range of
5°C to 30 °C, quite constant and high oxidation rates could
be achieved. Approx. 150 1 of methane/m? d (all of the
methane supplied) were oxidised at temperatures of 10°C,
18°C and 30°C, and about 120 1 of methane/m*d were
oxidised at a temperature of 4°C.
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Figure 4. Minirmum, maximum and mean methane oxidation rates in the vanious compost substrates compared to sor
samples and a loamy cover matenal; compared 1o calculated methane raes m a 10-year-old landfill and a andfill for
residual waste afier bio-mecbanical pretreatment; *) according o Kigdhley et al (1994)

Table 1 - Comparison of the analyzed dats on the selected compost substrates and soils; MSW = musucipal sold =
compost; S8 = sewage siudge compost; soil = topsoil, soil 2 = humuc garden soil

MSW1 MSW2 MSW1 88 882 583 Soit 1 Sonl 2

Age of the compost 60 0 36 20 34 47 — —_

{wecks]

Buk density [kg/l] 1.06 0.97 1.02 0.90 0.83 090 139 139

Water content [%)] 457 4. 324 48.5 46.1 476 178 171

Waler capacity 104 110 89 123 122 12 35 39

(% dry matier]

Conductivity [mS/cm] 3.8 29 24 12 15 0.7 09 o1

pH value 80 83 80 70 T4 79 70 15

NH,® N [ppm dry 348 80 375 B 1200 38 7 1

matier]

NOyN [ppm dry matter] 0 0 ¢ 0 130 0 0 0

NO,-N {ppm dry 448 2752 580 279 1070 590 55 »

mater}

TKN [% dry matter] 1.9 1.08 0.85 11 130 1.15 o 613

Organic content [% dry 24 29 25 26 10 26 7 5

matier]

Pore volume withm the 26 27 28 % »V n 13 A

column [% by volume]

Respiration actvity 68 140 6.8 19 62 69 0.6 02
_{mgOyg dry matter]
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Figure 5: Curve of the methane oxidation rates at different temperatures during the laboratary experiment

Additicnal laboratory experiments were carried out to
assess the co-oxidation of other organic compounds in
landfill gas, such as Vinyl Chloride {Obermayer et al,
2001). In duplicate batch tests (in one liter gas-tight glass
flagks), sewage shidge compost was used in three
differcnt activated stages: “highly-activaied scwage
sludge compost™ {cornpost 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 methane = saSS) and a “non-
activated compost™ (without any prior methane
incubation = npaSS). 100 grams of these three different
activated compost materials were incubated in duplicate
flazks in air, 100 ml/l Ch, and 0.5 ml/1 Vinyl Chloride
(VC), and then they wete compared against other
satples imcubated n air and 0.5 mll VC without
methane.
Figure 6 shows some results derived from these batch
tests. Vinyl Chloride was degraded completely in the
highly- and shortly-activated compost within less than 24
hours, In the non-activated compost material, only about
45% of the added VC could be degraded (perhaps only
adsorbed at the compost material). Only when ruethane
was present VC was completely degraded in this material
within five days. There was a strong link with the
consumption {oxidation) of the added methane. The
results show that in this investigation methanotrophic
bacteria mainly were responsible for the degradation of
VC, probably cometabolically. Methane oxidation was

311

not inhibited by VC in the activated compost (as it is
already adapted to methane oxidation and probably has
enough available mono-oxigenase ¢nzyme), but a slight
inhibition could be observed in the non-activated
material. In further tests the addition of VC was
increased up to a level of 1.5 ml/l in order to assess the
toxicity level for methanotrophic bacteria. Methane
oxidation was strongly inhibited at VC concentration of
1.5 mll. Within three days only about 25% of the added
methane was degraded.
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Figure 6: Curve of methane and Vinyl Chloride (VC) concentration in differently activated composts {naSS = non-actovated
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312




FIELD INVESTIGATIONS

In order to investigate a proper design for compost
covers suitable for methane oxidation as well as to verify
the methane oxidation capacity under reai conditions, a
large-scale field experiment was started in June 1999 on
a still-operating landfill for municipel solid waste.
Several test cells with compost materials of varying
thickness and composition were put into place.

Test cells
Five test cells were constructed on the landfill for
municipal solid waste in St. P5lten, the capital city of
Lower Austria. The landfill is about 14 ha in size and has
been operating since 1974 with about 60,000 tons of
waste dumped each year, mainly houschold nd
biowaste, sewage sludge, demolition waste and some
~4ystrial waste. A gas extraction systemn 1s in operation
_ the landfill and the collected gas is used in a gas
engine as a source of energy; however, the remaining gas
cmissions are siill high, on average between 0.1 to 0.4
m’/m’d (peaks up to 0.8 m/m’d).
Each test cell is approximately 25 x 25 meters in size,
was placed on 4 site where the waste was filled up 0 a
height of about 15 meters. The upper 3 — 5 meters of
waste were deposited over 1998 and 1999, shordy before
the test celis were put into place, and consist mainly of
household waste with a high rate of organics. That means
the upper part was filled with fresh, gas-producing waste.
The surrounding arez of the test cells was made widely
airtight by installing geosynthetic clay liners. The
various landfill covers on the test cells are designed as
shown in Table 2.

Table 2: Designs of the test cells (MSW = municipal
solid waste; GD = gas distribution)

Ripe (about two year old) sewage sludge conposl_(SO“’/’o

Table 3: Data on the waste composts used as landBlL
cover materials in the field experiment; n.d. = not

the compost layers on test cell ! and 2) Tabis
some data on the used composts as analyzed at
of the expenments.

Test celi constraction

Test cell 1 - 0.9 m sewage shrdge compost
- 0.3 m coarse gravel (GD-layer)
- about 10— 15 m MSW

Testcell 2 - 0.9 m MSW- compost

- 0.3 m coarse gravel (GD-layer)

- about 10— 15 m MSW

Testcell 3 ~ 0.4 m sewage siudge compost

-about 10— 15 m MSW

Testcell 4 - 0.3 m sewage studge compost

- 0.3 m compacted loam

- about 10— 15 m MSW

Test cell 5 open landfill body (10 — 15 m

municipal solid waste)

as a control cell

detectable

Sewage sludge Municipal solid

compost wasle coiDpost

Conductivity 1.0 23
(mS/em]
pH value 7.2 78
Water capacity 120 9
(% dry matter]
NH"-N 5 100
[ppm dry matter]
NO,-N nd nd.
[ppm dry matter]
NO, -N 230 230
{ppm dry matter}
TKN [% dry matter] 1.11 0.97
Organic content 27 27
{% dry matter)
Respiration  activity 14 22
in 7 days
[mg O./g dry matter)

The compost was put into place witbout any artificial
compaction, and we took carc pot to compress the
deposited compost with heavy work machinery in order
to achieve sufficient porosity and satisfactory gas

permeability.

Local spontaneous vegetation scattered by the wind and
weeds sprouted from the compost have been growing an

the test cells.

Messurements

A close net of fix installed gas-probes and temperature-
probes measure the pas composition and temperature

within the cover layers at different depths as well as in
the landfill. Methane emissions at the surface of the
cover layers are also measured in periodic intervals
(every two weeks) in a close screen of about 1.5 x 1.5
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meters using » portabie Flame lonrzation Detector, which
is capable of detecting very small concentrations of
hydrocarbons (0.5 ppmv — 50.000 pppr).
Quarterly compost samples are taken from different
depth of the cover layers, and the water content, some
chemical parameter {(e.g. Nitrste, Ammonia, TOC,
respiration activity) and the composition of the mucrobial
commamity (using Polymerase Chain Reaction (PCR)
and Denanming Gradient Gel Electrophoresis (DGGE))
are then analyzed.
Since the winter of 2000/01 emissions bave also been
quantitatively calculated usmg a specially-adapted open
wind romnel (R&der et al, 2000). A semicircular tunnel,
total open at the fromt and rear, & placed downwind on
the test cells covering an area of 1.5 av'. The flow inside
the mnnel, induced by matural wind velocity, as well as
the temperature, methane and carbon  dioxide
concentration at the froot and the rear of the amnne) are
continucusly measured. The emission rate is calculated
from these parameters using following equation (sdapted
according to Deamead et al,, 1993):

Fo A Pau

F ... emnission flow [g/m?s]

v __. velocity [m/s] measured within the nnel

Ag ... cross-sectional area of the nmnel (m?]

Pau ... demsity of methane [g/m’] depending on
temperatae

A .. base area of runnel {m?)

Co. Cia -- inflow and outflow concentration [ppmv]

These quantitative measurements are cammed out about
twice per month.

Exemplary results

No methane emissions were measwred by using FID
throughout the entire year at the surface of Test cell 1
and Test cell 2, regarded as the “optimmal variants™ with a
gas distribution i s sufficient thickness for the
compost layer. In contrast, mhomogencous but at times
reasonably high methane ermnissions were detecied on
Test cell 3 (only 0.4 m of compost layer duect on the
landfil}) and Test cell 4 (combimation of 0.3 m of
compost layer and 0.3 m of corapacted loam direct on the
landfill} and certainly on Test cell 5 (control cell wathout
any cover). Jo the latter case (Test cells 3 and 4) methane
probably escapes owcks of a missing
gas disuibution tayer. There flow velocity and pressure
“are 166 High Tor clticient microbial oxidation.
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Sometimes aiso high methane emissions appeared on the
slops of the sunoundmg area m connection with wind
direction and velocity. For example, methane emussions
could be detected with a2 higher wind welocity (> 25
km/h) on the keeward side of the slopes, as opposed w0
the windward side.
Measurements at the fix installed gas probes mdicate the
gas concentration within the cover layers as well as the
location of the methance oxidation honzon In Test cells |
and 2 methane oxidatoa takes place between a depth of
0.4 10 0.9 m depending oa the density and porosity of the
two different compost substrates. Figare 7 shows the au-
filled pore volumc measured at several depths and the
comresponding water content in the compost layers. In the
cogrse sewage sludpe compoest mixed with wood cheps,
oxygea pencirates decper o the cover hayer than m the
fincly-sicved municipal solid wasee compost (@ <
20mm). Thercfore the methane oxdation borizon x
situated deeper in Test cell 1 than n Test cell 2.
During the winter the methane oxidation ayer shified
downwards in both test cells. Figare 8 shows the
conceptrabon and temperature profiles of Test celks |
and 2. Most of the methane is already oxidized at the
interface of the gas distribution layer and the compost
in the upper 0.8 m of the coves layer, and emperatares
were still reasonmably high wathin the cover layer doe o
the exothermic process of the microbial activity of the
ic bacteria. Depeadent on the density and
porosity of the different composts, the beat could be
stored better in the coarse sewage shudge compost all
throughout the year. This is due w the lower thermal
conductivity in coarse substrates with & high amoont of
air space. The ficld investigabions show that within the
compost covers froam a depth of 50 an dowawards, the
tempenature (> 10°C) s high enough for mecrobual
activity during winter as well In ouwr laboratory
apeniments in @ climatic chamber, mist of the
methanotrophic bactenia i the compost show ao Joss m
their activity down to 2 lower emperatare bost of sbout
10°C.
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Figure 7: Air-filled pore volume and corresponding water content measured at several depths of the cover layers of Test
cells 1 2nd 2 in March 2001 {mean values of triplicate samples are shown)
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CONCLUSIONS

The results of our experiments reveal that the method of
microbial methane oxidation in compost cover layers can
be used as an application for gas emission control on old
landfill sitcs sad on landfillk of mechanically
biologically pretieated waste. Likewise this metbod can
be used o landfill aficrcare of as an addinonal measure
to technical gas extraction systemns on operating landfills.
In order to achieve high oxidation rates, the oxidation
layer mwst ecoswre optimal ambiemt conditons for
metharotrophx:  bacteria. Ripe wasic compost s a
suitable substrate for these processes. The organic matter
of the compost must be stable (respiratory activity in 7
days at feast <B mg O)J/g DM) and the compost mmst
provide microorgamisms with tn adequate and easily-
available supply of mutrients {particularly Nitrogen
Phosphor), howevet, the ammonia concentraions must
be low (<2 350 ppm). Nitrogen should already be boumded
in stable compounds such as humic compounds. Further
the structure of the compost must have jong-term
stability and an adequate porosity cven at a high water
conlent, in order to guaramee satisfactory peymeability of
oxygen and methane.

In addition to the correct quality of the compost material,
there must be a proper techmical design for such cover
systems.  Figure 9 shows a simplc but effective proper
design for such s cover layer. When drawing op the
dimensions for the compost Iayer, various factors must
be comsidered, for exanple, the oxygem-penetration
depth, seuling bebavior amd the dependence of e
temperature  inside the landfill cover on  ambient
sempersture, The minimum thickness of the tompost
should be 1.2 m at the beganning stage and the compost
should be put in phce without any artificial compaction,
in order to achicve sufficient porosity and satisfactory
gas permcability. Crucial is the installation of a2 gas
distribution layef, ¢.g. made of coarse gravel deficient in
lime, below the compost layer w0 reach a homogetnous
load of landhill gas Land{ill gas smigrates horizootally
rmaxch better than vertically. Therefore the sumounding
arca of the oxidation layer, in particulsr the rome of the
gas distribution layer, has 1o be sealed carefully sgainst
the attosphere.

ey the test cells durimg out
“Feld mvon s e Ted SR of e
landfill site (with annual precipitation abowt 650 mum),
the ‘moister content in the compost covers was always
high enough for mictobial activity, at least from 2 depth
of 30 cm downwards. Compost materials usually have a
high wawr-bolding capacity. The water can be stored
over a2 long period of time in the covey, due to the
“isolation-effect” of the compost. Thus happens when
the outer stratum of the compost cover (10 - 20 cm) dries
up. As desiccation produces a hydrophobic effect in the
layer and disturbs the capillary rise of water, the compost
material underneath is protecied against evaporation and
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a bamier forms 1o prevem fempesature boss in the lowr
compost layers  Tius gurantres favorable  ambee:
conditions {o1 the methanoroplue microorgamsms. ty
prosper in 2 moist and warm envroament.

1

Onadation ayer, >12m
£.49. compost
'
. Coarse gt
i {10 B rm
Landil

Figure 9: Suggested design of a cover layer for wxthane
oxdabon

Under opumal wyms (proper design and compost
quahty), all of the remaining methane emessons from an
openting munx ipal solid wasie hndfil! (about 0.1 - 65
m*/m’d} could be oxdired throughoust the coutse of it
year. The ativated compost covers with ennched
methanotrophic bacters ako show a lmgh potennal foe
degrading other emvironmentally harandous conpounds
such as Viny! Chionde of halogenaied hvdrocarbons x
well as odorous substances (¢ g H,S)

The wusc of wasie composis as a substrate for cover
laycis on landfills w0 cnhamce methane cauxdation
cpresent  an  ccologically- and  econormecally-viablke
aliermative 1o wasie managemest  Forthermore.  thes
stmple and Jow-cost method belp w0 reduce greenbous:
effective gas emussions from landfillh and provide o
small conmbution to the protection of oue global chmate
especially in developng  countries where mchnxca:
landfill gas collecion sysiems are 100 expeNsIve OF 100
technically impraciical to umplemem i the near Rrure

REFERENCES

AERC [ Appied Environmental Research Centre) {1991
Field investigations of Methan Oasdanon. Department ot
the Environment. Wastes Techiucal Division, Rescarch
Report N CWM 042791, 199

Bender M {1992 Mikrobiclier Abbau von Methan und
anderen  Spurengasen in Biden und Sedamenden.
Disseriation an der Universidt Koostanz, Fakulhit fur
Brotogie, Hartung Gonre Verlag, 1992



Bergman H., Jacobsson A., Lagerkvist A. (1993)
Investigations regarding biofilters for methane oxidation
in landfll top covers, in: Proceedings Sardinia 93,
Fourth International Landfill Symposium, S. Margherita
di Pula, Cagliari, Italy, 11-15 October 1993, CISA, 717 -
727

Blake D. R, Rowland F. S (1988) Continuing world-
wide increase in tropospheric methane, Science 239,
1129 - 1131

Boeckx P., Van Cleemput O., Villaralve 1. {1996).
Mcthane emission from a landfill and the methane
oxidation capacity of its covering soil, in: Soil Biol
Biockem. Vol. 28, No 10/11, 1397 - 1405

Bérjesson G., Sundh I, Tuntid A, Svensson B. H.
(1998) Methane oxidation in landfill cover soils as
revealed by potential oxidation measurements and

phospholipid fatty acid amalyses, Soil Biol. Biochem.,
Vol. 30, No. 10/11, 1423-1433

Bronson K. F, Mosier A. R. (1993): Suppression of
methane oxidation in aerobic soil by nitrogen fertilizers,
nitrification inhibitors and wurcase inhibitors, in:
Biological Fertil Soils, No. 17, pp. 263 - 268, 1994

Croft B., Emberton R. (1989) Landfill gas and the
Oxidation of methane in soil, in; The Technical Aspects
of Controlled Waste Management, Deparment of the
Envirooment, Wastes Technical Division, Research
Report No. CWM 049/89

Deipser A., Stegmann R. (1997): Biologischer Abbau
von teilhalogenierten H-FCKW und Vinylchlorid unter
aeroben Bedingungen bei Anwesenheit von Methan, in:
UWSF -  Zeitschrit f  Umwelichemie und
QOkotoxikologie 9, 309 - 3i6

Denmead, Rauwpach {1993) Methods for Measuring
Atmospheric Trace Gas Transport in Agricultural and
Forest Systems;, Agricultural Ecosystems Effects on
Trace Gases and Global Climate Change; ASA, Special
Publicatios no. 55

Figueroa R. A. (1993) Methan Oxidation in Landfill Top
Soils, In: Proceedings Sardinia 1993, Volume Ifl, Fourth
International Waste Management and Landfill
Symposium, Caglian, ltaly, CISA, 701 - 715

Griibler A. (1998) Technology and Global Change,
Intemnational Institute for Applied Systems Analysis
Laxenburg Austria, Cambridge University Press, 1998

Humer M., Lechner P. {1999) Methane Oxidation in
Compost Cover Layers on Landfills. In: Proceedings

317

Sardinia 1999, Volume Iil, Seventh International Waste
Management and Landfill Symposium, Cagliari,:Italy,
CISA, 403 — 410

IPPC (1995). Greenhouse Gas Inventory Reporting
Instructions, Workbook and Reference Manual, UNEP,
WHO, OECD, IEA, IPPC, Guidelines for National
Greenbouse Gas Inventories, Vol 1-3

Khalil M. A. K., Rasmussen R. A. {198%) Climate-
induced feedbacksfor the global cycles of methane and
nitrous oxide, Tellus 41B, 554 — 559

Kightiey D., Nedwell D, B, Cooper M. (1995) Capacity
for methane oxidation in tandfill cover soils measured in

laboratory-scale  soil microcosms, Applied and é
Environmental Microbiology, Vol. 61, No.2, 592 - 601

King M., Roslev S, Kovgaard H. (1990): Distribution
and Rate of Methane Oxidation in Sediments of the
Florida Everglades, in: Applied and Environmental
Microbiology, Vol. 56, No. 9, pp. 2502 - 2911,

Kjeldsen P, Dalager A, Broholm K. (1997):
Degradation of Methane and other Organic Cornpounds
in Landfill Gas affected Soils, in: Proceedings Sardinia
73, Sixth International Landfll Symposium, 3.
Margherita di Pula, Cagliari, Italy, CISA, 59-69

Knoblauch C. et al. (1995): EinfluB des Wassergehalts
suf die Methanoxidation in einer Flufimarsch der
Unterelbe, in:  Mitteilungen  der  Dewtschen
Bodenkundlichen Gesellschaft, 76, pp. 521 - 524, 1995

Krapfenbauer Al (1995): Bewertung  der
Methanemission™, Artikel in Waste Reports Nr. 02,

August 1995, Seiten 60 - 65

. Meadows M., Franklin C., Campbell D, Riemer P.

(1997): Global Methane Emissions from Solid Waste
Disposal Sites, in: Proceedings Sardinia 73, Sixth
[nternational Landfill Symposium, S. Margherita di Pula,
Cagliari, Italy, CISA, 3-10

Mennerich A. (1986): ,Oxidation von Deponicgas auf
biologischem Wege Moglichkeiten und erste
Ergebnisse aus Laborversuchen®, in: Miiil und Abfall
Heft 7, 1986

Obermayer S., Humer M. (2001) Untersuchungen zur ~
Co-oxidation von Spurenstoffen im Deponiegas durch
methanotrophe  Bakterien, Department of Was
Management, Universitat fir Bodenkultwr Wien, rcpo'
in process, Vienna 200}

.m”‘

*u

"




) I - o
iy ! - 4
x { - 7VF1|,_“ “—1_— J -"'t—-q XA / —
o - "'"”—’T“’ ll* ' /I L rd E
PRy 3 - : ..-—..
ot e g 5 e i
e - / '
R - !
= A |
g - R
1opn. QRO U S S, I . bt 1 N
g . e b | .
. ] 1 S R !
2 - e MM M R W e N W W G W (L]
ity g §

Figuic 3 Putentiul yearly savinga on valve fadures por engme wl various chioring levels i1 e
landfill gas.

ACKNOWLEDGEMENTS

M wauld ba impossible to st svarybody who has boen involvad in the project  lechnicians,
fitters, electriciuns, angineers, labotatory sull and senior mansgement . The suthors wsh 1o

thank all wvolved dircetly and indirscily for their help, patience and support sthown in regard 10
the succous of the project.

REFERENCES

Ceipser A at At (1196) Evuasions of Yolwnlie Halogennisd Hydmcarbang from Landfills. I
Lamdfithng uf Waste  Jiogas, Chrstansen, Coisu. Stegmann (Eds), E & FN Spon. Londen
pp 9.7

Henning K..D. at af (19%0) Landflll Gas Upgrading. Removal of Halogenated Hydrocsrbont
and Othor Trace Organics, In Landfiing of Waste: Biogas, Christensen, Cotsu, Siegmann
{Ed), E & TN Spon, London, pp.470.303

Knox K. {1990) The Relationship botweon Leschuls & Gas, In: Procesdings of Internationsl

Canforenes Landfiil 0*{&::( and Environment 90, Boumsmouth, pp. 307386

McCurthy T (1997) LandfIlNGas to Electnenty: Traca Componenia Probloms and Sofutions. In
Procondings Sardinia 97, S (momanional Land i Symperium, pp 635-642

m “enhergar G . S1ogmann R, (1998) LundAll Gas Components. In Lundfiling of Warte Biogu.
(hitmnsen, Cossy, Stegmann (Lda). E & FN Spos, | ondon, iy
Schnauder | (1998} Experiences with s Landfill Gas Punficston snd Co-generation plam 4t

Berhin-Wannses, Cisemany, In Lundfiiling of Ware. Biogas, Christensan, Conpy, SHagmant
(Fate), E & FN Spon, Lorduon, pp 789.794 o8 -

GUIDANCE ON BEST PRACTICE FLARING

OF LANDFILL GAS IN THE UK

' R.D.EDEN,” AND R.SMITH,” |

* Organics Lid, The Barclay Centre, University of Warwick Science Park,
Caventry CV4 TEZ

£* Environmeni Agency, Block | Government Buildingy, Burghill Roud,
Westhury-on-Teym, Bristol BS10 6BF

SUMMARY  Heguistion of landfill gas in the UK has liustonenlly beam focused an the need to
contral migration and Nares huve been operated 1n (he absence of any emussons sandard. in
recognition of this, the Environment Agency's National Landlill Gas Ciroup commissioned »
technical review of emissions from difTerent typen of lond Rl gas Nage, Thie work has sesulicd n
a document entitiod “Interim Internal Technical Guidsnce for Bemt Practice Flanng of Landfilt
Gm"* The cument paper summurises some of the key sapects of this guidance

| §. INTRODUCTION

' 1.1 The deveiopmant of the Eaviroament Agency's position

Rogulation of landfill gas in the UK has histoncally been focused on the need 1o conuol

| migration. Flares have been oporated in the sbsence of an emission slandard In recogmitien of

the Iack of flsre smissions menitoring wnd he absence of a UK standand, rescarch wus
commissioned by the Department of the Environment (Frost €1 al, 19905 w0 the formn of o
technical review of emuscions from different typon of landfill gas Nares The Comuviicd \ase
Management R&D Progrmmme of the Depariment of the Fosvonmen vanvierred (o the
Environmen Agency and became the Wasie Regolanon s Stanayement Rescarch Programme
on e Agency’s creation in April | 996

The Environment Agancy's National Landfili Gan Ceo g o anosidngd wark o develop thig
further and hay reloased intarnal guidance tased on she ol ooow, predoiniaantly for use by
s waste reguliniors. The aim of thik gurdance 1n for e Aoy 1o mose tewards fand (1 gas
amisgion control on & mte-epecific, nek axevavtieat Lo e creparshon for the BV Landfill
[irectiva,

1 was sstimered in 1994.that approximeweis 0% of tetal 'K methane gmunom could be
sttributed 1o Landfil pas. This is boliaved 1o represend berween § and 2 miltaon tonnes of inethane
oot annum (Environmont Agency, 1998) Incremsed contiol of 1anrtfill gaa emianions 1 tharofore
s sssenvist pant of the UX Chimais Lmpsctn Programma 10 reduce methans etrusmions in
sccordance with the Kyoto Protocol [t s expecied tha the ¢antnibution of methans emussons
[rom 1andfll will continue to decresns sa 4a incrtdming Pumber of modem landfill ates will be
required 1o huve effective fult-nte ind Nl 138 colisction wystema

Poopewdinge Susdinid P Sowvnsh cartenaBsfnt Woaite Alunagy ooy & and
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precipitation, siratospheric ozanc depletion and glabal warming,

5.2 Air ditution

As un indjeation of the type of long-lenm impacts that may be cacountersd it is useful to cOnside;
dilutian factors around a typicai flare installation. The results of & long-term air dispersion stug,
far 1wo typieal ingtallations in the United Kingdom showed that longterm dilation fhciorg
exceed 10,000, except within the close vicinity of the fare, and very rapidly rewsh $0,000. [
terms of typical trace gasce emiasions from flares this implics that in the long-term risks 1o heatn
and (he environment will e small. The output was bused upon mathematical modelling or
atmospheric conditions.

By conirast, hewever, a study carried ot in Germany (Gethaedt, 1993) estimated the degree of
dilution of yas lesving a landfill sile at night. It was found (hat taadfll gas plumes were

ravelling a distance of up fo | lan with very little dilution whatsoever, This disparity el
ndicates the need to treuat such information with caution.

6. RECOMMENDATIONS CONTAINED WETHIN THE INTERIM INTERNAL

TECHNICAL GUIDANCE FOR BESY PRACTICE ILARING OF LANDFILL
GAS

Agamst the above backgraund of increasing awareness about the issues invoived in the Nuting of

landfill gas. and based upon substantive advica Fom the National Environmental Technoloyy
Centre (NETCEN), the following recommendations have been agreed us applicable to the
yuestion of assessing landfill yus flaring sytems.

Recommendation Ne. 1.” No more open flares should be installed on UK lardfills except for :cs.
and emergency purposes, and then only for limited pesiods of not greater than %ix months.

There are a number of specific problems with open flares that militate agrinst (heir continued
use. There is ample svidence 10 indicate thal (he conditions within an open Nare are favourabie
to the formalion of by-products of incortplete combustion. These inciude a wide range of

compounds and include dioxins and furans  Carbor imonexide is a good indicator of incomplere
combusiion.

Recommendation No, 2. Existing waste munagement licenses al lundfil sites should he
modificd s0 23 to offect the ceplacement of open flares with enclosed flares (of techniques
offering equivalent perfonnance) over a petiod of five years, particularly at sites that:

* produce large umounts of landfill gas; and/or

= are ¢lose 10 papulation cenires or other areas of environmental imporfance.

The period of five yours, starting Gom Junuary 1" 1999, has been chosen 1o permit adequate time
ler this standard to he adopted. It is specifically acknowledged that other technoiogies may exist
ot be developed that will dispose of landfill yus in an acceplable manner. 1t is not the intention
of these guidelines 1o be cxclusive of such alternatives,

Recommendation No. 3. The combustion air supply should be controlled so as 1o achieve o

minimum of 1,000°C and 0.3 seconds retention time ai this temperatire whatever the lendfill gas
composition and throughput (within expected design lmits),

W e

. .

SUL

n an open flare the presencs of cool zones &t the fame’s periphery resulls in incompiete
combustion and, therefore, less heat releasc thin i3 theeretically possible: mdiative and conveciive
heat ogses e also substantial wad uncontrollable.

Precise calculation of relention time is difficult tw achieve. Retention time culculations should
be sasearcd un the basia of satislactory compliance with the inlention of holding combustion gascs
at the design tempersture Jor an adequately tong period of time. Further research work is being
cortied ovt o define 3 methnd Tor sbtaming a more accurate measurc of this variable

Reconunendation No. 4. To cosure that flare systenw arc operating correctly they should not
iexceed the [ollowing emission concuntrations when referved to Normal Temperature and
Pressure NTP-0'C and 1013 mbar) and 3% oxygen:

Carbon monoxide (CO) 50 myg/m’
Oxides of nitrogen (NOy)- 150 mgln‘z’
-+ Unburned hydracarbons - 10 o/

E' Complele combustion may nol be achigved in flores opcraiing outside thair design enndiions, and
artially bumed fuel may show up ns carbon (smoke, soot, particulates) and/or termedric
sction products such a3 CO. Incomplete combustion may resull from:

Tack of oxyyicn caused by poar mixing of {ucl and air ar an everalt air delicizney;
enoling of the fame by, for example, radiaion or its impingement oh cold surfaces:
inadequate lime a1 high temperature for (he complete oxidation of carbon - the limiting factor
for gases being the oxidation of CO to CO;.

ecommendation No. 3. Inlel yas concentrabions shouid be analysed o determine if there are
any incombustible substances contained within the inlet gas that may reguire to be terngved prior
B 10 eniering the flare stack.

B Certain substances, such as chlorines and fluorines, are 1ot destroyed thermally at the
¥ remperotures found with fandfill gas flares. W large quantities such substances may foad @
B difficulties in their own nght,

Recommendation No, 6, Enciosure design shou!d:

« mernit an homogenous temperature distribution acrees ihe cambustion chamber.
¢ o be lined with relractory material on the interion

+ contein the Name within it; and

B - e mainsined in an effective manner

Reecommendation No, 7. Operators of landfil]l sites should andestake - or comnussion - an
enviranmental assessment of the emistions fron existing und propesed flares whieh

» should use either measurcd o reported emissions daa. flow rale darz and local
meteoroiogicat dats,

« consider the impests of the dispersed emissions in the wicmity,

+ determine whetber faring is roquired for migration conwo! and/er pellition prevention, and

» be approved in writing by the Environment Agency. )

Given the highly wite-specific nature of landfiY sites and the pollatanis emitted from Jandfil) sites.

it i recommended that 8n environmental assessment be carried out to csure that a proposed or

exiting Nare will meet with the environmental criteris for which it is designed, The

Envirenment Agency should sparove in writing the findings of such studics.

Recomumendation Na. 6. Flares should be positiened and sized so that petendial heakth and

environmental impacts sfc minimised.

L O
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The optimum location for a Nlare will come out of the environmental assessmem recommended
above. This should be such as to minimisc potential health and environmental impacts.

Recommendation No. 9. Guidance is given in the guidelines as to the level of monitoring that
should be recommended by Environment Agency officers.

Rocommendation-No. 10. Flares should be maintained in accordance wih the manufacturers'
recommendations. Full records should be available for inspection.

Recommendation No. 11. All resuits obtained by flare-system managers should be the subject of
a formal review. Such reviews must accompany results and reports when communicated to

Environment Agency officers.

7. CONCLUSIONS

The introduction of a UK best-practice flaning standard has many benefits 1o the local and global
environment and in minimising potential human health risks. The associated Environment
Agency’s landfill gas policies represent a paradigm shift towards landfill gas emissions control
with the clear message thai large-scale passive venting of landfill gas can no longer be
considered as an effective control option. The design of open flares makes emissions moaitoring
that has any degree of accuracy difficult and the replacement of such flares will easure that
current UK best praclice is maintained and becomes widespread. It will also provide the
confidence that enclosed flares can be monitored, assessed, optimised and correctly maintained.
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LFG - BIOFILTERS ON OLD LANDFILLS

F.STRAKA 1. CRHA. M. MUSILOVA AND M. KUNCAROVA

Fuel Research Institute, Praha 9. Bechovice 190 11 Czech Republic

SUMMARY: The passive landfill gas venung system combined with filiering unit was tested
and applied. This systern 15 used on small remedied old landfills, where the commertal
utilization of gas 1s impossible and where an active sysiem of gas pumping and flaring would be
100 expensive. The venting and distnbution of LFG via biologically active filtering units bnings
more cavironmeniai successes than only odor removing. Methanotrophic bactenia are abie o
oxidize methane from 25 % to atmost 100 %. The unit of biofilter is very simple and it
operation is sufficiently effective. cheap and safe.

L. INTRODUCTION

Numerous old sanitary landfills are now closed and yeated 10 compleicly remedied areas. In the
process ol landfill closure belongs construction of the upper insulating barmer between the matn
points of interest. Protecting cover stopping all waler in-flows closes aiso the whole body of
wasles 45 a gas bighl volume. Impermeable covenng of such landfill, which is sull producing a
significant amaount of brogas, needs 10 be accompanied by a relevant degasificalion system.
Properly designed degasificahon system cpables compietely conirolied collection of gas from
whole area of landfill and prevents all kinds of danger associated with pressunising of gas in
InieTnal spaces:

* undesired gas migration from bottom pans

¢ ballooning of covering membrane

* covering laver rupture and sliding on slope pars.

There are generally no doubts aboul the nacessity of landhill gas controlled collection and 1ts
reatment by an environmentally accepiable process.

The positive results about the biological oxidation of methane and other organic compounds
from landhil gas are oider than 20 years (Tabasaran. Affoyon & Reitenberger, 197%) and
practically the same resulls are contingously confirmed (Dalion, 1988; Bergman, Jacobsson &
Lagergpst. 1993. Figucroa, 1993, 1996). Regardless to numerous published articles abow
biooxidation of methanc we can mect the technology of gas flaring as a suil very frequent
recommendation for Tandfill gas treatment.

Evaluating the knowledge of research and analyses we can see, that landfill gas buming may
be vindicated anlv there. where the gas is either used for energetic purposes or there, where the
gas producton is very high. Nevertheless, the incineration of landfill gas oo flares as a way of
“environmentil pas leatment™ will be in many cases not more defendable. Trace impunues from
landfils gas are also dunng biofiltration captured and oxidised with betler or samc resulis as
thenma! nrwesses are offenng. Good resuits of biooxidation for mitigation of lr2ce components




s LU0 atE teponed oy many authors (Tabasaran, Affoyan & Rettcnberger 1979, Figur

1993, 1996, Kleldscn, Dalager &Broholm 1997, Muntwni & Cossu 1997). ln aly lho"‘
presentations is confirmed, thut in the process vf bicoxdation are by me{hmotmphic e
methylotropic bacieria completely consumed nol only the typical ndour carriers r.«ulphﬁr
compounds and volatile fatty acids) but also other havwful constitacsty of fundfilt Kas {I’C"Zf.‘n:r
vluene, formaldohyde ete.), . '

Very Lmportant question concorns the emissions of oxides of nilrogen. During biologicy
processes the only nitrous oxide (IN;0) can be prodiced, nevertheless iast resulis of fisly testur
show that lundfills wre not the siymificant source of this g3 (Boeritsson & Svensgon 1947, Bu?
al every type 0f gas incineration harmfuf oxides either NO or NO; sre produced. Comparing unly
the papers of Sardiniu 97 dealing with methane oxidation by bactevie snd papers camying ney,
tnformations abowt gas flaring, we recoynise, hat bisoxidation ix slowly reaching its supremaey
over thermal processes, especiatly if the gas is ireated only for purmposes of EOWIOmNENL)
protection. Even If there arc new and beuer gas flures, the single LFU ineineration without yn,
ather purpose of ils encrgy ulilisation is nol more recommendzble, ’

I\ we arc evalusting the condilions for closing and remediation of small old landhilis, (he
economic view has a very important influence, especially when the "cold” way of biooxidaiion
affers significantly lowgr needs in either invesiment or operational costs aguins! the gas pumiping
and Naring. n majority of cases the ecanomic evaiuation shows the highest priority lo) Jecas
counties (as owners or responsible for landfill areas) and is zlso used as the basic pomt of
decision

The Jamdill gas MNanng eystem necds Lo be accompanied vy an active degasiffcaion wivle the
ologeal Ritration of gas cun be installed on a passive sysiems wilhout any consumption nf
clectricity. Considering the facts, that a passive systern with biofijters (s shout 10 ot cheaper
than active gas faring and considering that the resubting level of environmental protevtion is
quite comparghle or better, we nced nat any other argument to suppert the pracesses af
hivoxidation.

Of course, between the landlit gas “tremimicnts” we can sometimcs meet also very simple
venting of gas from ppen gas drainage or through open pipes or ventilation heads.

The main problem of such LFGo venting s rooted basically in missing end-ircamment of
csuaping gas. Simple open pipes leaving the gas ool of the land Gl are net reconnueidable.
because

s the adour of LG 18 ot captured

+ the trace components (nrany of thenn e harmitul ones) are not captured

+ meethane 1 not exithised and increases the volume of anthropogenic “greenhouse gases”

# nearby the ends of such pipes or veniing heads it is 1 danger of {irc or explosion

*+ during periods of (st rising of the buramerrie pressurc the  air can e driven msuh (e
land fill, where (han an undesired aerobization and acidification are stacted

* airinirusion can algo ¢reate the intemal explosive nuxtures inside the gas draiuage

1, LANDFILL, GAS BIOFILTER

During our praxis of testing of various old landfills we ohserved in many casey the disagrecricnt
between the cstimated productivilty of gax and surface gas Now, analysed by the Nuy-hox
methad, The successful explanation to lower ohserved migration velocities of methane oM
landfilt surface is jusi the Dovxidation. In very good agroement with all mentioned references W€
confirmed that active methanotrophic cultures in soil or cover layees are able 1o mitigate high
volumes of mcthane penctrating upwards frony the bady of landhill ]B?E results were nsed i

cO
ggsT AVAILAT tE

- decision 10 the cxiensive apphcation of biofilers as un cifective toals for trealment af;

m small and old land Mils. .

" The generul sirategy of design of the passive degasification system equipped with biologica

o filration unit is based on the one-dircctional flow of biogas Wwough the Fitter oui ta «
here while the whole inlemul parts of gas druinege are kept in an snacrobic sta

e filtrstion umit contains 1we different spaces, filled with solid porous media. Lower pan
‘lm is used as a volurme compensating space, where the counter fluw of air is toominate), wt
ay happen during sudden rises of barnmetric pressue, The volume of lower pan of filter
aleutaled from the void volume of all gos drainage in the body of landfiH,
As a filling for this pant of filter was succcssfully tested cosl coke, in granulomon
omposition akoul £5 - 35 mar. Al this place, of course, we can use also othier perous maferis
with similar porosity and with good piysical end chemical stability. ‘this part of filter is uscd
By votume bulfer, where the gas can be partially replaced by air driven inside the landfit) 1
M- counter pressurising when the pressure rise in atmosphere s higher than infemal ovemressy
-givgn hy production of biogas.

During our field tests we found 1hat the outer baromelric pressure is in majorisy of cases risir
pr Malling with the tinie gradicnt about 0.2%Mhr and The samc was glso confirmed by Reginste
Scouflaire & Piessens {[997). The capacity of compensating (coke) part is calculied G

V2. ) «0.04
al‘r

V= Volune of the Jower pant ol filter (coke filling) [m']

Vu = Vohune of gis drainage in e land il bedy {driinage wells, drainage (ronches, codlectin
pipes) [m ‘}

oo™ Mean porosily of drainage [ilings

Ter = Mean porosity of coke Hing inthe tiller

This hower put of Iher is desipaed as o box o subsurface installation (see digwo 1 1amd ¢
“welded from polyolefinic wall pliws (for cxample polypropylene). The hay i the Gl v
tlrealed from wnits whose can b oosily imspontad by The stardard road drucls and arn
utficicntly resisiant chemically nnd mechanically 100, even §f dunmy aperatiom the iy
Speratares can somelimes rise 1o the values about S0°C, The pelypropylenc hox or assenibic
Broup af boxes, buried in the landfill, nre connected to the gas draitage and carefully Gllod with
ME. witich i 1lun covered by a shedl of filtrition geotesiile us a separalor between bath s
Thiofilter (1he coke campensatoe and upper biotogically active part).
* The upper pat of filter is (illed over the sepamiing geotexlile as # layer winre e processes
“6F bivoxidation are protueding, As o material achieving good porosity am) blologreal scivity
Werc tesied for this purpose mixtures of compost with cutted burk vr woodun chips,
i The detadd dexign of the filter is selected mler focal conditions and ils tymical crasscehuns aie
resented on Figure £ The height and area of upper compast-weodou chips pa is calculued
Ner measurest values of froe ¥s outflows from gus drainage, The aren and volume of fltering
Byee is than corresponding 10 desired maximal lonl of he Rites, The spreifie Somls of

T wi ¥ [} 3 | ¢ L 8
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from L¥G we ieporied by many nuthors (Tabuaaran, Affoyon & Rettenberger 1979; Figuero
1993, 190 Kjeldaen, Dulager &Hrohelm 1997, Muntoni & Cowsn 1997) In el i

presentations 13 conhrmad, Lhal in the prosess ol biooxidation are Uy Mmethanotrophie or

methylotropic boctenz compiclely consumed not only the iypical odour camners {<uIphuyy
compounds ani volatite fatty acids) but also other harmMul constiluents of a6l gay (henreng
1atucne, fonnaldehyde etc.). '

Very impaant question concerns the cmissions of oxides of nitrugen. During biolngey) 2

processes the only nitrous oxide (N30) cun be produced, nevenheicsa lust remults of ficld tegtin,
show that land(ills are noi the significant source of this gas (Boerjesson & Svensson 1997} yy
at every type of gas incineration hormMul oxldos cither NO or NOy e produced. Comparing only
the papers of Sardinia 97 dealing with mothane uxidation by bacieria snd pupers comying new
informations about gas flaring, we recognisc, thai biooxidstion is slowly roaching its suprempcy
over thermal procosso, sepecially if the gas is (resiod only for purposen of environmenia
protection. Even if thete ute new nnd betier gas flars, tha singla LFG incinerstion withon any
other purpose of ils encrgy ulilisation is not more recommendable,

If we are evoluating the conditions for closing and rumadiation of amall old landfills, 1he
sconomic view has & very important influence, sspecially when thw "cold” way of biooxidanen
offers significant|y lowor needs in cither investmont or operationul costs against the gat pumping
and fiaring. In majority of cascs the cconamic svalustion shows the highest prionity lor Iocal
counties (aw owners or responsible for 1andfill areas) and iv alvo used a8 the baac point of
dectaion.

The landfill gas Nanng system neodn (0 be sccompinied by an active degasification while \he
biological filtration of gas can be installod on & pastive wystems without any consumption ol
elecincsty Cunsidenng the facts, that 8 paasive sysiem with biofilters is about 10 fold chenper
than actrve gas Maring and considering that the resulting lavel of environmenial protsciion 1
quite comparable or befter, we need not any othor wgument 1o support the processes of
biooxidation.

Of course, hetween the landfH] gas “trestments™ we can sometimes meel also very sinnlo
venting of ga1 [rom apen gus deainage or through open pipes or ventilation heads.

The main problem of such [LFQ venting ko rootod hasically in missing end-trestmant of
escaping usy Simiple open pipen lcaving the gas out of thw landfill ure not recommendahle,
becuune:

¢ the adour of LG s el cuplured

8 the trace camponcnis {many of e are hermful onea) are not captured

* methane 1y nod oa:diced and incrcanes the velume of stivopogonic " greenhouse gases”

* nesrby the ends of such pipes or venting heads o is & dunger of fire ot explotion

* dunng pennds of fast naing of the baromeiric pressurd the it can ho driven ingidc e
Tand i), where thav an undesited aecabization s scidification are stanted

& s mtruvion ¢ an 380 creato the internal explosive mixtures Linde the gaa dranage

LLANDRILL GANMBIOFN.TER

During our praxss of testing of vangus old landGlls we ubyerved 1n many cases the dissgresment
between the extimated productivity of ges and surfecc gas (low, analyted by the flus-bex
methad 1ne vy ool explansiion to lowsr observed migretion veloition of methane frenn
Land MUl syefave 15 pupt the booxidalion Ln vary good agreament with sil mentionsd refarencus w6
confirmed that sciive methanotrophic cullures 1n 8ol or cover layers arc able to mutigeic high
cahumer of methane proeiraing upwaeds (rom (he body of landfill Thoss results wyre used o ?

ecigion 1o the extenaive applicalion of biofilters as an effectivo 1o00ls for treatment of g

smatt and old leadily,

iThe genoral sirategy of design of the passive degasification system equipped with biologicel
e filuation unit w based on the onc-dircctional flow of biogas through the filier out te 1

phere while tha whale internal patis of gas drainage arc Kept in an anserobic stal

ted gulficicntly ugninst the air intrugion.

Miofiiter Structure & Design

-

ltration unit containg two diffetent spaces, filled with solid porous medin. Lower part .
it i used a8 & volume compensating space, where the countes fluw of air s ierminated, wh
happen during sudden rises of baramciric prassurs. The volume of lower pont of filter
ed from the void volume of all gas dreinage in the body of landfill,
e Alling for this pert of fliter was succossfully tosted cosl coke, in granulomutr
posilion ahout 15 - 35 mm. At this place, of cours, we can use olso other porous matetia
milw porosity and with good physical and chemical stability. This part of filter is used .
blume bulfer, whare (v gat can be partially repisced hy wr driven inside the Jandfid ©
nter pressunsing when the peessune rise in stmosphere is higher than intemal overpressu
by production of biogas.
Juring our field Lesta wa fuund that the outer baramuine pressure is in majonty of cases iy
f|ling with Use time grodient aboul 0.2%/Mr and Lhe seme was alyw confinned by Reginsie
Deire & Piessens (1097). The cupucity of compensating (cokc) part ia calculated f
Miiterrunted 1 1sc of barometnic presaurn for 20 haurs, ¢ § for the 13l rac sbovt 4%,

K, a Vn a_o.ﬂ.oo‘m
Fer

B Volume of the lower part of filler (coke filling) [rn"]

BV oiume af gas drainuge in the tandfill body (drainage wells, drainage trenches, collccnn
i pipes) [’}

i Mewn poruinty of drainage fillings

R Mean porosity of coke filling in the Aller

8y lowei part of filier is designed an a box for subsutfuce mstallation {see Figme 1) aml
',’,'- d from pmlyolefinic wall plates (for example priypropylenc) The box of ihe Hller
Med from uniin whose can be casily iransported by the siandard roud hucke and e
@ficiontly resostumt chomieally and mechanicully oo, even 1f Juring operation the imem.
eatuees can sanpetimes rnc in he values sbeit S0°C. The polypropylene box or assembl;
P o Boses bupied o the landtill, pro connected 1o 1he gay dranage sod can fdly Hlhal vt
BES, whicl iy than covered by 8 sheer of filtrotton geatuxiile 38 a acpuralof between hath part
BRIOflecr (1he Cuhe compengator and upper tiologically scive pan)

e upper part of Ailier 10 flled over (ha seporaling geotexils ne a Layer whetd the procesi
Rbiooxidatnn e provevding As i ptlednl achieving good poresity and biolagical achvl
e towied far this pupome iy xiuros uf compost with cutiod bark or wesdun clups

¢ et denign of the filer 19 selocied sfler locel conditions and ity typical cronseetions ar
18 on Figure 1 The heght and arew of upper compotl-wooden chips part 18 calewhuia
messurcd veluos of froq gas ouiflows from gas disinage The ares aisd volumao of filiory
18 an concrponding ta desired maxinal 1oad of (he Nhter Thy specalic komle of
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FIURE 1 - TYPICAL ANMRANGEMENY OF BIOFILTERING UNITS

nologically uctive filling is calculated with the maximuni aboul 10 m” of methane per each
o compast [ifling and hour. As the filter boxes arc designed in varous lengths (from 2 to 8

nd various heights (from 0.8 to 2 m), there are many possible combination for parailéh
urangement of filtering units if the capacity of one box is insufficient. For large landfill bodig]
nay be, of course armanged more filtering insiallations a1 distant piaces. '

.2 LFG - biofilter in praclicol appliention

Fhe system of passive deyasification with biofiltration of gas for completely closed old landfil
vaa unul now anstalled on four landfils with successful results. On one of those bodies s
eiting of kindfll gas via countersunk biotilier in full operation for more than 2 years. Thi
andfill contains the nuxwire with of santiary and incrt wasles and was equipped only wi
wnzontal subsurface drainaue nelwork with the systent of gas collectors, The surface of wasl
ifter termination of landlilling was cutted by lines of drainage trenches. Profiles of trenches arg
0 x 80 em, trenches in distances (0 ~ 15 m1 are filled wilh coarse gravel with cenlrat collectiol
pertorated) pipes. Side irenches and pipe ribs arc connceted fo the main gas coilector camrying
hc gas 1o two filtering units, In fron: of each filtering unit there are installed ¢losing points (see
‘Igure 4.y enabling the cheek of the inlemal pressuse and gas composition. The mosi Uistant parts
o drainage ribs on the degasification syslem are equipped with similar check-points. 4t
The analyses of gas tlow and composition on compieted degasitication system confirmed lhn:g?
he ventcd gas volumes are in range 9 to 36 m'hr depending on the changes of paromemic
ressure, The gas composttion was in methune cuntent 55 % vol. and oxygen content 0.6 % vol.

R
-

[ pamaunecmma I
| ] i L LT
| . - T mares stk e [ERPO—
i I‘ : it rakv | | e oy
[T v ! P 1
{+i ' — ot p
Flh E v ‘.'..‘:J [ PP T
i TS0 )
! En"n"n“o"o"g"o"c
=i [EDATE D Ean /Dt ) It Dl - )
™ 085%0%0%0%0000n]
Sal0B036d080060e
L 252a94%3%0% 20
L i afulolulo 020209

oty P LN i
Figure 2 - LFG-biofilier und its connectlon and check-point

Fatirm s rerc

This landfil] was covered hy triple Inyer of compacted clay and was on its surface completely
reeultivaled, Since that moment the composition of gas staris to improve. The conlent of nitrogen
was deercascd significantly and oxygen contenl reached the zere vaiue, Mcthane in internal gas
raised simultancously from 55 % vol. to 61% vol. Just after the fiter filling the temperature in
tive central part reached abowt 51 °C, but this exothermic processes can be considered as a
primary oxidation of the compost biomass and not only as a result of methane oxidation. After
consumption of oxygen in intemal drainage and in the waste body, the temperature in the [ilter
unit was decreased to 16 °C during the winter peniod Since the next spriny the more detad
1usling of tand[ill was performed and than the rise of intcrnal temperature in tilier was ohserved.

1 RESULTS AND pISCUSSlON

The influences of seasonal lemperaiure changes observed by Boerjesson & Svensson ([997) and
Maurice & Lagerkvist (1997) was also confirmed. During the summer - autwinn period ot 1998
e lemperature in the depth of 1 m in filtering unit slowly raised, reaching at the end of
Novemnber 1998 value obout 22°C. First testing made at the end of March 1999 shows thal
internal temperatures in depth 60 to 90 cm were decreasing 1o about 14°C. This is of course the
temperature inside the fillering unit, the semc depth out in the landfill in distances 15 m from the
it shows st the samic time bad temperatures only +2.8°C to +3.6°C (temperatures of covening
iayers). The distsibution of temperatures in the filter and ils surroundings shows Figure 3.

The most important results, obtained during the tests on filiering unil are in gas flow and
compesition, Three days before the main lest there were only very acgligible fluctuations of
harometric pressure (lower thun 0.08%) and therefore the intermal pressures were corresponding
1o the stabilised gas Now.

‘The overpressures on two distant check-points were +20 resp.+28 Pa. the ovemressure in
fiont of filtering unit was + 36 Pa. Low values of over pressures confirm oo permeability of
whole system and filtering unit itself.

Analyses of gas sampled [rom those check-points confirm the status of amacrobic
conditions in the landfill (sce Table 1).
Over the filter surface were everyiime found the meihane concentrations enjy lower than

0.1%% vol.
Wevertheless, the flow of gas upwards can be followed with the highest consumption of
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Figure 3 - Temperature distribution in biofilter

Table t « LFG  composition us diainage systom

T e i $48 componilion [val_ %]
. Somple CHq “co, o N
Checkpoint - west | 632 4.8 0.0 125
Cheek-poim _cast [~ 628 pik) 00" T Ty
CFier (N T g K] 00 o
1T 2 RE R A T S/ X S D N BT

Uethane et 30 and gy of filter depih The processes of methone ovidstion can be '}

Ceatbed ol ek g o cthaee and ORygett concaniralions in vanous depths {Figure 4
" Frpure 83y Woong, Al va agmg from the il surfice wis moesized using (Tux.-box
e P i i ape Conrrt ol Sl tigration velocities (Figure 0 ) sre ol uiie ientical with
Ve Bt of et s cobatims, there cep be confimmed o dushact mitlartlivs, with
SN Ateeam of pae giihy cenpal paft uf flter

The comtem naps g oy o el anan showed only loe Y 1esp 2 vunous depiha, the mean
reofiles of ne hase gl o vptmeninitions and mean profile of (einperature ucross the depths
fiom O ta 01, 4y . P e 7 (The simasphene temparature at tho tune of Leal way
RS E: L
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Figure 4 - Mshare SONCANIENON Map tn blofiter
{depthe 0,1 - 0.9 - 0.8 m)

The apd dccrcase of methane coatent i gas dunng i iranafer through the fitter i
accompanred by chatincily higher temperature inside the unit and conlirmg the succesnive lovel o!
#as miligation. Over the filtor there wro no the smallest iraces of typreal amell of landfill gas,
even i it chwaciansiic and intenpve odaut can be immedulely recogmzed afler apening gus
amphng valves Gas of courve can nol he igritcd anywhere on the surfsce of the filler The
tesled umt treatw more 1thun 90 % of all meihane produced o the tandfill with speclic Mg
Inading about | |10 2.5 m"/m?’ hr.
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v Passive venling $ysiems nhwed neither electricity, nor the frequent personul conzral and
e W mdintenance. Vented gas is froe of edour and is carrying anly nuogligibie volumes of remaining
. Y v{"l [ Y o
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Figure § . Quygen conceniration map Ia blotiter o
(depins 0,( - 0,3 m)
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Figure ? - Mathan, Dxvpan and temperTtine eoffies of blofiles
bl mHesban across tha deptihs from G010 8,8 m
radm W B
- micthane, Application of hiolittration is kecping the intemal struciuses of landfill in anzerobi
- conditions and excludes piy danger of fire or gas explosion, Unit of biofilter ia generally safi
» even il the activities of unauthurizcd persons can nol be excluded, Implementation of filter unil
I into (e remediated enviromnent of fand il is sitnple and seceploble.
N
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mainteitance. T ie testing of gas overpressures inside (e drainuge can inform tie aperator aboul,
the sttuation, when liiration layers will show decreased peemcability. For such a case w
suppose to change the npper (compost) part of the filter and to change the separating geotextil
100 with a (requency abaut one times per 3 - 4 years.

4. CONCLUSIONS

Lardfill gas escaping fiom oid landfills can be mitigaled by the hiofiliration in passive venling™
systems. This incibed is much cheaper than active gas extraction apd incincration und is.
advaniagenus espectally for smalier and old landfills.
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Section XIII.

Microbial Oxidation of Methane from Landfills
B.Dammann, J.Streese,and R.Stegmann
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§ MICROBIAL OXIDATION OF METHANE

FROM LANDFILLS IN BIOFILTERS

* 8. DAMMANN, 1, STREESE AND R. STEGMANN

Department of Waste Management, Technical University of Hamburg-Harburg,

Germany

SUMMARY:; Since the quality und quuntity of landiilt ;11; gmadunlly decreases with ume, an
alternative method lo Muring Ihe ygae will be necensary of & certam stage, because the gas llow
e or the methane content is too low. Biofiltrstion 14 a process 10 degrade methune at low costs
and cnergy consumptlion. The principles of micrahial methane degradation $:{fer from 1hose of
classical applicutivne of biufiltration, like ndor treatment. so basic data for dimensioning and
operstion mus be worked ont. The first reaults in o rencarch projest were ablsined Som » bonch
scale plant uliwy 12 | compont hinfilters, which degraded about 10-25 g/m'h, s ohe Case up 1w
$3 g/m*h mathang at on ket concontration of 1.7 % by volume [roculstion ol one Biofiter wah
methunoteophic baclerio showed no effact, The methane Jdegradation 13 ughly temparaiure
depending; a leraperature decrease from 29 °C 1o 24 *C cansed a 50 % lower degradation mle. in
» pilol plent, Turther investigations with real Tand il gns shatl be camed out in order 1o abtain on
efficient and sable standard method for methane degradation.

L INTRODUCTION

The gux priluciian of landfitly decreates over the yems, 1o thia one duy 1L thermal ublizshion ol
the muthuiig or the combugtion in 8 Nace are vot pusmble any more Thi e caused eother by o

poor gun qualily (CHacontent < J0%) or 0100 lov gaw Mo s 030 mat by i thake ¢aags, the

Tand 1Tt gan usnnbly 10 omited into the ehvironment aind e o1 grogihiuag gas

To duapose of the land (1) gas, pstural gay car be L vl the o b o T
Allermpbively, the westment i g bisfilicr » 0 - T vty to wadely ol By
wigthane enuasiong, The main objective 14 1o - ‘ s g cesphiony ol
global wanung poteniiat of methane 8 Mo Moot e e T

F00d) Funther more, hologenated inee yuss = 0 - L !
shall be degraded smuboneously e hwfing 5
ader nagsee disd Jeygrade organiv pullulin

The envission of precihunse gosce fom Dundnily e vshane of caban dode o e
regvlaied by any law or directives yit Tn cone of meiitang, anty the datger of Caplommn mw i
ken 1o accounl. 5o, 10 dispow wf the nonitable methane, tie LindM gue uswally o St
witly ambisent air and then ralvased ite (he smosphere I otdet © teduns the gregahvm &b
thig practico ¢onnot be telcralod any mere.

In & cooperming rusmrch prajoct supponed by the Gennun Fudersl Muustry of Fdovaen
ardl Reearch (BOMOF, sov Ackimwledgements) the nycrobial uapdution al methang. e jan
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and odors in biofiliers is investigated. Two principiv, of gas venting arc examined in twg
separale projects:

= Aclive venting and trestment of the land(ill gus in 4 closed biofilter system (Tachnicy
Limiversity of Hamburg-Harburg)

v Passive venling through an open bed biofilter embedded in the tandhlt covering (Univenity
of Hamburg)

o achieve a transfer from cxpedimenial scale into industrial standard. the projects are run in co.
operalion with the campany Wesscl-Umwelttechnik (Hamburg. Germany). The main shjectives
o the projects are the following: :
+ Oelcnnination of basic dimensioning data for construction al biafilters for landfili gus
traatmenl
\-erification of a reiiable and efficient applicability of the methods
= Minimization of the labor cost for operation and control
¢ C'ost benefit analysis

‘it this puper, mainly the microbial methane oxidation in & closed hiofilter i deseribed. Bath

Lwneh scale und pilot scale experiments are carried out 1o achieve o avstem which ean be upplied
o Tandfills with an active venting system.

CTUNDAMENTALS
S Microbial metbane oxidution

*fetnanetrophic nuicroorganisms use methane as their only encrgy and carbon soucce and are

e 10 complelely degrade methane ito carbon dioxide and water (Dalton, 1980, Haber et al,

'3 In nature, they can be found throughout (Heyer. 1984), being panicularly conumon in

2iis or marine sediments in which both oxygen and methane occur tjones and Nedwell, 19%3;
wekx and Cleemput, 1996),

Pz mierohinl oxdation of methane oceurs stenwise via methanol, formaldehvde and formic
sewt te carbon divkide {Hunson wnd Hunson, 1996). In this process, biomass is produced from
armaldebyde. There are two main pathways of carbon ussimi!ation by methanotrophic bactcria.
vhich sphit the bacteria inte two groups, called . Type I (ribulosc-monophasphate-pathway) und

Vime 1P (serinc-nathway) (Green, 1992).

¢ ambient parameters for microbial mathane oxidation, which were investipated by

umerous authors, are

{rxygen demand: At oxygen concuntrations sbove 1%, no effect on the deyradation rate wes
<aserved (Render, 1994y

iomperature: Mhe temperature range, in which methanotrophic bacteria are active, is from
10 *C e 45 *C. The activity is strongly dependent on the temperature. The maximym was
sund at wbout 30°C (Bender, 1994; Whalen 1 a1, 1990; Boeckx and Cleemput, 1996
Ciygueraa, (993),

vlaistyre content: The optimum maisture cantent depends an the kind at biofifier material. [t
“nues trom 30-70 % of the water holding capacity, which s clearly lower than the ontimuam
e ounr angd trace yas freatment. (Whalen et al., 19907 Bemler ind Congad, 1995; Bacckx and
' eemput, 1996 Figueroa. 1993).

“Elevamg: newdal or slightly acidie { Bender and Conrad, 1995).

otof AVAILABLE COPY
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1.2 Microblal oxidation of odors and trace gases

The microbial oxidation of odorous substances is used for odor (reatment in many iypes of
sxhaust gases. Mainly biofilters with e organic fiiter moterial arc used to degrude those
aubstances, Bardike und Fischer (1986) and Sabo {1991) investigated hiofilteation of land(ilt uas
“or odor control, where the odor was cawsed mainly by hydrogen sulfide. Thit method can be
considered 28 well astablished,

‘ialogenated hydrocarbons can zlso be degraded microbially. partly even under anaerobic
cenditions (Deipser and Stegmann, 19976}, The utilization of biofiliers for the Jegradation of
chiorinated hydrocarbans 18 described by Jiger (1996) and Kobelt (1996).

... Kinetlca
% biofifter can be considered a fixed bed reactor. The over-all reaction rate cen be calculated

oy experimental data with the concentrations al the ipput and cutput, the volume of the reacior,
nd the flow rate using Equation {.

v
f—’:C-.'C._.)‘;;

= reaction rate fmgrmh]
. = inlet congentration frngim*]
w = outlet concentration TmymY
= flaw rute |
= bicfilter volume Lt

Fi'? Teactlan Tale can also be expressed in dependence on the order ol réaction By O wmm
ansisting of the medium concentration and une or mere coslficients. The wder of the reaction
icpencts pn the Kind of applieatton, For many micrebial vrocesses, the order ol the reaction

aries from "1 al lewer coneentrations 10 "0 at highor cancentrations. which can he described
w Equation 2.

) T m 8w
= medium concentration D T =
= enefficient t e A cr
s = cpeificient 2 e, B
“he order of reaction must be elabarated terw oo by comuaring the experimental Jdia wirh the

assumed order. Then the coefficients (ko i & 2.
aumerically.

By comparing Equation | and 2 aoe useie e coctiowats Ssund v expenments, the
ICCESSHTY volume of the roiclor (=heaiite vaes oo g contam anphicationt can be caiculuted
‘Equation 3

L 2y edetesnuned wrapticaity or
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Tabte |. Dimensions of the bench scale biofilier plamt

vicrobial methane oxidation

voiume {m?) 0,012
height {m) 0,27
diameter (m) 0,24
flow rate (m'm] 018
specific flow rate [m*/m*h) 33
[m¥m?h| 13,3
Ctli-concentration (input) [% by velume] 0.2~1,0
biofiher material compost

Y EXPFRIMENTAL PLANTS

The oxperiments are carried oul in twa sxperimental plunts:
+ A honch scale plunt consisting of biofiliues with & volume of about 121
o A pilot plant situsted on w londfill, consisting of five Im*-biofilters

In the hencly semle experimenty, an sttifici! oir flow contsining methone i3 innxduced intp
scveral hiofllters o invenigae ¢ wide (eld of varialions of parometers like row gas
concentration, kind of hiolilter matoriul, temperature, moistire content, Nlow rile, ete. The
Jimensions of the hiolthers are listed in Table |,

‘The pilot plant in stil] under consiruction and will be situstod on a closed landfill. Thus. the
Linfilters will be losded with rewl tundfill gas conimining numeorous Lrace subsiances
(hydrocarbons, halagenated hydrocarhoms, and cthers) as well as odorous compounds (e
hydrogen sulfide). A very imporiant subjoct is the dependence of the methane degradation on the

lempemiury (ses Chaper 4),

Figura ) shows & schame of the pilot plant. [t consiste of five paralic! hiofiiter sections, each
being divided into three Yovcls, TifTerent mutcria’a can be tested vimultancously with the same
viw s quality. At the inler, the londfill gas is diluted with ambicnt wir in order w add axygen
and 10 obtaln a methune concentration lower than the lower uaplosion limut (< § %CH.).

the concentratiun ol methane, oxygen, and ¢arbon dioxide will be meusurcd continuously st

sch mensuring point, To detenning Ihy ador and trace gas concenirations, sumples will be wken

s eckly ond amalysod mthe lshorsiory,

Humudifiet/Haamy
Dnﬁlm} sections
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4. RESULT  ND DISCUSSION

{in the first experiments with the beneh wnle plant, Iwo compust biofiliors were mn 1n paralls
wills o gas flow of 150 I/h ench. The mw gas conceniration vened between 2 and 12 piH,m
Uegradation rules up to 25 gCH/mM? weie measured (Figure 2). Ihe biofiliers werg empued,
innlarisl was metled and refilled intw 1he biofilters Then the deyradation rate incensed slawly u
in 53 gCHANY {mw gas concemration: 12 gCHJ/m'). 2 value It excoeds the highe
degradution rates published before (Figuerna, 1598).

I'he degradation rutcs wore significunly dependent on the Leinpecsiure. The rates monaured
29 °C were twice sn high as st 24 *C (Figure 2} The temporsiure dependence can caw
problems in ouldoor plants dunng the winter, because the microdiul setivity will be strong
decreased and mavbe reach zery w low iemperawircs. Heating of the biofilier can salve th
problem, bul it means an immense ncrease of energy consumption s therewith highice cus
and secondury emimsions of greenhouse gasus, relativizing the bemellt of the metha
uegradation. This problem will ba severely investigated duning the pilot experinunts wider re
boundary conditions. [t is neccassry 16 mimimize the energy consumption by instathng
cificient insulation and & pactinl recuculation of the gas flow. Furthermure the lows
icmperature range with 8 still watisfactory efficiency must be elaburated.

One of the Lwp compost biofilters was inoculated with methunutrophic bacteris (Meriviosin
irichosportim H6), However, no difference in degradation rate botween the two hiofitiers cou
e datected. Two months afler the inoculsiion, the cell concentrations were measured by mg
probable numher countings. Betwaen 2710 and 2*10" cella/g wers counted in sach bicfiln
which is u very high value. So, mnoculation of the compost had no efTect on the degradation ru
Qbvioualy, methanotrophic hacteria had already been in the compost and wore multiplied wh
methane was introduced into the biofihers. For technical rensons it could not be determined,
the inoculstion accelernied the increase of hacteria and therewith decrcused the adaplution tin
30 thin might be investigated in the fulure Though il scems not necessary 10 inoculate comp
biofillera, it might be reasonable 1o inoculate other filier materials in which no methanotrep!
bucteris can be expociad,
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Figure 7 Meyradanion raie of metane -» 4 hench rale trolilier at thiee temperalute ranges





