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A Word from the Authors

This handbook has been developed during the preyedk carried out at the Oil and Gas
Institute in Krakow Instytut Nafty i Gazuas part of the international Methane to Markets
(M2) Partnership, initiated by the USA and presemicluding 33 countries. The primary
objective of the Partnership is to reduce globalhaee emissions through implementation of
economically feasible methods of methane collectowarious areas of business activity and
its beneficial use as a source of energy.

This handbook intends to address, in a comprehemsanner, the practical methods of using
the energy contained in landfill gas. The author&nsion is to present landfill gas utilization
methods, starting from heat production to technglogsed on combined heat and power
generation. Characteristic of each technology ésgmted in an accessible way and supported
by examples of installation in operation. An impmit part of publication is to determining a
project’s possible development options of the itwesnts and to provide elements of
economic analysis, allowing to make a proper denisif landfill gas energy technologies.
This paper was developed on the basisimkr alia, LFG Energy Project Development
Handbookof the US Environmental Protection Agency.




Key Terms

CHP — Combined Heat and Power — wytwarzanie enelgkirycznej i ciepta w
skojarzeniu

CNG — Compressed Natural Gas —gpny gaz ziemny

PSA — Pressure Swing Adsorption — adsorpcja zmigmmieeniowa

LFG — landfill gas — gaz sktadowiskowy

ppm — parts per million — ¢&ci na milion

ppb — parts per billion — ¢&ci na miliard

ppbv — parts per billion (volume) —gzi na miliard w danej okjosci

IRR — Internal Rate of Return — wewtrena stopa zwrotu

NPV — Net Present Value — wastazaktualizowana netto

CF — Cash Flow (USD or PLN) — przeptywy piemie (w USD lub PLN)

J — installed capital cost (USD or PLN) — wietkaaktadow inwestycyjnych (w USD
lub PLN)

TDC - top dead centre — gérny martwy punkt

DMP — bottom dead centre — dolny martwy punkt

LES — Leachate Evaporation System — system odpaiavwaciekow

RIC — Reciprocating Internal Combustion — dkeaie silnika: ttokowy silnik spalinowy
VOC - Volatile Organic Compound — lotne azki organiczne




1. Landfill Gas

A landfill site containing municipal waste work&ei a bio-reactor in which landfill
gas (a gas mixture, composed primarily of methaagyon dioxide and nitrogen) is produced
in biochemical processes from the decompositioorganic matter. The composition of LFG
produced by organic matter deposit in a municigadfill varies significantly, both during the
operation phase (acceptance of waste by the [§naifitl after landfill closure. The intensity
of gas production varies too, depending on the tapsed since the deposition of waste in
the landfill. The composition of LFG and its floweakey factors determining the correct and
beneficial use of the energy potential of a lahtfi).

LFG qualifies as a source of renewable energy uiitgish law. This creates an
opportunity to obtain financial assistance for LF&hergy projects, both during the

construction phase and plant operation.

1.1 Characteristic Features of Landfill Gas

Biomass is the key substance for biochemical pessse®ccurring in a municipal
landfill producing biogas. Biomass includes onlygamic which has been minimally
processed by humans and has not been utilized. &®ndiffers from other organic
substances in that biomass it is created natuvatly the help of solar energy, or has been
processed only by other living organisms. Thereforeprinciple, products originating from
chemical syntheses in industrial processes, requailarge amount of energy to decompose
into simple compounds, do not qualify as bioma$sN2vertheless, over a longer time frame,
organic compounds produced by industrial activify hmmans do decompose and can
contribute to LFG generation from municipal solieste.

The final product of biochemical transformations @fganic substances contents
carbon, oxygen and hydrogen under anaerobic condit{in the presence of methane-
excreting bacteria), is methane as well as a nurabether products which are not further
degradable.

A diagram depicting organic decomposition showsviging components of landfill
gas. The basic diagrams distinguishes between #8t@ges of organic substance
decomposition, including aerobic decomposition, eaohic decomposition (acidic

fermentation, unsteady and steady methanogenesi), the end of LFG generation




(equivalent to the end of methanogenesis). Theraiagdepicts the final, fifth stage of
organic decomposition as the end of anaerobic dposition and gradual fading of methane
generation by landfilled waste.

Figure 1 shows a typical organic decomposition madistinguishing five key stages

of chemical and biochemical processes leadingrdfihgas generation.
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Decomposition stages
Stage 1: oxygen decomposition Duration: 7 — 3¢sda
Stage 2: acidic fermentation Duration: 1 — 6 manth
Stage 3: unsteady methanogenesis Duration: 3 m@éths
Stage 4: steady methanogenesis. Duration: 5 -eadsy
Stage 5: end of decomposition Duration: 10 — 48rye

Figure 1. Organic decomposition phases.
Source: [3]

Landfill gas generation have been relatively wedsegarched. However, the gas
generation process is affected by so many factwt given the significantly variable site
conditions, any theoretical assessment of the gasrgtion rate is overly complicated.
Empirical models were developed as a result atndged to accurately assess/estimate the
volume of methane emissions. Some of the models b@ayconveniently applied to
calculation of the energy potential of a LFG enepggject. However, one should remember
that any such estimates are prepared using matitaimabdels, and that modeling requires a
wealth of data waste of landfill characteristiascts as waste composition, compaction, age,
temperature, moisture content, type of cover, andfill closure design etc. Calculations are
made using various kinetic models of organic deausitpn, while algorithms, due to
difficulties with obtaining the necessary data, team a large number of simplifying

assumptions [1].




US EPAModel [4]

The accuracy of calculations made using this mddpkends on the quality of data regarding
the quantity and composition of waste accepted @andfill and the manner in which it was
deposited [5].

The volume of methane produced during one yeaisQa sum of a methane volumeyQ
produced in the year T from waste masg &tcepted in subsequent years x prior to the year
T:

QT = ZQT,X

The volume of methane produced in T year from wassss M deposited in year x is

calculated using the following equation:
— —K(T=X) T 73

where:

X - year of waste deposition,

T - year of emission calculation,

k - methane generation rate; it is assumed tha & function of solid waste moisture,
nutrients supply for methanogenic bacteria, pH t@naperature. It value remains within
the range from 0,003 to 0,21 y&ar

L, - potential methane generation capacity, i.e. amehvolume [f] generated per solid

waste mass unit [6].

The US-EPA model includes specific values of thehawee generation rate constant and
potential methane generation capacity (two setdatd called CAA and AP 42). The CAA
data (se€lean Air Ac} based on the requirements of tew Source Performance Standards
(NSPS). The AP-42 (U.S. EPA manual) use emissionsfficients that are more
representative of typical municipal solid wastedf@dh The values of the parameters are
presented in Table 1.




Table 1. Set of data acc. to CA and AP42

Parameters dmH] k [1/year] Methane
concentration [%0]

CAA 170 0.05 50

AP 42 100 0.04 50

Source: [5].

The application of the coefficients of organic deposition, the US-EPA model describes
very well the actual decomposition conditions i tmunicipal landfill. A wide range of

values of the potential methane generation capdtidy seems to be a drawback of the
method as well as lack of information on the stitetand characteristic of a municipal solid

waste landfill. Wrongly assumed values may increasdecrease the final results.

IGNIG Model [4]

In the IGNIG model the kinetic method used in th& BPA model has been greatly
expanded. It is based on the first order kinetiacdehcand considers 4 categories of solid
wastes. Each category of organic wastes has itstaliflife time t/,, designated to it. The

following half-life’s are available:

Waste category: Half-life:

A — paper, textiles tauA = 10 years

B — garden, park wastes, and others tauB = &year
(except food)
C —food tauC = 3 years

D — wood and feed (except lignins) tauD = 15 years

The annual volume of methane producBthCH,) is a sum of a methane volume Emg
produced in a given year from a waste mass MASA][tigposited in the following years, X,

prior the calculation year:

EmCH, =) EmCH, | (A)+3 EmCH, | (8)+> EmCH, )+ EmCH, ()




Decomposition of wastes from (i) category, depakiteyear x, between year x and T, where

T is the calculation year is calculated from thaawpn:

MC; , = MSWIMCF IMASAidZj) ({1 e ™)[tong

where:

i - waste index (A ... D).

udz(i) - mass of wastes of a category as a fraatibthe total mass of wastes deposited
annually

MASA - total mass of solid wastes deposited in \&é&g].

A () - value depending on a half-life time for easblid waste category, calculated from
the equationi(i) = 0.693148 / tau(i).

X - year of solid waste deposition.

T - calculation year.

MSW - fraction of solid wastes deposited at thalfdis.
MCF - correction factor for methane.

Solid waste mass at (i), category, which decompasgdar T is calculated from the formula:

MR; iy = MCq i) — MCT—l,x(i)[tonS]

Methane volume produced in the calculation yeamfrihe solid wastes of (i) category,

included in the mass MASA deposited in year x alewated from the formula:

EmCH, (i)=DOC LF [ton\i) EMRT(i)[m3CH4]
where:
DOC - organic content in solid wastes,
F - molar fraction of methane in landfill gas (rmodl),

conv(i)- decomposition of organic material in fobowing wastes categories [4].

The IGNIG model was developed by the Oil and Gastlrte.

10



LFG generation rate may be assessed using thei@guahown above, for each year starting
from the first year in which waste is depositedha landfill. Figure 2 shows an example of a

gas generation curve.
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Figure 2. Landfill gas modelling
Source: INIG figure.

1.2 Collection of Landfill Gas

A gas extraction system from a municipal solid wadsindfill consists of the following
elements:
» Gas vents from the landfill bed (vertical wells dratizontal pipes)
» Header pipes discharging gas to the collectiontgowilection station)
* Collection station (demoisturisers, blowers, meagiperformance monitoring
equipment)

1.2.1 Elements of installation for gas extraction

Vertical gas extraction system - wells
Newly constructed municipal solid waste landfillayrhave their extraction wells built on the
layer of soil planted directly on a geomembraneictviserves as an additional landfill lining

(Picture 1). This way the stress of the well one@rgembrane is reduced and the landfill
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lining is not damaged. Solid wastes are depositetl @mpacted around wells, which are
spaced every 30 — 50 m. At the lower part of th# avélter is mounted. A horizontal header
pipe running from the filter discharges leachateéhi® collection well. A gas extraction well
filter consists of a slotted 100 - 200 mm diameipe. Pipe length is 2 m and it can be further
extended once the landfill is full. The well is frated by a 1m diameter steel pipe; pipe
length 2.5 — 5.0 m). A space between the filter aed cover is filled with gravel and cover
with a sealing ring. The well cover is graduallyended and the extra space made up with
gravel once the landfill expands. The upper partheffilter is made from a non-perforated
pipe. A header equipped with a gas valve is mountedhe non-perforated pipe. An outlet
port of the valve is connected with a compensatiose to the installation of active gas
extraction from the landfill.

Picture 1. Wells installed on new landfill sites. Picture 2. Wells drilling on reclaimed landfill.
Source: INiIG photo. Source: http://www.kellettswell.com/drilling.html

On existing landfills, the gas extraction wells aréven into the ground using boring tools
(Picture 2). Bore-holes of 400 — 460 mm diametedgan to the solid waste base. In bore-
holes perforated pipes are installed; the spacedset pipe and a bore-hole is filled with
gravel. An upper part of the bore-hole is sealetth wliay, while space next to the bore—hole is
covered with a geomembrane (Figure 3). Such insulaprotects against infiltration of
atmospheric air into the solid waste bed. Extradi€ is transported to the collection

station, which is an important part of the gasaation system.
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i) S——— MEMBRANE SEAL
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LAMDFILL COVER
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~r——>S0IL
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— GRAVEL PACK

Figure 3. Vertical gas extraction wells.
Source: [7].

Horizontal gas extraction system — horizontal pipes

Another way of gas extraction from a municipal doliaste landfill is horizontal well system.
The total landfill surface area is divided intolsedpproximately 1 ha each. In each sector,
collection pipes are installed at a permeable layenert material (thickness app. 200 mm),
within a waste bed. Pipes from each sector aregedhat a sufficient slope so as to remove
condensate; pipes transport gas to the collectiatios. Such ventilation systems are

preferred when gas migration beyond is a concern.

LFG COLLECTION HORIZONTAL COLLECTORS
HEADER

EXISTING GROUND

Figure 4. Horizontal gas extraction system
Source [7].
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Vertical-horizontal collection system

Some landfills use installations consisting of beghtical gas wells and perforated horizontal
pipes. Such collection method is often used atahefills with a thick layer of solid waste. In
such cases, horizontal pipes are connected wititcaewells at numerous levels to facilitate
the gas discharge to the well. Such an option hasetonomic advantage of a reduced

number of wells.

1.2.2 Connection of elements of a landfill gas exction installation

Gas extraction wells and horizontal pipes can lmneoted in one of two ways.

Individual headers

Individual headers require that there is a singpe punning directly from each well (or a
horizontal header) to the gas collection statiohe Dasic advantage of a direct connection
between gas extraction wells and the collectioticstas a possibility of regulation of all
wells at single spot. The most popular are 50 m®3 pipes. The drawbacks of this solution
include possible siphoning and some problems wik fiow. The operational problems

appear mostly when pipes have not been placed fyope
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Collectors

Gas station

Figure 5. Example of individual collection system.
Source: INIG figure.

Collective headers

In collective headers, individual wells and horimnheaders are connected to the main
headers, which supply gas to the collection statigas extraction wells are linked to several
collective headers (called bulkheads) of 100 — &6 diameter, most frequently at the

landfills with a large surface area. The main adwge of such construction is easy removal
of condensate due to a better gas line capacigyetis no need for intermediate driplegs
between the well and the collection station. Ondtieer hand, regulation of gas extraction
from the landfill becomes more troublesome, sifee ddjustment valves are installed at the

heads of wells located all over the landfill area.
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TOP OF LANDFILL _\ /— EXTRACTION WELL

LATERAL PIPING \ /

o——0
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o——
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Figure 6. Example of collective headers.
Source: [7]

1.2.3 Gas Collection Station

The gas collection station is comprised to theofeihg units:
» central collectors connected to pipelines to trahgas off the landfill (Picture 3);
* Blowers to extract gas from the landfill (Picturadd 5);
» Filters to remove solids (Picture 4 and 5);
* Reservoirs where condensate is removed from th@Ryetsire 4 and 5);
* Instruments for control of gas extraction and tpamsg

* Measuring & control equipment.

A diagram of a typical gas collection station isgented in Figure 7.

Gas compressor/booster

Utilization

From landfill

Knockout vessel

Figure 7. Gas collection station diagram.
Source: [8].




Picture 3. Landfill Gas Collection Station
Source: INIG photo.

Picture 4. Gas collection system on Prince Will@ounty landfill, USA.
Source: INIG photo.
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Picture 5. Gas collection system on Oaks landfi8A.
Source: INIG photo.

1.3 Landfill Gas Contaminants and Their Removal

Direct use of collected raw landfill gas is impdirby gas contaminants such as hydrogen
sulphide, siloxanes, moisture etc.
Landfill gas needs to be treated due to its redhtivhigh content of contaminants. The

treatment should be comprised of the following stag

Stage |
Primary treatment, consisting of the removal ofdsoand liquids, and gas drying.

Stage |l
Advanced treatment:

* desulphurisation;

* removal of organic silicon compounds;

» removal of other gaseous contaminants, such a®bgrons and ammonia.
The type of gas treatment used is dependent aiethaical and economic constraints.

18



1.3.1 Primary Treatment

Primary treatment technologies represent the fsttge in reducing the amount of
contaminants in the landfill gas and typically wsmple physical process operations. The
main contaminants removed (or reduced) are:

» water (referred to as ‘condensate’),

* particulates.
The technology used to remove these contaminanes Ib@en in use for many years and are

now a relatively standard element of active lahdfls management plants [8].

Water/condensate knockout
The presence of liquid water in landfill gas pipekvoan have a detrimental effect on plant
performance. First, the accumulation of water reduihe space available for gas flow and
raises the pressure loss. Secondly, the unstahleenaf two-phase flow (i.e. liquid and gas
combined) can give rise to oscillations, whichumt make it difficult to achieve a steady and
controllable operation. The presence of contamdatater can also lead to deposits on the
pipe walls, which reduce the smoothness and furtitgease the pressure loss. The presence
of liquid water in landfill gas pipes should thus lboth controlled and minimized. Depending
on the source of the gas and the application goge®ed use of the treated landfill gas, three
components can be treated. These are:

* slugs of liquid

* gas-liquid foam

* uncondensed water vapour [8].

Liquid water capture

In-line de-watering is frequently adopted by latidiperators and is usually installed within
the landfill gas collection network. However, theee invariably a need to incorporate
additional control measures to prevent onward trassion of liquid water. In some cases,
drains and water traps may be adequate for a pkmtisupply gas specification. A further
common practice — usually forming the final elemehtde-watering — is a knockout drum.
This is often called a ‘condensate knockout po#ind occasionally a ‘slug catcher’ — and is
located as close as practicable to the inlet togtee booster. The purpose of the knockout

drum is to lower the gas velocity sufficiently fadropout’ of liquid, which can then be
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drained or pumped to discharge. Such devices arplsiand capable of handling large gas

flows (up to 10 000 Athour) and of removing > 1 litre/minute of watet.[8

Foam removal

One refinement of water control systems is the npoation of coalescing (or demisting)
meshes in the gas pipes entering and leaving aeocsate knockout drum. These meshes
collapse entrained foam and prevent carryover. Cfly, the meshes are woven stainless
steel pads which provide a large surface areaaj thhe foam and allow it to drain under

gravity to the collection drum [8].

Vapour reduction
Raising the pressure of a gas mixture leads tmenease in temperature. While some of the
heat of compression will be dissipated at soutwe,témperature of the delivery gas stream
will inevitably be significantly higher than ambiehis may make it necessary to cool the
gas to protect control valve seats, to prevent-streissing of polyethylene (PE) pipework and
to meet other criteria for reliable metering or s@mer safety considerations.
For applications where gas conditioning is spedifie.g. to reduce the amount of water
vapour and lower the dew point), a pre-chillingpsteay be required to avoid an excessive
thermal load on the conditioning unit. Pre-chilliagpd after-cooling are carried out for
different reasons, but both involve heat removaifrthe high-pressure delivery gas stream.
The amount of heat to be removed will depend on:

» the specific heat capacity of the gas mixture;

» the booster exit temperature;

» the mass flow rate of gas;

» the specified final temperature.
For typical primary clean-up processes (e.g. thaseg a centrifugal gas booster), the heat
load is unlikely to require specialist equipmentl anlength of 5 — 10 meters of corrosion-
protected steel pipework may be sufficient. Howgwaeforced draught cooling stage may be
helpful in some cases, e.g. space is restrictednBwafter-cooling, compression will reduce
the relative humidity. This will depend on the Sfiecmoisture content of the gas stream
leaving the landfill and will be reversed on coglinrhe reduction in relative humidity can

lead to condensation in the delivery line, caugingblems for the consumer. It is therefore
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essential to review and measure the temperatuféepatong the pipework and, if necessary,

install insulation, lagging or trace heating on desvnstream end of the pipe [8].

1.3.2 Advanced Treatment

Typically, landfill gas used in a utilization plargceives only primary treatment. However,
there is a range of processes that are designptbtide much greater gas cleaning than is
possible using just primary systems. Such processbgch include both physical and

chemical treatments, can be defined collectivelgex®ndary treatment [8].

Hydrogen sulphide removal

Hydrogen sulphide is an extremely toxic and flamiaaias, harmful to the environment.
Under temperature, hydrogen sulphide reacts waanstto produce sulphuric acid, which has
a significant effect on the useful life of a LFGapt. Landfill gas may be desulphurised using
various processes. Depending on the choice of gemtaone may distinguish biological,
chemical and physical desulphurisation processes.

The choice of one of the many available technokgiepends on the gas composition, the
extent to which it needs to be treated and the assrate of the treated gas. A comparison
of the economics of various methods of landfill gasulphurisation is shown in Table 2.

Table 2. A comparison of various techniques g% Hemoval.

Method 'rl'ar;traoughput Capital expenditure Operating costs
Biological desulphurisation Medium Medium Low
Treatment with iron chloride | Medium Low Medium

Water washing High High Medium
Activated carbon High High Medium

Iron oxide or hydroxide High Medium Medium
Sodium hydroxide High Medium High

Source: [19].
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Siloxane removal
Siloxanes are a family of man-made organic compsuhdt contain silicon, oxygen and
methyl groups. Siloxanes are used in the manufaat@ipersonal hygiene, health care and
industrial products. As a consequence of their spdead use, siloxanes are found in solid
waste deposited in landfills. At landfills, low neclular weight siloxanes volatilize into
landfill gas. When this gas is combusted to geegpatver (such as in gas turbines, boilers or
internal combustion engines), siloxanes are coadetd silicon dioxide (Sig), which can
deposit in the combustion and/or exhaust stagekeoequipment. Evidence of siloxanes in
landfill gas is found in the form of a white powderheated gas turbine components, as a
light coating on various types of heat exchangarsgdeposits on combustion surfaces in
reciprocating engines, and as a light coating @st-pombustion catalysts [9].
The key methods used for siloxane removal are:

» adsorption on activated coal,

» adsorption in a liquid hydrocarbon mixture,

» gas cooling with concurrent water knockout. A gas/rhe cooled down as much as to

— 70°C, resulting in 99% siloxane reduction.

Other landfill gas contaminants
A landfill gas may also contain the following otlemtaminants:

e ammonia,;

» aromatic hydrocarbons, i.e. benzene, toluene, @beyizene, xylene;

* halogens.
These contaminants are usually present in langlidl at concentrations below the detection
level. The concentration of ammonia is below 0.Ymigthat of aromatic hydrocarbons —
below 1 mg/m and that of halogens — below 0.1 mg/rfacilitating immediate use of gas

without the need for any additional treatment gyste
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2. Landfill Gas Energy Technologies

There are several ways to effectively utilize lalhdfas for energy; however, the primary
application in Poland is electricity. Electricitprf onsite use or sale to the grid can be
generated using a variety of different technolagieduding:

* internal combustion engines,

e gas turbines,

* microturbines,

» Sterling engines (external combustion engine).
The vast majority of projects use internal comlmrs{reciprocating) engines or turbines, with
microturbine technology being used at smaller Idisddind in niche applications [10]. Certain
technologies such as the Sterling and Organic RanRicle engines and fuel cells are still in

the development phase.

LFG energy CHP applications, also known as cogéoargrojects, provide greater overall
energy efficiency and are growing in number. Inigdd to producing electricity, these
projects recover and beneficially use the heat frieenunit combusting the LFG. LFG energy
CHP projects can use internal combustion engirefwgaine, or microturbine technologies.
Less common LFG electricity generation technologregude a few boiler/steam turbine
applications, in which LFG is combusted in a latggler to generate steam used by the
turbine to create electricity. A few combined cyelgplications have been implemented in
USA. These combine a gas turbine that combustd Bt with a steam turbine that uses
steam generated from the gas turbine’s exhausetdie electricity. Boiler/steam turbine and
combined cycle applications tend to be larger ialesthan the majority of LFG electricity
projects that use internal combustion engines [7].

Another application of landfill gas is productiohlmt water or steam. However, such use of
landfill gas is to a large extent dependent onwatder or steam demand in the close proximity
to the landfill. Transmission of gas or small quized of steam or hot water over a long
distance makes the undertaking much more compleerims of technical aspects, and in
many cases is not viable.

In situations with low gas extraction rates, thes gan go to power infrared heaters in
buildings local to the landfill or provide heat apdwer to local greenhouses, and power the

energy intensive activities of a studio engagegattery, metalworking or glass-blowing.
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Heat is fairly inexpensive to employ with the useadoiler. A microturbine would be needed
to provide power in low gas extraction rate sitoasi [7].

Another factor which plays an important role indéh gas application is gas treatment,
described in Section 1.3.

Figure 8 presents an overview of LFG energy prejéot which technologies are readily

available.
Source ‘ Landfill gas
/ Conditioning:
. Initial ¢leaning: ~eliminglion of hydrogen sulphide,
Cleaning -dust particles, -separation of carhon dioxide.
*Amona.
]
| l
Ll B SNG production:
Utilization Trestuse -gas Laings. --=--- *Bio:methane.
e < v v

Feeding into natural CNG, LNG

gas grid system —> production:
9 to
yehicular

End Product

Figure 8. Methods of beneficial utilisation of Iditichas.
Source: INIG

2.1 Direct Use

Directly using LFG to offset the use of anotherl fimatural gas, coal, fuel oil) is occurring in
about one-third of the currently operational prtgega USA. This direct use of LFG can be in
a boiler, dryer, kiln, or other thermal applicasorit can also be used directly to evaporate
leachate. Innovative direct uses include firingt@gt and glass blowing kilns; powering and
heating greenhouses and an ice rink; and heatingrviar an aquaculture operation. Current
industries using LFG include auto manufacturingeroltal production, food processing,
pharmaceutical, cement and brick manufacturingevester treatment, consumer electronics

and products, paper and steel production, andnmiaad hospitals, just to name a few [10].

Direct use of LFG is often a cost-effective optishen a facility that could use LFG as a fuel
in its combustion or heating equipment is locatethiw approximately 8 km of a landfill;

however distances of 16 km or more can also beauomally feasible in some situations. In
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USA some manufacturing plants have chosen to latede a landfill for the express purpose
of using LFG as a renewable fuel that is cost-&ffeavhen compared to natural gas.

The number and diversity of direct-use LFG appicrat is continuing to grow. Project types
include:

» Boilers, which are the most common type of diresé wand can often be easily
converted to use LFG alone or in combination witssil fuels.

» Direct thermal applications, which include kilnsge cement, pottery, brick), sludge
dryers, infrared heaters, paint shop oven burtensel furnaces, process heaters, and
blacksmithing forges, to name a few.

* Leachate evaporation, in which a combustion devlt uses LFG is used to
evaporate leachate (the liquid that percolateautiiraa landfill). Leachate evaporation
can reduce the cost of treating and disposingaufiiate.

2.1.1 Process Heat Generation

The simplest and often most cost-effective use G Lis as a fuel for boiler or industrial

process use (e.g., drying operations, kiln opematiand cement and asphalt production). In
these projects, the gas is piped directly to abyeaustomer where it is used in new or
existing combustion equipment (Picture 6 and 7pagplacement or supplementary fuel.
Only limited condensate removal and filtration treant is required, but some modifications

of existing combustion equipment might be necessary

Picture 6. Boiler fuelled by landfill gas.
Source: [7].
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Picture 7. Cement Kiln.
Source: [7].

The energy requirements of a patented LFG consamgeran important consideration when
evaluating the sale of LFG for direct use. Becauseconomical way to store LFG exists, all
gas that is recovered must be used as availablejsoessentially lost, along with associated
revenue opportunities. The ideal gas customeretbey, will have a steady annual gas
demand compatible with the landfill's gas flow. Wiha landfill does not have adequate gas
flow to support the entire needs of a facility, LIE&n still be used to supply a portion of the
needs. For example, in some facilities, only oree@iof equipment (e.g., a main boiler) or set
of burners is dedicated to burning LFG. These iteasl might also have equipment that can
use LFG along with other fuels. Other facilitiesedd LFG with other fuels [7].

LFG is classified as a “medium Heating Value gaithva heating value of about 18,3 MJ/m
about half that of natural gas. Therefore, the m&awf LFG that must be handled by the fuel
train and burner is twice that of natural gas. Thisans that modifications to the fuel train
and burner are usually required to accommodatehtyleer overall gas flow rate for an
equivalent natural gas heating value. The increaged flow, however, does not have an
appreciable effect on the design and operatioroiéibcomponents downstream of the burner
[11].
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The equipment for retrofitting a boiler to burn LE§&commercially available, proven, and
not overly complex. The decisions that must be madaleng engineering and design are,
however, site-specific and may be somewhat invol¥ed example, some installations have
retained the original burner but modified it for&Ke.g., by installing separate LFG fuel train
and gas spuds) while maintaining the existing rétgas fuel train and gas ring to permit
LFG/natural gas co-firing. Other installations haeplaced the entire burner, controls, and
fuel train with a dual-fuel burner and dual-fuditrs specifically designed to handle medium
Heating Value gas. In general, the decision toislrall new equipment is made based on the
owner’s preference or because the existing burndrcantrols are nearing the end of their
useful lives. Additional analysis may be requirenl determine the amount of LFG
compression that is provided versus the modificatioeeded for the burner and gas train.
Because LFG is typically a wet gas often contairirage corrosive compounds, the fuel train
and possibly some burner “internals” should beaegdl with corrosion-resistant materials.
Stainless steel has typically been the materiacsed.

The controls associated with fuel flow and comtmrstir flow need to be engineered to cope
with the variable heat content of LFG. The comlerif the burner management system will
depend upon whether the boiler is to be co-fireith watural gas or oil and whether the boiler
is to be co-fired at all times or if there will ienes when it will be fired with LFG only.
Today’s modern controls, fast-responding oxygenlyaeas, and responsive flame sensors
make it possible to fire LFG with the same levelsafety that is characteristic of current

natural gas systems [11].

A potential problem for boilers is the accumulatmrsiloxanes. The presence of siloxanes in
the LFG causes a white substance (similar to talpamder) to build up on the boiler tubes.
Where the material collects and how much of it auglates is likely to be a function of the
velocity patterns in the boiler and the siloxanengamtrations in the LFG. Operators’
experiences to date indicate that annual clearsrgpfficient to avoid operational problems
related to silicon oxide accumulation. Boiler opgera may also choose to install a gas

treatment system to reduce the amount of siloxanttee LFG prior to delivery to the boiler.

In designing and assessing the economic feasillityprojects utilizing LFG in boilers,
several factors in addition to the boiler retrofitist be considered. For example, the quantity
of LFG available must be considered and compardtie@dacility’s steam needs and boiler

capacities. Factors such as pipeline right-of-vesyiés and the distance between the landfill
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and the boiler will influence costs and the pritgvhich LFG can be delivered and sold to the
boiler owner. Because LFG is generally saturateth \moisture, gas treatment is needed
before the LFG is introduced into the pipeline asubsequently the boiler, to avoid
condensation and corrosion. Additionally, condemsiatock-outs along the pipeline are
necessary as condensation in the main pipeline@ase blockages. Fortunately, the level of
LFG clean-up required for boiler use is minimalthwbnly large particle and moisture
removal needed. Other compounds in LFG, such agasies, do not damage boilers or
impair their function. Generally, LFG clean-up armmpression systems are located at the
landfill and are often installed by a developerheatthan by the boiler owner. LFG
compression provided at the landfill must be swght to compensate for pipeline pressure
losses and provide sufficient pressure at the badepermit proper function of the fuel
controls and burner. Proper attention to burneectiein or burner modification for low-

pressure operation can minimize the LFG compressisis [11].

Virtually any commercial or industrial boiler cae ketrofitted to fire LFG, either alone or co-
fired with natural gas or fuel oil. The firing pitaf is a primary consideration, regardless of
the boiler type, since the fuel cost savings assediwith LFG must offset the costs of the
LFG recovery (if a LFG collection system is not yetplace), the gas clean-up equipment,
and the pipeline. Operation at substantial load ao24- hour/7 day-per-week basis or
something approaching continual operation is gelyaraportant to the economic viability of

a potential project.

The costs associated with retrofitting boilers walry from unit to unit depending on boiler
type, fuel use, and age of unit. Typical tierseifafits include:

* Incorporation of LFG in a unit that is co-firing ti other fuels, where automatic
controls are required to sustain a co-firing agtlan or to provide for immediate and
seamless fuel switching in the event of a losskGLpressure to the unit. This retrofit
will ensure uninterruptible steam supply.

* Modification of a unit where surplus or back-up aste supply is available and
uninterruptible steam supply from the unit is nequired if loss of LFG pressure to
the unit occurs. In this case, manual controlsrapgemented and the boiler operating

system is not integrated in an automatic contretesy.
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Both the smaller, lower-pressure firetube packagdets and larger, higher-pressure
watertube package boilers are already in operatitim LFG. Older field-erected brick set

boilers have also been retrofitted for LFG fuel. iManajor boiler manufacturers, such as
Cleaver Brooks, Babcock & Wilcox, Nebraska, and ABGre represented in the population
of boilers that have been converted for LFG ser&imilarly, leading burner manufacturers
(e.g., Todd, North American, and Coen) have pravidpecially designed LFG burners or
have experience modifying standard natural gasdvsrior LFG service [7].

Another option is to improve the quality of the gassuch a level that the boiler will not
require a retrofit. The gas is not required to havgtu value as high as pipeline-quality, but
the quality must be between medium and high. Tpigno reduces the cost of a boiler retrofit
and subsequent maintenance costs associated wdhin) because of deposits associated

with use of medium-Btu LFG.

Examples of Successful Boiler LFG Energy Projects

NASA Goddard Space Flight Centre. In early 20033 Goddard Space Flight Centre in
Greenbelt, Maryland, began firing LFG in three Nedita watertube boilers, each capable of
producing 18 000 kilograms/hr of steam. The ggsiped approximately 10 kilometres from
the Sandy Hill Landfill to the boiler house at Gaddl NASA modified the burners and
controls to co-fire LFG, natural gas, and oil; hoee LFG provides the total firing
requirement for approximately nine months of thary®ASA estimates an annual savings of
more than 350,000 USD. Current NASA plans call li&G use to continue for at least 10

years, with a possible extension to 20 years.

Cone Mills White Oak Plant. The LFG retrofit prajeat textile manufacturer Cone Mills’
plant in Greensboro, North Carolina involved a veig (circa 1927) field-erected brick
boiler. In this instance, the developers chosengiall two new, multi-fuel burners. Full
operation began in early 1997, with a steaming cdapaf 13 500 kilograms per hour from
the LFG fuel. Additional steam is provided as nekbig co-firing with natural gas or fuel oil.
The gas is supplied to the Cone Mills plant via &i®metres pipeline originating at
Greensboro’s White Street Landfill. [11].
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2.1.2 Infrared Heaters

A gas-fired infrared radiant heater burns gas tat lseradiating surface that emits infrared
energy when at high temperature. Infrared energynislar to visible light except that it lies
between the visible and microwave sections of feet®magnetic spectrum. Like light, it
travels in straight lines. Air does not absorbanéd energy well, so most of the heating is
direct to solid objects. The heated objects thdease heat to the air by convection and
radiate some heat to surrounding objects.

Infrared radiant heaters are very effective fortdpating and are also used for heating large
areas [12].

Landfill gas fired infrared heating systems offeramy advantages for space heating
requirements in the garages and another buildingal Inear the landfill. Advantages of
radiant heating include:

* Radiant heat is not absorbed by the air, so iighlh efficient in areas that require
frequent air changes or that have high infiltratiates.

* Radiant heating warms cold bodies directly withoe¢ding to heat up all of the air in
the room or building. This rapid heat-up capapiitiows the heat to be off when the
room or building is unoccupied, thus saving fuel.

» Radiant heating minimizes heat losses though tbeaond roof vents. The energy is
directed radiantly down toward the area needing laead the minimal air heating
minimizes stratification and the rise and escapearin air.

* Radiant heating does not require forced air citeutain the room or building and thus
minimizes circulation of airborne particles.

* Radiant heating allows zone control. Different aremn be heated to different
temperatures as required.

* Radiant heat is directional. Very specific areas loa heated without heating an entire
room or building.

* Radiant heat can be used effectively outdoors.

There are two kinds of gas infra-red heaters in use
* ceramic, also called bright,

* pipe, also called dark or low-intensive.
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The difference between ceramic and pipe infra-redtdrs is that ceramic (bright) heaters
usually operate at temperatures between’®0and 1,008C, achieving their maximum
radiation capacity at wave lengths from 2 tam, with efficiency reaching 93%. Pipe (dark)
infra-red heaters operate at temperatures betw@@€ 4and 608C and release less than 10%
energy in the form of radiation with wave lengthGo75 — 1.5um, approximately 30% in the
1.5 — 3um range, approximately 50% in the 3 ré range and less than 20% in the 6 — 12
um range.
A pipe infra-red heater is composed of three miaments:

e gas burner,

* radiating pipe,

e screen.
The burners in ETD and ETS infra-red heaters aosvllype, i.e. the burner's flame is

lengthened by a low-rotation, low-noise fan, whiabrks in clean feeding air.

Radiating pipes are made of special steel with stitaeium added, and covered with black
silicon emulsion, thanks to which they have extiauary radiating capacity.

The basic element of ceramic infra-red heater lisimer made of perforated ceramic board
covered with an aluminium reflector. On its surfacenixture of gas and air taken by the

electro valve is burnt.

Radiation is directed to heated surfaces by meahggbly-polished aluminium reflector.
Infrared heating using LFG is ideal when a facilitigh space heating needs is located near a
landfill. Infrared heating creates high-intensityeegy that is safely absorbed by surfaces that
warm up. In turn, these surfaces release heatth#oatmosphere and raise the ambient
temperature. Therefore, large spaces such as ralushelters, warehouses and facility
buildings are most effectively and economicallyteday gas-fired infrared heaters.

Infrared heating, using LFG as a fuel source, hesnbsuccessfully employed at several
landfill sites in Europe, Canada, and the Unitedt&3t Infrared heaters require a small
amount of LFG to operate and are relatively inespan and easy to install. Current
operational projects use between 20 and 6.m

The cost of infrared heaters depends on the arba teated. One heater is needed for every
46 to 74 M. The cost of each heater, in 2007 dollars, is @pprately 3,000 USD. In
addition, the cost of the interior piping to conhde heaters within the building ceilings is
approximately 20,000 to 30,000 USD [7].
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There are many producers of infrared heaters, diratuthose fired with gas fuel, in Europe
and in the USA. Most heaters enable co-firing gfefine natural gas and LPG (propane-
butane) or propane. Some heaters are capablengf fiatural gas of various sub-groups, such
as GZ-35, GZ-41,5 or GZ-50. Infrared heaters whehy fire GZ-35 sub-group natural gas
with a heating value of 24 MJ/Nihmay also fire landfill gas provided such gas &effrom
siloxanes. A number of companies manufacture iattdreaters capable of firing GZ-35 sub-
group natural gas, including Ambi-Rad, Detroit RediProducts Co. and Gaz Industrie. The
table below shows the specifications of infraredtbes manufactured by those companies
[13].

Table 3. Selected specifications of infrared heater

Manufacturer Ambi-Rad Detroit Radiant Products Gaz Industrie

Type Pipe infrared Ceramic Pipe infrared Pipe infrared
heaters infrared heaters heaters heaters

Series ER DR EDX, EHL BT

Capacity range [kW]| 10 - 38 8.1-34.2 13.5-39.6|22-45

Symbol and capacityER, DK 75, EDX 40-75, BT,

of a selected heater | 22 kW 19.8 kW 19.8 kW 22 kW

Radiation efficiency 91 75 78 91

[%]

Fuels GZ 50, GZ 35,G250,GzZ35,|GZ 50, GZH GzZ50,GZ35
GZ 41,5,| propane 41,5 LPG
propane-butane GZ 35, propanse

Nominal Gz 2.25 2.14 2.3 2.22

fuel 50

consumption [m%h]

LPG | 151 1.68 1.60 1.64
[kg/h]

Exhaust gas system| No exhaust gas Wall-mounted | No exhaust gas
removal - or a g100 pipe removal -
“through  the passing through “through  the
roof” or the roof roof” or
“through  the “through  the
wall” wall”

Source: [14]

It must be stressed that there is no company wadklwhich manufactures infrared heaters
dedicated to LFG or agricultural biogas firing.drder to adjust the commercially available

infrared heaters to use LFG, a number of requirésnmist be fulfilled:
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» A full laboratory analysis of gas composition frahe site. The site must be able to
maintain the methane content of gas at more théf fre@thane (some flexibility here
as long as a heating value of at least 5.25 k\WWigmet).

* The gas must be dry. Saturated gas is typicallyntren with landfill gas. We can
implement engineers refrigerated the gas to a dant pf 4°C to remove water, and
reheated to about 20 with good results.

* Landfill gas must be filtered through a 3 micradltefi.

» Efforts should be made to eliminate contaminanisi{sas siloxanes) in the gas. Such
contaminants can be deposited on components suble ame sensor and can inhibit
flame sensing and lead to nuisance heater lockout.

* Minimum gas supply pressure during operation mosthe less than 20 mbar and a
maximum of 60 mbar with the heaters turned off.

* Due to the reduced methane (heating value) cowmtetite gas, the maximum heater
input available is 30 kW.

» Accelerated heater maintenance and component ggigas valve and flame sensor)

replacement schedule is expected.

The first facility to use landfill gas to power iafed heaters was an active landfill in
Frederick County (VA, USA). The project commenced2001/2002. Nine pipe infrared
heaters were used to heat two facility buildingshat landfill, including a facility room (6
infrared heaters) and a warehouse (3 infrared r®atesing less than 513 of landfill gas.
The project utilised standard pipe infrared heatetsofitted to fire landfill gas. Activated
carbon drums were installed for LFG treatment praosupply to the infrared heaters.

Another example of the use of infrared heaters antenance facilities is at I-95 Landfill in
Virginia. Since 1990, Fairfax County has been apitg LFG at its 1-95 Landfill and burning

it to in two plants to generate enough electriédly about 5000 homes. The plants currently
capacity is 3.2 MW of electricity each, makinghetlargest well field and landfill/electrical
generation network in the State of Virginia. Sonieh® excess gas (approximately 1,700
mh) is sent to the nearby Norman Cole Wastewateaffirent Plant where it is used to
process sludge.

Although most of the LFG collected was being uéitizin 2005 the County decided to replace

their existing propane-fired heating system onsitéhe maintenance shop with LFG-fired
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infrared tube heaters to further maximize LFG mdition. The county connected small-
diameter pipes to supply the LFG at 20 do Zfhrfor the five heaters to provide comfort heat
to the onsite maintenance shelter. A simple treatrsgstem was installed to remove any
remaining moisture and contamination. Activatedboar drums were used to filter out
siloxanes prior to delivery to the burners. Aftezatment, the gas is delivered to the heaters
through a stainless steel piping system. The ne® hEating system improved the working
conditions in the shop by heating objects, rathantair, which was quickly lost through the
overhead doors, and saved money by avoiding the tteepurchase of propane, which was
previously used for heating the buildings. The afseFG will reduce GHG emissions.

The heaters are standard, off-the-shelf type umtgjified to operate on LFG (Picture 8 and
9). As the projects require only a small amountLBf5 (typically 51 ni/h), it's an ideal
candidate for numerous landfills of any size: sprakdium, or large. Less than 52/mLFG
needed to heat about 604[i].

Picture 8. Infrared Heaters.
Source: [7].
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Picture 9. Infrared Heaters.
Source: INIG picture.

2.1.3 Leachate Evaporation

The gas coming from the landfill can be used topevate leachate in situations where
leachate is fairly expensive to treat.

The principle of Leachate Evaporation Systems (DESssimple and direct: use LFG
collected at the site as an energy source to eatpbbO and combust the volatile organic
compounds in the leachate. Depending on local reouants, the highly concentrated (hence
very low volume) effluent is returned to the lafidéir shipped off-site for disposal. Less
concentrate and precipitate metals, primarily dss,shile stripping organics to a thermal
oxidizer (e.g., flare) or reciprocating engine d@struction [15].

Evaporation is the only "treatment" technology &lde today that actually rids the water
component from water-based waste streams. It carexample, reduce the total volume of
leachate to less than 5% of original volume [16].

Landfill-gas-fuelled evaporation is a technologattreffectively integrates the control of
landfill gas and landfill leachate. During recemiays several forms of evaporation utilizing
LFG as a fuel have emerged. The different typesvaporation fall into the categories of:

. evaporation vessels;

. spray-type dryers;

. direct injection-devices.
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The most popular are evaporation vessels.

Several companies manufacture leachate evapor&epending on the manufacturer and the
type of system selected, the volume of leachatpaased by a single unit varies between
4.54 nmi/day and 113.56 Hday.

Evaporation of landfill leachate involves heatirg tleachate to produce a water vapour.
Metals in the leachate concentrate and precipitateparily as salts, while the organics
volatilize and stripped away by the water vapour.

The organics are transferred from the liquid leéelpdase to the exhaust vapour phase by a
process analogous to air stripping. Most evapagatiystems use a modified commercial
enclosed LFG flare for a downstream thermal oxalestage to destroy the trace organics.
Because the operating temperature of the evapaisaiow (82 — 87C) most of the heavy
metals do not vaporise.

Leachate evaporators apply energy developed byirgutandfill gas to heat and vaporise
leachate. The primary features distinguishing d#ifé commercial leachate evaporation
systems are their methods for transferring hebachate and treating the exhaust vapour.

Direct transfer

Most commercial systems available use direct-coreaeporative technology, where heat
transfers by means of direct contact between thehkte and the hot combustion gas.
Depending on the manufacturer of the evaporater| G combustion unit can be located:

* on top of the evaporation vessel—the hot combusgiases from the burner being
directed downward through a downcomer pipe andytises being bubbled through a
small pool of leachate in the bottom of the vessel;

* on the side of the evaporator vessel—the hot cotidrugiases being exhausted
through submerged horizontal burner tubes locaifdmmthe vessel (a process known
as "submerged combustion”). The hot gases inselédmer tubes are exhausted into
the liquid through orifices located along the bottof the burner tubes.

Indirect transfer

Alternatively, heat may be transferred indirectignh a landfill-gas burner through the walls

of the heat exchanger to the leachate. A majoreonio selecting the method used to transfer
heat is to minimize harmful effects that precigthsolids may have on process efficiency.
With solid heat transfer surfaces such as tubeale douildup will gradually reduce heat

transfer efficiency. Cleaning then is requireddstore performance.
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Exhaust Vapour

Due to vapour stripping, the exhaust vapour from ldachate evaporator normally is laden
with trace quantities of many different organic gmunds. This exhaust vapour exits through
a mist eliminator, which condenses large water létepand returns most of the entrained
liquid back into the evaporator. By removing langater droplets, the mist eliminator also
removes much of the particulate matter from theexator exhaust.

The exhaust water vapour from the evaporators eary the odour of the stripped organic
compounds. To treat this condition, the vapour lsannjected directly into a modified LFG
enclosed flare. The enclosed flare burns LFG aadntter vapour at high temperatures (that
is, [> 870C] for a minimum of 0.5 seconds) before the exhayast is discharged to the
atmosphere. This temperature and residence tiroe &ir the destruction of more than 98%
of the Volatile Organic Compounds (VOCSs) presernthmgas stream.

Data from the operations of different leachate evafon facilities also have shown the

emissions from the enclosed flare to:

. reduce the concentration of carbon monoxide (CO);

. very slightly increase in the concentration dfegen oxides (NQ);
. little change in the concentration of sulphurd®s (SQ).
Appraisal

Leachate evaporation systems are generally ecoatiynfeasible only at sites where there is
an adequate supply of LFG to evaporate the volunteachate generated.

A typical landfill leachate requires approximat@yl5 Nniof LFG to evaporate one litre of
leachate. Additional energy is required in evapoeeasystems that employ thermal oxidation
(landfill gas flare) to treat exhaust gases. Tkiosd thermal energy requirement depends on
the quantity and quality of vapour generated in e¢liaporation process. Typically, a flare
requires approximately 0,53 Nnof LFG for each litre of leachate evaporated. Thais
reasonable estimate of the amount of LFG requoesl/aporate one litre of leachate and treat
the resultant exhaust vapour in a downstream eedldisre system is close to 0,7 Rim

assuming a methane concentration of 50%.

There are several variations of leachate evaposytstems. They differ only in the methods
used to transfer heat to leachate and how the ekhapour is treated. One commercial

design theme simply destroys the leachate vapoutd BG not consumed in the evaporation
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process in a slightly modified enclosed flare [igaWaste Technologies, Inc. (OWT)].
Another variation combusts the evaporated vapoud 18FG in an RIC (Reciprocating
Internal Combustion) engine to produce electridityg waste heat from the engines is used to

aid in evaporating the leachate (Power Strategie<l) [15].

OWT offers two LESs. The LES is marketed through @mni-Gen Technologies, Inc.
subsidiary. OWT is also a licensee of the Techeggstem (ltaly). A view of the LES is
presented in picture 10. A process flow diagramaf@8 mi LES with typical flow quantities

is presented in figure 9. Leachate is continuotdesti/to the evaporator vessel. A LFG-fired
burner introduces hot gas into the leachate asbuidbles below the surface (gas sparging)
and direct heat transfer occurs between the liqudl hot gas. The leachate is maintained at
82 — 88C. Direct contact of hot gases with leachate actsttip most of the organic
compounds within the leachate to the vapour ph@sganics are transferred from the liquid
leachate phase to the exhaust vapour phase bycassr@nalogous to air stripping (i.e.,
contaminants partition between the vapour and diquiiases according to their respective
vapour pressures and concentrations within theid)quAs the process occurs at elevated
temperatures, the stripping action is generally anefficient than that obtained with most

conventional air strippers operating at ambientperatures.
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Figure 9. Leachate Evaporation Diagram.

Source: [7].
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Picture 10. Leachate Evaporation System.
Source [7].

Evaporation may offer the potential to deal witadeate problem effectively in one principal
unit operation at the landfill site. In additioma principal by-products of landfill operations,
leachate and gas, could be used together benbfiociabne process [17]. After evaporation
the volume of the concentrated residual will barels fraction of the original leachate and
could be recycled back to the landfill. Volatilengponents in leachate that go in the exhaust
air stream could be treated separately, if reqit8{l

Conventional treatment of landfill leachate mayuieg| several unit operations to remove the
various contaminants to acceptable levels. Leadnestment by evaporation may offer the
advantage of dealing with the leachate on the Ihrsite by employing fewer unit operations
as compared to a conventional treatment processpased of several sequential unit
operations. Evaporation allows separation of vigdtiom non-volatile components. Solids
and metals can be concentrated into a small volaftex evaporation. [18]. Landfill gas
produced by the decomposition of landfill refusegimibe used as an energy source for

evaporation of leachate [17].

Leachate evaporation is a good option for landfifisere leachate disposal in a publicly
owned treatment works plant is unavailable or egpen Evaporators are available in sizes to
treat 38 - 114 fiiday of leachate. LFG is used to evaporate leadioagemore concentrated

and more easily disposed effluent volume.
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The system costs USD 300,000 to USD 500,000 toipuplace with operations and
maintenance costs of USD 70,000 to USD 95,000 par.yWhen a system is owned and
operated by a third party, long term contracts tyillically assess costs based on the volume
of leachate evaporated. Some economies of scaleealieed for larger size vessels. A 114
m°/day evaporator costs USD 16 per cubic meter, vénilé ni/day unit is USD 31 per cubic
meter and a 38 ffday unit is USD 53 per cubic meter [7].

2.2 Electricity Generation

Producing electricity from LFG continues to be thest common beneficial use application,
accounting for above 90% LFG energy projects inaR@l Electricity can be produced by

burning LFG in an internal combustion engine, atgdsine, or a microturbine.
2.2.1 Reciprocating Engines

On landfills, electricity is usually produced by sgaowered spark-ignition reciprocating
engines, that is internal combustion engines (Bitoke engines) commonly used in vehicles
and machinery. The name refers to four stageseo€éhgine’s operation: intake of air or air-
and-fuel mixture, compression, power and exhdtmt.each cycle, there are two complete
rotations of the crankshaft. In other words, inoarfstroke engine, the piston makes four
strokes per working cycle. The internal combusgagine has an intake valve, through which
the air-and-fuel mixture (or air) is introducedadrthe cylinder, and an exhaust valve, through
which exhaust gases escape from the cylinder.

Gas-powered reciprocating engines, also calledpgagered internal combustion engines, are
modified versions of medium- and high-speed engipesvered by liquid fuels. The
modifications applied in gas-fuelled engines tyfycanclude: change in the shape of head
and the top part of pistons, adding a gas andditpel system, and expansion of the engine
cooling system and the exhaust heat removal syi&ém

There are four cycles: induction, compression, pawnel exhaust.

Stroke | — INDUCTION
The piston descends from the top dead centre (TidGhe bottom dead centre (BDC),

producing negative pressure inside the cylindee iftake valve is open, allowing air-and-
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fuel mixture (or fresh air, in the case of diragection) to be drawn from the intake system
(carburettor, or single- or multi-point fuel injeant) through the intake port situated behind
the intake valve. The air-and-fuel mixture is ingetinto the cylinder into a space between

the piston and the cylinder head. As soon as #temppasses BDC, the intake valve closes.

Stroke Il - COMPRESSION

The piston returns to the top of the cylinder coespmg the air-and-fuel mixture. Both the
intake and exhaust valves are closed. Under sogmfipressure, the mixture is compressed to
(typically) less than one tenth of its original wole. Combustion takes place before the air-
and-fuel mixture is compressed to its minimum vatud—2 mm, or, at approximately 5
degrees of the crankshaft rotation, before theopiseaches TDC). The mixture is to be
completely combusted exactly as the piston pasBé3 {6 be driven back by the expanding

exhaust gases which initiate the power stroke.

Stroke Il - POWER

In high-speed engines and electronic direct fugction engines, shortly before the piston
reaches TDC, fuel is injected and spontaneous anksgnition occurs. Both the intake and

exhaust valves are closed. The piston is drivek hath a powerful force, because a pressure
up to 100 bar is created inside the chamber folgwgnition (which sometimes corresponds
to a five-tonnes pressure on the piston). The ®oroast be transferred from the bottom of the
piston, through the connecting rod to the cranksHddis forces the piston to move to BDC.

One stroke of engine must create enough power moplate the remaining three strokes.

Therefore, the more cylinders an engine has, tregrgmit runs.

Stroke IV - EXHAUST

Before the piston reaches BDC, the exhaust valemgpand the exhaust gases, not yet fully
expanded, escape from the cylinder through theestlsystem. The cylinder moves upwards
toward TDC and pushes the remaining gas out ofyheder through the open exhaust valve.
As the piston reaches TDC, the exhaust valve isedpthe intake valve opens and the cycle

starts again.

Figure 10 represents a diagram showing a full cgtke four-stroke engine.
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1. Induction

2. Compression

3. Ignition

Figure 10. 4-stroke engine cycle diagram.

Source: [21].

To ensure efficient operation of an LFG supply alettricity generation system, the gas fuel

4 Exhaust

(landfill gas) must meet the following requiremegiable 4).

Table 4. Limiting values and maximum permissibleamtrations of certain fuel components

for selected manufacturers.

Constituent Jenbacher Deutz Caterpillar Waukesha
Calorific  value| Maximum 14.4 MJ/Nmi 15.7-23.6 >15.73 MJ/Nmi
and variability | variation: MJ/Nm®
<05 % CH (recommended
(viv) per 30 range)
seconds
Total  sulphurl 2,000 mg/Nm | <2200 mg/Nmi| 2,140 mg HS|<715 mg/Nni
content CH, (with | CH, per Nn? CH, CH, (total S
catalyst) (total S as KS) | bearing
1,150 mg/Nn compounds)
CH;  (without
catalyst)
(total S as KHS)
H,S content - <0,15 % v/v - -
Ammonia <55  mg/Nm]| - <105 mg NH|-
CH, per Nn?
Total Cl content| See: Sum of Ck100 mg/Nmi | See: Sum of C| See: Sum of C
and F CH, and F and F
Total F content | See: Sum of Ck50 mg/Nni | See: Sum of C| See: Sum of C
and F CH, and F and F
Sum of Cland F|  Without <100 mg/Nni| <713 mg Cl pef 300  mg/Nmi
catalyst; CH, Nm® CH, (total| CH, (total
<100 mg/Nnd halide organic halides
CH; (weighted compounds asas Cl)
as one part C Cl)
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Constituent Jenbacher Deutz Caterpillar Waukesha
and two parts F
without
warranty
restriction;

100-400
mg/Nn?  CH,
with  warranty
restriction;
>400 mg N
CH, no
warranty at all
With catalyst: 0
mg/Nnt CH,

Silicon (Si) Old standard | <10 mg/Nni|<21  mg/Nm [ <50  mg/Nmt
Without CH, CH,? CH, total
catalyst: <20 siloxanes
mg/Nnt®  CH, (models  with
without prechamber fue|
warranty system only)
restriction; (>20
mg/Nn?  CH,
with restriction)

New standard
Without
catalyst: see
below?*

With  catalyst
(old or new
standard):

0 mg/Nn? CH,

Dust <50 mg/Nm|<10 mg/Nni|<30 mg/Nni| Removal of
CH; (particles| CH, (particles| CH, (particles| particles  >0.3
<3 um) maximum 3-10 <1 pm¥ pm

Hm)
Oil / residual oil | <5 mg/NMCH,4 | <400 mg/Nmi| <45  mg/Nmi | <2% v/v liquid
CH, CH, (oil) fuel
(oil vapours hydrocarbons at
>Cs) coldest inlet
temperature
Miscellaneous - Project specific No Glycol
limits:
hydrocarbon
solvent vapours

Relative <80% with zerg <60 - 80% <80% at Zero liquid

humidity /| condensate minimum  fuel| water:

moisture temperature recommend
chiling gas to
4°C followed by,
coalescing filter
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Constituent Jenbacher Deutz Caterpillar Waukesha
and then
reheating to 29 t
35°C; dew point
should be at
least 11°C below
temperature of
inlet gas
Pressure at inlet  Turbocharged| Up to 2 000 bar | - -
engines: 80
200 mbar
- Pre-combustion| - - -
chamber:
Models 612-
616: 2,500
4,000 mbar
Model 620:
3,000 — 4,00(q
mbar
Gas pressure<10 < 10 % of sef - -
fluctuation mbar/second value at a
frequency of
<10 per hour
Inlet gas| <40 °C 10-50 °C - > -29 °C and
temperature <60 °C
CHy (% viv) - 40 % Recommended,| -
ratio of CH;:
COisl1l1-1.2
Methané - ~140 for landfill| - -
gas
Hydrogen (% - - - <12 %
V/IV)
1 Relative limiting value of <0,02 according to flelowing calculation (without catalyst):
Relative limiting value = (ma/kg Si in engine axl)total oil quantity in litres)
(engine power in kW) x (oil service time in sl
2 Specifications stated by manufactures in mg/MJewsmverted to mg/NfCH, assuming a calorific
value for CH of 37.5 MJ/Nni.
3 Specifications stated by manufactures in mg/l ldingiés were converted to mg/l\frﬁ:H4 assuming 50
per cent CH (v/v).
4 Methane number for natural gas is typically betw@&® and 92; methane 100 (knuckles) and hydrogen
0 (knock-friendly).
Source: [8].

Among the many components of landfill gas, sulplthiprine and fluorine compounds are
the most harmful to equipment and the environm@otnbustion products such as S@CI
and HF work to the detriment of machinery and tiarenment.

When combusted in reciprocating engines, LFG caimtgisulphur and chlorine compounds

shorten the useful life of engine oils and impdw efficiency of catalysts. Their harmful
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effects include corrosion of LFG collection pipé#jngs, meters, crankshaft, camshaft, gas-
powered engine and bearings. A landfill gas withigh concentration of sulphur requires
treatment.

One should also note that landfill gas is saturatgkd water vapour. Drying LFG prior to its
utilisation will limit corrosion of gas-fired units

In addition, an engine will run for a longer periofl time when it is properly operated.
Continuous operation is best for an engine. Fregseriching on and off adversely affects
engine operation because condensate accumulatbe asgine cools down, leading to acid

formation [22].

Employing reciprocating engines for combined hewt power (CHP) generation yields very
good results. CHP plants using gas-powered reairagg engines usually produce hot water
or saturated steam. Heat is recovered from thedxeditanger on engine casing, oil cooler and

exhaust heat exchanger (Figure 11).

exhaust heat exchanger

gas engine

heat exchanger el

cooling liguid

Figure 11. Cogeneration with gas engine diagram.
Source: [23].

A basic CHP system comprises a combined heat amerpanit, power safety system,
auxiliary drive switchgear, oil system and coolsygtem.

The working engine powers a generator that prodwtestricity. During operation, the
reciprocating engine warms up, producing heat wisatecovered by the oil cooling system,
and emits large amounts of heat to the atmospinetieei form of exhaust gases. In a CHP

system, both types of heat are recovered by aehe@ltanger system. Both types of heat are
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summed up and transmitted outwards by a water-lymolgbased system, in order to be
utilised. The auxiliary drive switchgear ensureprapriate specifications of water or glycol
at the inlet and outlet of the CHP unit by coningl the valves, the emergency cooling
system, and by constantly monitoring the water ifpations. If water at the inlet to the CHP
unit is too hot, the switchgear directs some waighe cooling system. When the incoming
water at the CHP unit is too cold, the by-pass veanm water up to the required temperature.
All the operations are carried out to achieve #opired temperature of water or glycol at the
outlet of the CHP unit. In CHP units, water tempam@ is 70°C at the inlet and 90°C at the
outlet [24].

Another important system of an engine is the gabkan system. For its operation, a
reciprocating engine needs air which, together i@ fuel (gas), and combusted in the
engine’s combustion chambers. A gas-and-air mixisirereated by the gas-and-air mixer,
into which air is drawn through a filter. The gaeding system comprises a gas control
system with a zero pressure regulator, and a gregistem for metering gas flow by means of
a metering valve. The air-fuel ratio is selecteddabon the result of the metering. The gas
metering valve is controlled by a lambda system migsing an oxygen sensor and an
electronic gas lambda system.

The third system, apart from the water and theagabsair systems, is the oil system. Each
reciprocating engine requires oil to lubricate theving parts. A small amount of oil may
enter the combustion chamber where it is combuatedg with the fuel. Therefore, an
external oil system must be provided, to supplen@htin case of shortages, enabling
continuous operation of the CHP unit [24].

The fourth system in a CHP unit is the power systémenable electricity produced by the
generator to be beneficially used, suitable dewoast be installed at electricity collection to
protect the generators against overloading andi-sirouit conditions. The devices must be
suitably connected to be capable of switching tbeegator on and off. The system must
protect the generators against the so-called nogeration which is capable of destroying the
entire CHP unit. A power safety system switchgearemployed to cope with the tasks

referred to above [24].

46



Picture 11. Gas-powered Jenbacher engine with B2@dwer output.
Source: [25].

The CHP system is assumed to produce hot watbguah the multi-megawatt size engines
are capable of producing low-pressure steam. Talgeovides cost estimates for combined
heat and power applications. These cost estimatdade interconnection and paralleling.
The package costs reflect a generic representafigpopular engines in each size category.
The interconnect/electrical costs reflect the cadtgaralleling a synchronous generator,
though many 100 kW packages available today usectiah generators that are simpler and
less costly to parallel labour/materials represieatlabour cost for the civil, mechanical, and
electrical work and materials such as ductworkjn@pand wiring. Project and construction
management also includes general contractor markog bonding and performance
guarantees. Contingency is assumed to be 3% dobtdleequipment cost in all cases [26].

Table 5. Estimated Capital Cost for Typical Gas iBagsenerators in Grid Interconnected,
Combined Heat and Power Application ($/kW)

Nominal Capacity (kW) 100 300 800 3000 5000
Costs (USD/kW)

Equipment

Gen Set Package 260 230 269 400 450

Heat Recovery 205 179 89 65 40

Interconnect/Electrical 260 90 40 22 12

Total Equipment 725 499 398 487 502

Labour/Materials 359 400 379 216 200

Total Process Capital 1,084 899 777 703 702
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Project and Construction235 158 121 95 95
Management

Engineering and Fees 129 81 45 41 41
Project Contingency 43 34 28 25 25
Project Financing 24 25 31 55 55
(interest during

construction)

Total Plant Cost| 1,515 1,197 1,002 919 919
(USD/kW)

Source: Energy Nexus Group.

Maintenance can be either done by in-house persamneontracted out to manufacturers,
distributors, or dealers under service contractdl Faintenance contracts (covering all
recommended service) generally cost between /0toents/kWh depending on engine size,
speed, and service. Many service contracts nowudeclremote monitoring of engine
performance and condition and allow for predictiveintenance. Service contract rates
typically are all-inclusive, including the travéiie of technicians on service calls.
Recommended service is comprised of routine shudrval inspections/adjustments and
periodic replacement of engine oil and filter, @uland spark plugs (typically 500 to 2,000
hours). An oil analysis is part of most preven&timaintenance programs to monitor engine
wear. A top-end overhaul, generally recommendedvdet 8,000 and 30,000 hours of
operation, entails a cylinder head and turbochargiawild. A major overhaul after 30,000 to
72,000 hours of operation involves piston/linerlaepment, crankshaft inspection, bearings,

and seals [26].

There are many manufacturers worldwide which predgenerators. Major manufacturers,
offering highly-reliable generators and a wide maraj products, include CATERPILLAR
(USA) and Jenbacher Energie (Austria). DEUTZ (Gerydaand WAUKESHA (USA) are

also worth mentioning.
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CATERPILLAR

Caterpillar is the world's largest manufacturemadium speed engines, as well as one of the
world's largest manufacturers of high speed diesglines. Generators are available in
versions without casing, and versions in factorydenaoise-protection casings, resistant to
weather conditions. Table 6 shows gas-powered gtarsrwith power output ranging from
579 to 4,579 kW made by Caterpillar.

Table 6. Gas powered generators made by Caterpillar

POWER POWER MODEL
OUTPUT OUTPUT

kVA KW

579 463 G3508
964 771 G3512
1,284 1,027 G3516A
1,364 1,091 G3516B
1,805 1,444 G3520B
2,000 1,600 G3516E
2,491 1,993 G3520C
3,411 2,729 G3612
4,579 3,663 G3616E

Source: INIG study.

Picture 12. Landfill in Monterey, Marina, Califomi Caterpillar 3520C engine.
Source: INiG photo.
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JENBACHER

GE Jenbacher based in Jenbach, Austria, is a meoufacturer of gas-powered engines.
Jenbacher manufactures several thousand enginesirimius sizes for a wide range of
customers from every part of the world. It boashksrg history of operation and has produced
generators featuring gas-powered engines with radggtoutput ranging from 250 to 4,000
kW and heat output from 300 to 4,000 kW, achievimgh general efficiencies up to 90%
when applied in CHP plants. Individual units maydoenbined to form systems, comprising
up to between ten and twenty units, thus creatiagynpossibilities for an optimum solution,
adjusted to changing demand for electricity, head @&ooling, and highly economical.
Jenbacher manufactures large-size engines fedtarahgas or other gases, including liquid
gases, as well as engines fuelled with gas mixturesduding lean mixtures containing
components which are onerous or difficult to handied originate from such processes as
coking, refining and other chemical processes; elsemgines fed on gas from waste disposal
and LFG etc. Gas-powered engines produced by GHadbar may have an open
construction or may be enclosed in a containery taee available individually or in
combinations. Jenbacher engines are highly endyralld have low operating costs, quick
return rates, short start-up time and low levebsgillations. They are capable of working in
an automatic mode with remote control, includingioge control through the Internet; in full

synchronisation with an external or internal eleelr network; they conform to standards

regarding noise emission and exhaust gas compusitio
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Picture 13. Landfill In Monterey, Marina, Califoent Jenbacher 320 engine.
Source: INIG photo.
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An example of landfill gas use to fuel reciprocgtiengines is the landfill at Puente Hills,
California, USA. A conventional convection poweamd (steam turbines) using landfill gas to
power steam boilers was developed first. The 46 Mt is still operational and works in a
continuous cycle. In order to utilise the large amtoof landfill gas recovered from the
landfill, in 2006 two additional Caterpillar 361@gnes (with a total capacity of 8 MW) fed
on landfill gas were installed at the landfill.

Picture 14. Caterpillar 3616 at Puente Hills lalhdfi
Source: INiG photo.

Another such project is the municipal waste lahdftl Barycz (Poland). The LFG energy
undertaking in Barycz, utilising gas engines wiphark ignition, is one of the oldest and
largest projects of this type in Poland. The gasvered from the landfill is used to power
generating units with a total capacity of 1,325 K¥250 kw, 375 kW and 450 kW). The
power units could be located in close proximityofbice and service buildings because they
are enclosed in containers. The generated eldgtikisold to the grid while the heat is

consumed on site.
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icture 15. Reciprocating egesenclosd in Goerts at arycz landfill. -
Source: INiG photo.

2.2.2 Turbines

Gas turbines operate based on a thermodynamicdraycle. The term “gas” refers to the
atmospheric air that is taken into the engine asebtiuas the working medium in the energy
conversion process. This atmospheric air is firstath into engine where it is compressed,
heated, and then expanded, with the excess of ppmeluced by the expander over that
consumed by the compressor used for power generalibe power produced by an
expansion turbine and consumed by a compressaoomional to the absolute temperature
of the gas passing through the device [26].

The majority of gas turbines presently operatindaatfills are simple cycle, single shaft
machines. A LFG gas turbine is very similar to #&urel gas turbine except that, because of
the medium heating value, twice the number of faglulating valves and injectors are used.
Gas turbines require a high pressure fuel suppllgarrange of 11 to 14 bars. Using a fuel gas
compressor to supply such pressure can consumgndicaint portion of the power being

generated (parasitic losses) [27].
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Figure 12. Components of a Simple-Cycle Gas Turbine
Source: [26].

A typical landfill gas turbine has the followingsia components [28]:

Compressor - the compressor takes in outside dirtlaan compacts and pressurizes
the air molecules through a series of rotatingstationary compressor blades.
Combustor - in the combustor, fuel is added to ghessurized air molecules and
ignited. The heated molecules expand and move git Welocity into the turbine
section.

Turbine - the turbine converts the energy from kingh velocity gas into useful
rotational power though expansion of the heatedpressed gas over a series of
turbine rotor blades.

Output Shaft & Gearbox - rotational power from tliebine section is delivered to
driven equipment through the output shaft via adpeduction gearbox.

Exhaust - the engine’s exhaust section directspiemt gas out of the turbine section

and into the atmosphere.
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Figure 13. Cross section of a Titan 130 Singletsld turbine for power generation application.
Source: [28].

Gas turbines are one of the cleanest fossil-fuglader generation equipment commercially
available. Many gas turbines burning gaseous figalsire lean premixed burners (also called
dry low-NO, combustors) that produce N@®missions below 25 ppm, and simultaneous low
CO emissions in the 10 to 50 ppm range.

The turbine systems require more inspections, olgaand general maintenance with LFG. It
requires higher level of LFG treatment for the realof siloxanes [29]. This additional gas
treatment increases project costs.

Simple-cycle gas turbine for power-only generati@s efficiencies approaching 40 % and

overall CHP efficiencies of up to 80 % [26].

Gas Turbines can be used in combined heat and p@t#P) operation which is a simple
cycle gas turbine with a heat recovery heat exolandpich recovers the heat in the turbine
exhaust and converts it to useful thermal energpllysin the form of steam or hot water and
combined cycle operation in which high pressuramtés generated from recovered exhaust
heat and used to create additional power usingaarsturbine.

Gas turbines are mostly used in combined heat angpsystems of more than 1 MW (only a
few types of gas turbines of less than 1 MW ardlabie@). At the same time, it should be
borne in mind that units of the smallest size featow efficiencies and relatively high unit
investment costs (upwards of USD 500/4VB0].

Compared with a piston engine of the same sizeasatgrbine features lower generation

efficiency and a markedly lower power to heat rétiogeneration ratio). On the other hand, a
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gas turbine is significantly lighter (e.g. a 1 M\WWhine weighs approx. 1 tonne, whereas a
piston engine of the same size — approx. 10 tonmed)smaller. In a gas turbine, the only
source of heat is exhaust gas, which can be cad/éstuseful energy. Figure 14 shows a gas

turbine-based hot water generation system [30].
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Figure 14. Simple gas turbine-based cogeneratistesy used for hot water production (G — gener&&r,—
combustion chamber, T — turbine, S — compressor;-K@ste-heat boiler, P — pump, OC — heat exchakger
filter)

Source: [30].

Gas turbines are available in sizes ranging frod B0/ to 250 MW, however at landfills
most LFG energy projects, are a minimum of 3 MWhtore than 5 MW (where gas flows
exceed a minimum of 2,300 Nth) [7, 26].
The most common gas turbine in operation at LF@wexy projects in USA is the Centaur,
manufactured by Solar Turbines, a subsidiary oéfpétar. The net rated generating capacity
is 3000 kW; the gross capacity (prior to paradiasses) is 3,500 kW or more, depending on
the model and its application.
Solar gas turbine power generation packages hav®llowing standard features [28]:

* Industrial grade three-phase induction generatith 60 Hz and 60 Hz;

* Epicyclic gearbox between turbine and generator;

« PLC-based Turbotronit! control system to oversee both turbine and gemerat

operations;
* Lube oil system for turbine and generator, inclgdurbe oil cooler;
» Turbine air filtration system;

* Electric start system;
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* Operator and maintenance personnel training.
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Figure 15. Solar Gas Turbine.
Source: [28].

Table 7 provides cost estimates for four typicad gabine CHP systems. It should be note
that installed costs can vary significantly depegdon the scope of the plant equipment,
geographical area, competitive market conditiopeci&l site requirements, emissions control

requirements, prevailing labour rates, whetherstfstem is a new or retrofit application etc.

Table 7. Estimated Capital Costs for Typical Gasbine-Based CHP.

Nominal Capacity (MW) 1 5 10 25
Costs (Thousands of USD)

Equipment

Turbine Genset 675 1,800 4,000 11,500

Heat Recovery System250 450 590 1,020

Generators

Water Treatment System 30 100 150 200

Electrical Equipment 150 375 625 990

Other Equipment 145

Total Equipment 1,250 3,040 5,940 14,860
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Nominal Capacity (MW) 1 5 10 25
Materials 144 346 689 1,490
Labour 348 1,150| 1,875
Total Process Capital 1,742 4,265 8,381 20,065
Project/ Construction 125 304 594 1,486
Management
Engineering 63 153 260 537
Project Contingency 87 215 419 1,005
Project Financing 129 32 25 21
Total Plant Cost| 2,146 5,253 10,272 24,576
(USD/kW)
Actual Turbine Capacity 1,210 5,200 10,600 28,600
(kw)
Total Plant Cost per net 1,781 1,010 969 859
kW (USD)

Source: [26].

Maintenance costs are about 2 cents per kWh. Dadglyntenance includes visual inspection
by site personnel of filters and general site cools. Routine inspections are required every
4000 hours to insure that the turbine is free afesgive vibration due to worn bearings,
rotors, and damaged blade tips.

A gas turbine overhaul is needed every 25,000 tO@CRDhours depending on service. A
typical overhaul consists of dimensional inspecjoproduct upgrades and tasting of the

turbine and compressor, rotor removal [26].

A very good example of a project is the power facin Archbald, Pennsylvania USA. The
plant design started in September of 2008. Thditfacionsists of two 4.6 MWe landfill gas
fired Mercury 50 recuperated gas turbines, fuel gampression, and siloxane removal. The
facility design included a provision for additiortalo gas turbines and future turbine exhaust
heat recovery for steam production. The landfi8 g the two turbines is provided from two
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separate landfills and delivered to the site thihod@ km of piping. At full operation, the plant

produces almost 30 MW of electricity from landéths [28].

Picture 16. Landfill gas-fuelled power facility Archbald, Pennsylvania.
Source: [28].

2.2.3 Mikroturbines

Microturbines are small combustion turbines that ba used in stationary power generation
application. The basic components of a microturlare the compressor, turbine generator,
and recuperator.

In a microturbine, the combustion air (inlet ag)dompressed using a compressor and then is
preheated in the recuperator using heat from tH@n® exhaust in order to increase overall
efficiency. The landfill gas is pressurized to 54 then chilled to 4 °C to remove moisture.
The reheated gas temperature is kept at a minimium8C above its dew point. Further
treatment of the gas includes reducing siloxane &8 content. All other gaseous
components are destroyed in the microturbine cotrdushamber. The heated air and LFG
are burned in the combustor chamber, and the eelefdseat causes the expansion of the gas.
The expanding gas, sent through a gas turbines tthie generator. Then generator is
producing electricity [26, 31, 32].

A general schematic of the microturbine process @ods-section of the microturbine are
shown in figure 15 and 16.
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A typical landfill gas microturbine system has thkowing components [32]:

* LFG compressor(s);

* Gas pretreatment equipment;

* Microturbine(s);

* Motor control center;

» Switchgear;

» Transformer.
Microturbine requires LFG treatment to remove moist siloxanes, and other impurities. The
landfill gas pretreatment steps depend on the cterstics of the LFG and vary by
microturbine manufacturer. In some cases, the gashilled to remove moisture and
condensable impurities, and is reheated to supady above dew point temperature to the
microturbine. In addition to moisture removal, somanufacturers require an adsorption step
using activated carbon to remove virtually all impas [32].
Most of manufacturers for example Capstone havabkshed a fuel specification that
requires less than 5 ppbv (~ 0,03 mi)/mf siloxane. The prolonged exposure to untreated
LFG results in a progressive loss of performance tdusilica buildup in the combustor and
recuperator [9]. Capstone’s MicroTurbines can athegh levels of hydrogen sulphide {8).
For example the Capstone CR30 can acceftlelvels as high as 70,000 ppm, and the CR65,
CR200, and CR1000 are able to operate with up0@05ppm [33].
Other manufacturer e.g. Ingersoll-Rand has noticoefli a problem with siloxanes, but
maintains an official fuel restriction of 10 ppbvsdloxane [9].

Tosee Exhaust
::]e':frﬂfw L F;Eﬁ;:ft Fl?;tuoﬂr
GCU'U'QI‘!,'
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Inverter ::Ftactiﬁar. l Combustor b‘_ Fuel A
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”%L'Z"ﬁi‘:ﬁ S T-i Turbine —_
Air j’

Figure.16. Microturbine process schematic
Source: [26]
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Figurel7. Cross section of a Capstone microturbine.
Source: [32].

Microturbines have relatively low electric efficiges, even with a recuperator electric
efficiencies are typically 20 - 32 %, with over@HP efficiencies of 50 - 80 %. Microturbines
can be successfully fired on landfill gas but weireful consideration given to the way that
the gas is handled and treated. Microturbine canorulandfill gas with methane content as
low as 30 % [26].

Microturbines can be used for power generationasd in combined heat and power (CHP)
systems. A schematic of a microturbine-based CH®ermyis shown in Figure 17. In CHP
applications, the waste heat from microturbine eshas used to produce hot water (up to
93°C). This option can replace relatively expendivel, such as propane, needed to heat
water in colder climates to meet space-heatingireopents. The sale or use of microturbine
waste heat can significantly enhance project ecar®f32]. Hot water can be used to heat
building space, to drive absorption cooling, andstpply other thermal energy needs in a

building or industrial process [31].
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Figure 18. Microturbine CHP System.
Source: [32].

The size range for microturbines, available or @avelopment, is from 30 to 400 kW. The

sizes of the microturbines offered by the produesesas follows [31, 32]:

Capstone (Chatsworth, California, USA) 30 kWk&% and 200 kW
Ingersoll-Rand (Portsmunth, New Hampshire, Englandj0 kW and 250 kW
Turbec (Malmo, Sweden) 100 kw

Elliott Energy Systems (Jennette, Pennsylvania,USA) 80 kW
Bosman Power (Southampton, England) 80 kW

Microturbine heat rates are generally 4 to 4.6 kikWh of electricity produced [32]. Table 8

and 9 provide cost estimates for CHP applicatiassuming that the CHP system produces

hot water for use on-site and power-only cost estidsi Equipment only and installed costs

are estimated for the four typical microturbinetegss. Of course installed costs can vary

significantly depending on the scope of the plaqpiigment, geographical area, competitive

market conditions, special site requirements, aomnsscontrol requirement, prevailing labour

rates, and whether the system is a new or retaapfitication. The basic microturbine package

consists of the turbogenerator package and powetrehics. Installed costs based on CHP

system producing hot water from exhaust heat regoviche 70 kW, 100 kW and 350 kW
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systems are integrated with heat recovery heataggsr built into the equipment. The 30 kW
unit is built as electric-only generator and thathrecovery heat exchanger is a separate unit

[26].

Table 8. Estimated cost for Microturbine GeneratorSHP Application.

Nominal Capacity 30 70 100 350
(kw)
Costs (USD/kW)

Equipment
Microturbine 1,000 1,030 800 750
Gas Booster incl. incl. incl. incl.
Compressor
Heat Recovery 225 incl. incl. incl.
Controls/Monitoring | 179 143 120 57
Total equipment 1,403 1,173 920 807
Labour/Materials 429 286 200 160
Total Process Capital 1,832 1,459 1,120 967
Project and 418 336 260 226
Construction
Management
Engineering and Fees 154 146 112 86
Project Contingency | 72 58 45 38
Project Financing 40 32 25 21
(investment during
construction)
Total Plant Cost 2,516 2,031 1,561 1,339
(USD/kW)

Source: [26].

62




Since heat recovery is not required for systems &n@a power-only, the capital costs are

lower.

Table 9. Estimated cost for Microturbine GeneratoiBower-only Application.

Nominal Capacity 30 70 100 350
(kW)

Costs (USD/kW)

Equipment
Microturbine 1,000 980 750 700
Gas Booster 0 0 0 0
Compressor
Heat Recovery 0 0 0 0
Controls/Monitoring | 179 143 120 57
Total equipment 1,179 1,123 870 757
Labour/Materials 300 200 140 112
Total Process Capital 1,479 1323 1,010 869
Project and 266 245 188 206
Construction
Management
Engineering and Fees 130 85 64 44
Project Contingency | 56 50 38 34
Project Financing 31 27 21 18
(investment during
construction)
Total Plant Cost 1,962 1,729 1,320 1,171
(USD/kW)

Source: [26].
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Microturbines are still on a learning curve in terof maintenance, as initial commercial units
have seen only two to three years of service sd\fan-fuel operation and maintenance costs
are about 1,5 to 3 cents per kWh.

A gas microturbine overhaul is needed every 20,8©040,000 hours depending on
manufacturer, design, and service. A typical overttnsists of replacing the main shaft
with the compressor and turbine attached, and atsye and if necessary replacing the
combustor [26].

A good example of a microturbine project is a H.Odndfill in Lake County near Antioch,
lllinois, which currently supplies heat and eledtsi to the school. The closed 20 ha
municipal and industrial solid waste disposal facivas operated from 1963 to 1984. During
that time, the landfill accepted approximately 2lion tons of waste.

From 2002, after receiving approval from all patievolved, construction of an energy
system to use the H.O.D. Landfill's gas to prodetectricity and heat for the Antioch
Community High School began.

Landfill gas is piping from the landfill site to 12apstone MicroTurbines located on the
school property (2,4 km). Each Capstone MicroTwhgenerates 30 kW of electricity for a
combined total of 360 kW. Each microturbine alsoduces exhaust energy of 85 kWh at
290°C. The exhaust from the microturbines is routedugh a waste heat recovery system.
Recovered heat is used for the school's sports and swimming pool. At times when
waste heat recovery is not required by the Anti@dmmunity High School, the exhaust is
automatically diverted around the exchanger, alhgwior continued electrical output [34,
33].

Picture 17. Microturbines in the methane co-cogatin@mn plant in Antioch Community High School
Source: [33]
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Another example is Lopez Canyon Landfill in LakesWi Terrace in California - the world’s
largest LFG microturbine installation which runsckesively on methane gas produced by
landfill.

The USD 4 million project was initiated by the LAsgeles Department of Water and Power
and the South Coast Air Quality Management Distrieach of the 50 microturbines,
developed by Capstone MicroTurbines, is producidd\®/ of electricity. Approximately 1,3
MW of power can be generated for export into lag#ity grid, which is enough power to
serve 1500 homes in the Los Angeles area (netaite8D0 kW used onsite). The installation
at Lopez Canyon also eliminates approximately 1Q@dhds of N@Q emissions per year, the
equivalent to removing 500 automobiles. The Capstamts at Lopez Canyon are a version
of the Capstone C30 especially configured to rufaadfill [35, 36].

Picture 18. Microturbines at Lopez Canyon Landfill.
Source: [36]

2.2.4 Stirling Engines

Traditional gas or diesel internal-combustion ergimix fuel and air inside the cylinder. The
mixture is ignited causing the combustion that ggsagainst the piston. The Stirling engine
works differently. It contains a working gas (whigtay be air or an inert gas such as helium
or hydrogen) that is sealed inside the engine angséd over and over. Rather than burning
fuel inside the cylinder, the Stirling engine usedernal heat to expand the gas contained
inside the cylinder. As it expands, the gas pustgesnst the piston. The Stirling engine then
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recycles the captive working gas by cooling and m@ssing it, then reheating it again to

expand and drive the pistons which, in turn, devgenerator and produce electricity [37].

Heating Tubes

Cooler

Combustor

Output Shaft

to Generator

Swash Plate Drive Regenerator

Pistons

Figure 19. STM 4-Piston Stirling engine.
Source: [38].

STM's 4- Piston engine (Figure 19) relies on alsimpgston per cylinder design. Each of the
pistons in the four-cylinder engine is double-agtiproviding both displacement and power.
The upper portion of the piston receives the hemm fthe external combustion process, which
increases the pressure of the working gas. By selgdhe volume, the gas expands, moving
the piston. As the gas expands, it is cooled inl¢lweer portion of the piston, facilitating
compression of the working gas and completing ttoéec

The STM 4- Piston engine operates at heater heagemtures of 700 — 800 °C, with a
water/glycol cooling medium temperature of 50 —@Qresulting in a net electrical efficiency
of almost 30 % [39].

Stirling engine burners have a high tolerance ftoxanes and other particulates, so gas
pretreatment may not be necessary.

Sterling engine can be operated in the CHP modedibly hot water), in which waste heat
produced as a byproduct of the electrical genearairocess is recovered and utilized. In STM
engine heat is removed from the engine's combugtioness using a water cooling system.
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Water is directed through an internal cooling ladpa temperature of 60 °C and then runs
through a heat exchanger. If the heat recoveryisequired, a radiator is available to cool
the engine. Electrical efficiency of the power ang 30% with 80% efficiency in the total

CHP system. Recovered heat in the form of hot weder be used for space heating or in

commercial or industrial processes.

Picture 19. STM CHP unit.
Source: [38]

To date, few organizations have produced trialiBgrengines using exhaust from fossil fuel
combustors. Those that have been produced arendesig generate less than 200 kW of
power, and none of these are commercially availabllerecent research related to Stirling
engines has been focused on small-sized engimmes, l&ss than 2,5 kW (Sunpower, Inc.) to
about 100 kW (MTI's ASE engine, Stirling Thermal tds now STM Power) and more
technology-focused companies including Tamin Emieeg, Stirling Technology Co.,
Whispertech, United Stirling and Stirling Energy s&ms. Mechanical Technology
Incorporated (MTI) is currently developing a Stidiengine called the Mod 11, which could
be adapted to use LFG. Currently, no researchdemway to develop a larger Stirling engine
that could be used in an LFG application (gredtant300 kW).

No cost estimates were developed for this repocabse Stirling Cycle engines are in a
conceptual and experimental phase of developmengérf@ll power output (e.g., 200 kW).
Cost predictions at this point would be speculative

Since January 2003, the first successful demormtsabf 2 - 25 kW and 8 - 25 kW Stirling-
Cycle engines using landfill gas are operationaWat landfills in Michigan. Project costs are
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USD 1,200 — USD 1,500 per kW (installation not ud#d), with maintenance at around 1
cent per kWh.

e T s il

i
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Picture 20. 50 kW installation at a landfill in Ntigan.
Source: [38]
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Picture 21. 200 kW installation at a landfill in dhigan.
Source: [38]

2.3 Biomethane Production

Biomethane is a gaseous fuel with physicochemiagbgrties similar to those of natural gas,
which makes it possible to inject it into the gaslgLFG can be upgraded to biomethane by
removing carbon dioxide (Cpand trace contaminants, such as ammoniag\NHydrogen
sulphide (HS), siloxanes, etc.
To following technologies for COremoval from landfill gas are employed to imprdhe
energy value of the fuel:

* Pressure Swing Adsorption (PSA),

* Physical and chemical absorption,

* Membrane separation,

* Cryogenic treatment.

The processes are different not only in terms efutilized technique, but also in terms of the

achievable gas quality, the processing behaviaua, the experience with which they have
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been used in landfill gas processing. An overviéthese processing methods is shown in the

table 11.

Table 11. Overview of C&xemoval processes.

Separation Functioning Final Methane
Process o
Method Principle Content
_ Pressure SwingAdsorption of CQ a
Adsorption . _ > 96 Vol.-%
Adsorption molecular sieve
_ Dissolution of CQin
Pressurized  Water _
water at high > 96 Vol.-%
Wash
Physical pressure
absorption Selexof”, Rectisof, | Dissolution of CQin
o o > 96 Vol.-%
Purisof” Processes | a specialized solvent
Chemical Monoethanolamine | Chemical reaction of
. _ > 99 Vol.-%
absorption (MEA) - Wash CO, with MEA
Polymer membraneMembrane
_ N > 80 Vol.-%
Membrane gas separation (dry) | permeability of HS
separation Membrane gasand CQ is higher
_ > 96 Vol.-%
separation (wet) than CH
Phase transformation
_ Low temperature of CO, to liquid,
Cryogenic process _ ~1>99,9 Vol.-%
process while CH; remains
gaseous

Source: [40].

2.3.1 Pressure Swing AdsorptiofPSA)

One of the most widely used adsorption technigedglhe Pressure Swing Adsorption (PSA),
a classic cyclical process relying on porous malr{molecular sieves) for short-lasting

pressure adsorption of selected gases, which anedisorbed in a pressure-relief phase.
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Figure 20. C@removal from LFG using the PSA method.
Source: [41].

A PSA plant comprises four identical cylinder-shéipessels filled with activated carbon
granules, which are called molecular sieves. Oviintheir characteristics, molecular sieves
can selectively adsorb to their surface differeames (CQ@ Ny, O,, H,O and HS), as a result
of which the mixture of gases is separated andgtme stream coming out of the vessel
contains essentially only methane. The processtplace at pressures of 8 — 10 bar. When
the adsorbent bed in a given vessel reaches thefaetsdcapacity, it is disconnected from the
plant and the molecular sieves are regeneratedghra pressure reduction and purge cycle.
Using four identical adsorbent vessels enablesimamis production of the target gas — one
unit selectively adsorbs gas impurities under pnesand produces pure methane, the second
one desorbs the separated impurities at reducegdyee the third one is purged with hot pure
methane, while the fourth one is cooled with pukd, @nd prepared for the pressure-driven
part of the PSA process.

Thus far, PSA has been the most economically viat@thod of landfill methane separation
[41]. Currently, more and more often a combinatadrtwo technologies is used to elevate

methane concentrations in biomethane.

2.3.2 Membrane Separation

The process of gas separation using solid membratfies on differences in physicochemical
and chemical interactions between the individuaingonents of a gas mixture and the
membrane material. The phenomenon is caused bgiffieeence between the rates at which
gas components permeate the membrane. One of thecagsstituents dissolves in the
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membrane material and diffuses through the membrEmégs, the membrane separates gases
into residue and permeate streams. Gas absorpgarbranes are microporous solids used to
transport one of the gas constituents to the ligbsbrbent.

Dry Gas H,S <

0,1 ppm
‘ >
Membrane 4 k ]
max. 7 bar
- —-__-_* :
Biogas \
@ | : ‘k J . ‘ J
- |
Compressor of.G Adsorption to
-Gas active
charcoal

Figure 21. Process schematic for the cleaning @& kkth membrane technology.
Source: [41].

The separation is the result of the presence afidigabsorbent on the one side of the
membrane, which selectively removes certain compisnieom the gas stream circulating on
the other side. The solubility of carbon dioxidenesarly twenty times that of methane, due to
the molecular structure of the two compounds. Qarttioxide passes through the membrane
and dissolves in the liquid absorbent, e.g. mondathine. Currently various membrane
types are available, including porous inorganidlagéum, polymer and zeolite membranes.
As single-membrane systems achieve low degree paragon, multi-step systems are
commonly employed. In the case of £€apture, two types of membrane systems are used:
gas separation membranes (made of ceramic and eolymaterials) and gas absorption
membranes. The downsides of a multi-membrane systelode high methane losses. In the

membrane-based G®eparation process, G obtained in the gaseous form.
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Source: [41].

Table 12 compares the various methods of LFG upggai biomethane, with a particular

focus on the working pressures and losses of mettedeased during desorption.

Table 12. Methods of LFG upgrading to biomethane.

Method Process Working pressure (bar) Methane loss€%)
) Pressure Swing
Adsorption ] 6-10 <2
Adsorption
Pressurized Water Wash 10 <2
Absorption
Selexol Process 7-10 <6,5

) ) Monoethanolamine )
Chemical absorption atmospheric <01
(MEA)- Wash

Membrane separation Membrane gas separdtion 25-40 3 <

Source: [41, 42].
Examples of successful biomethane projects

Iris Glen. At the Iris Glen Landfill in TennesseeFG is converted to High Heating
ValueLFG through the use of membrane separatiomntdogy. The treated LFG is
transported approximately 8 kilometres to a hosmitenplex for use in its boilers. At this

project, the LFG is processed to achieve at le@s¥o8nethane. While this concentration of
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methane does not achieve pipeline-grade naturaleyats, it facilitated use in the boilers

without having to have the boilers retrofitted.

Injection of upgraded landfill gas into the gasdgoi Hardenberg- The Netherlands. On the
landfill site “Collendoorn” in Hardenberg, locatedthe east of the Netherlands, landfill gas
is being upgraded to natural gas quality and intced into the gas grid. In 2006 around
200,000 Nm of upgraded gas were produced. It used to be 9@/000 Nniyear in the
early years of the upgrading plant, but volume a$ ¢rom the landfill has decrease. Gas
upgrading is performed by membrane technology.hin first which was started in 1993,
membranes operated with a gas pressure of 35 bare 2003 new membrane separation
technology has been used enabling the gas pressbeelowered to 9 bar. This has reduced
costs and improved the economic feasibility of ptent. The upgraded gas has a methane
content of 88%, a C{content of almost 5% and,ontent of 7% [42].

2.4 Advantages and Disadvantages of the Differente€hnologies

The goal of a landfill gas (LFG) energy projectasconvert LFG into a useful energy form,
such as electricity, steam, heat, or pipeline-quajas. Table 13 shows a summary of the
different LFG energy technologies discussed in tdrap. The table presents key advantages
and disadvantages associated to each technologysdtshows the amount of LFG flow

usually associated with each technology [7].

Table 13. Summary of LFG Energy Technologies.

Technology | Advantages Disadvantages LFG Flow
Range for
Typical
Projects
(Methane
content
50%)
Boiler, dryer| Can  utilize  maximum Need to retrofit equipment orUtilizes all
and processamount of recovered gasmprove quality of gas. available
heater flow. Cost is tied to length of pipelingrecovered
Limited condensate removakenergy user must be nearpgas.
and filtration treatment is(pipelines up to 30 km).
required. Need large landfill size.
Gas can be blended withEnd use facility may require
other fuels. boiler retrofits which can be
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expensive.

<

Il

Infrared Limited condensate removaSeasonal use may limit LFGSmall

heater and filtration treatment isutilization. quantities of
required. gas
Relatively inexpensive.

Easy to install.

Does not require large
amount of gas.

Can be coupled with another
energy project.

Reasonable payback.

Low sophistication - simple
to operate.

Simple controls.
Construction short time.

Leachate Good option for landfill High capital costs. 0,53 m/h is

evaporation | where leachate disposal |is necessary tc
expensive. More expensive than traditional treat 1 litre
Proven technology that landfill leachate treatment leachate
meets local air quality options.
requirements. Generally for larger landfills.

For landfills with limited
leachate treatment options
and high leachate disposal
Ccosts.

Internal High efficiency compared tpRelatively high  maintenance30 to 2000

combustion | gas turbines angdcosts. m/h per

engine microturbines. Relatively high air emissions. | engine;
Good size match with the multiple
gas output of many landfills. engines car
Relatively low cost on a per be combined
kKW installed capacity basis for  larger
when compared to gas projects
turbines and microturbines
Efficiency increases when
waste heat is recovered.
Can add/remove engines to
follow gas recovery trends.

Gas Turbine| Economies of scale, sinddficiencies drop when the unitExceeds
the cost of KW generatingis running at partial load. minimum of
capacity drops as gasRequire high gas compression. 2,200 ni/h;
turbine size increases andligh parasitic loads. typically
the efficiency improves asCapacity and efficiency dependxceeds
well. on ambient factors, chiefly3,600 ni/h
Efficiency increases whentemperature.
heat is recovered. Relatively low electrica
More resistant to corrosigrefficiency.
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damage.

Low nitrogen
emissions.
Relatively compact.
High operating flexibility,
short start-up time.

oxides

Relatively high pressure of ga
fed to combustion units.
Acoustic  shields requireq
Efficiencies drop when the un
IS running at partial load.

1S

1.
it

Good reliability and
availability.

Heat at high temperature
can generate good quality
steam. Small size and good
capacity to weight ratio.
External cooling not
required.

Microturbine | Need lower gas flow. Require fairly extensive30 to 340
Low nitrogen oxides pretreatment of LFG. mh
emissions. Lower efficiency than
Relatively easy reciprocating engines and other

interconnection.

type of turbines, microturbines

Ability to add and remove required more fuel per kWh.

units as available
quantity changes.
Very low air

than reciprocating engines.
Ability to produce heat an
hot water.

gad.FG treatment to remove

moisture, siloxanes, and other

emissions| contaminants is required for
Microturbines burn cleane

rmicroturbines and sensitive to
siloxane contamination,
dmicroturbines required more

Microturbines pretreatment than LFG used to
manufacturers offer a hotpower turbines or other engines

water generator to genergteimited experience. Little

hot water (up to 93 °C) as
standard option.
Ability to burn
methane  content
Microturbines can run o
LFG with 35%
content and as low as 30 9
Fewer moving
compact construction, easi
sized, require

lower

Ability to move
microturbines
project site when

guantity changes.

methang
parts,

minima|l
operation and maintenang

to anothe
ga

anformation about the long-term
reliability and operation and
maintenance costs of LFG

LFG.microtubines.

S5

ly

0 =

D.

Sterling
Engines

Working gas sealed inside
vessel.

Low emissions.

Quiet and low vibration.

Internal parts not in contact

an internal combustion engine
for the same output

the cost of a Stirling engine per
kW is higher than that of the les

aThe Stirling engine is larger than

S
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with contaminants from
LFG fuel.

Stirling engine can be
equipped with low cost
integral heat exchangers fo
combined heat and power
(CHP) applications.

It has a 30% electrical
efficiency and 80% total
system efficiency in CHP
applications.

Low maintenance costs
requires very little fue
treatment and general

efficient internal combustion
engine.
Not commercially available.
High capital cost.

rNot a proven technology.

requires maintenance only
once a year in full-time
operation.
Do not require costly fuel
compressors.
Biomethane | Can be sold into a naturpRequires potentially expensiVe,000 ni/h
production | gas pipeline. gas processing. and up,
Increased cost due to tighbased or
Membrane separation. management of wellfield currently
Easy to construct. operation needed to limit oxygeroperation
Simple to operate. and nitrogen intrusion into LFG| projects
Pressure Swing Adsorption Membrane separation:
(PSA):
High methane losses
* No operating Short life of membranes (approx.
material necessary | 3 years)
except process Need to ensure high pressure.
water, chemicals,
etc. Pressure Swing Adsorption
« Many reference (PSA):
systems in Europe.
e High pressure is
necessary (means high
energy consumption).
e System must be able to
operate safety at high
pressure (high cost).
* Relatively high methane
losses.
Source: [7].
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3. Choice of Technology

Landfill-gas-to-energy projects involving generatiof heat, power (or cogeneration of heat
and power — CHP) need to be carefully assessedrinstof expected energy output and
project economics, taking into account the timedadn practice, an assessment of utilisation
options for landfill gas forms part of a projects$eility study, which includes three key
elements:

» landfill gas modeling;

» confirmation of the gas modeling — pump tests;

» evaluation of the economics of several alternatatinology choices.
3.1 Landfill Gas Modeling

The methodologies used to project gas generationusficipal waste landfills are discussed
in detail in Section 1.1. above. In the contextsefecting the best technology for an LFG
project, it should be stressed that the gas geaerat municipal solid waste landfills changes
over time, which directly affects the amount of i@l energy (gas flow) which can be
recovered and converted into useful forms of engfgypwledge of changes occurring within
a municipal waste disposal site is key to choosirggright technology for an LFG energy

project.
3.2 Confirmation of Landfill Gas Modeling — Pump Tests

Gas generation projections are based on a setd#rilying assumptions, which may differ
from the actual site conditions. The projectiorftent only the potential capacity of a landfill

to generate a specific amount of gas in specifidtmns. Thus, the amount of gas estimated
by a given model will not be equal to the actua fiaws.

The calculations are confirmed using a method desigo estimate landfill gas production
based on flow measurements in test wells installedispersed locations across the entire
landfill or in selected sections of the landfill. pump test is designed to measure the rate of
flow from the well, while determining the LFG congition and pressure. The most reliable

results are obtained if a pump test is performedadnditions as similar to the operating
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conditions of the wellfield facilities as possiblEhe accuracy of the gas recovery estimation
depends on two main factors:

» proper spacing of test wells to accurately captiieedifferences in the gas generation

rates of the various sections of the landfill;

» precision of the measurements aimed at estimatimgadius of influence of the wells.
Vacuum pump tests are designed to determine thmopt gas flow rate from the landfill in
steady state conditions. A pump test should beopagd under the following conditions:

* levels of oxygen in extracted gas should not exde@b,

* levels of methane may not be lower than 10% of l#nels measured during

spontaneous flow from extraction well.
Determination of the optimum gas flow rate may be&ly complicated, depending on the
physicochemical conditions of the waste dispodal $he waste composition and the design
of the wellfield facilities.
A properly designed wellfield (provided it is operd by experienced staff) enables the

recovery of some 60% — 70% of the calculated amfirtoed gas flow rate.

3.3 Economics

Economic feasibility is a crucial element that ree be taken into account when
determining a project’'s overall feasibility, stagi from a preliminary assessment of
investment opportunities, to preliminary choicesthe final project [30].
The evaluation of a project’s economics shouldudelthe following key steps:

» estimation and valuation of the installed capitats;

» estimation and valuation of products (or servited)e generated by the project;

» estimation of future net financial benefits.
The economic evaluation of a project needs to 6atlif a given option, while technically
feasible, is equally viable in economic terms, ngkiinto account a number of actual
macroeconomic, social and environmental factorss fterformed to show if the future net
financial outcome of the project will be sufficieahd competitive in relation to returns on
other investment opportunities offered by the aprtarket [30].
Investment decisions are largely made on the baisisxpected positive returns (profit).

However, that criterion alone may not be sufficiesince profit — as a purely economic
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measure — does not account for the following elésmiierent in investment projects and in
subsequent business activities:

* impact of risk,

» impact of time [30].
Risk is an inherent part of any business activaygely as a factor difficult to foresee and
guantify. Nevertheless, it should be factored itite economic evaluation of a project, by
appropriately adjusting the minimum rate of retomthe investment. At the same time, it
should be noted that investments delivering higésraf return usually carry the greatest risk.
Time is a vital factor in the context of the timalwe of money, mainly as a result of inflation.
Irrespective of inflation, the value of capital @epls on the point in time when the capital is
made available to the investor — the later the sttvegets hold of the capital, the shorter the
time in which the capital is employed, as well @spresent value. Moreover, the later the
investor starts to incur costs and the soonemitsto earn revenue, the better the expected
economic performance of the project. The altereatechnology scenarios may differ not
only in terms of the amount of capital costs reegiibut also the distribution of such costs

over time [30].

3.3.1 Cash Flows

Cash flows (CF) are a basic tool used to evaluageetonomic feasibility of any business
venture. Cash flows reflect a difference betweeshdaflows and outflows throughout the
lifetime of an evaluated project.

In order to calculate cash flows, it is necessarydentify all items of project revenues and
expenses in all the successive financial yearsin.the investment stage and the production
stage. Calculations are usually made on a yearelay pasis. Then, the annual cash flows
(CR) are summed up to arrive at the cash flows fothalN years covered by the evaluation.
Cash flows for the entire period of project deveh@mt and operation are estimated based on

the following general formula:
CF=3+%+S-K-F-R-R+L
where:

J — total installed capital cost,

J« — borrowed funds,
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S, — net value of products sold (net revenue), ie¢.of VAT,
K — total cost of products sold,

F — finance charges, i.e. interest on loan repaysnen

Py — income tax,

R — loan repayment,

L — break-up value of the business.

The total cost of products sold K is usually orighe main items of cash flows. In
accounting terms, the cost of products sold K idetuthe items used to determine the tax
base:

K=Ke+Kop+ F+A

where:

Ke — cost of project operation,

Kop — general and administrative expenses, operakpgnses,
A — depreciation charges [30].

Capital Costs 4

Jo represents the aggregated capital costs incumeiigdthe project development. If the
development stage is short (up to one yegn & straightforward sum of the costs incurred.
However, if the project development takes longantbne year, the costs incurred need to be

discounted to their present value as at the tingaject completion, i.e. year zero [30].

Cost of Products Sold K

The cost of products sold represents one of the mgertant items of cash flows, as in most
cases its reduction is the only chance to maximisét. Moreover, the criterion of minimum
cost of production sold (at constant productiorsatdetermines the choice of the optimum
investment scenario.

Two of the above components of the total cost + abproject operation Kand depreciation

charges A — need to be discussed in more detail.

Cost of Project Operation K
The cost of project operation includes the follogvkey items:

Ke:KE"'Km"'Kp"'Krem"'Kér
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where:

Ke — cost of energy,

Km — cost of raw materials and other inputs,

Kp — cost of labour,

Krem— CcOsSt of operation & maintenance,

K¢ — environmental charges (e.g. for air emissionastewater discharge, waste disposal,
etc.) [30].

Depreciation

During its operation, every piece of equipmentdthasset) is subject to gradual wear and tear
as well as economic depreciation (technologicatlating or obsolescence). Depreciation of a

piece of equipment entails a decline in its vaepreciation is the process of accumulating

funds to cover the cost of replacing the asset #fig withdrawn from service [30].

Net Value of Products Sold (Net Revenug) S
The value of sales,3$s calculated as sales revenue net of VAT pait\(akie of sales).
In the case of the most frequent LFG projects itaidy i.e. electricity generation projects,
two sources of revenue may be identified:
* revenue from sales of electricity;
The Polish law requires power utilities to purchasetricity from renewable energy
sources [43]. In most cases, the price of eletyrgnld is determined by the President
of the Energy Regulatory Office [44].
* revenue from sales of energy certificates (“gremmifecates”).
A Polish producer of electricity from renewable gyesources may receive additional
support in the form of Energy Certificates. Undee EEnergy Certification System,
electricity producers obtain energy certificategréen certificates”), which may be
subsequently sold on electricity exchanges. Eneggiificates are obtained on the

basis of electricity output.
3.3.2. Methods Used to Evaluate Profitability of Ladfill Gas-to-Energy Projects
Dynamic analyses — accounting for changes in the tialue of money.

The key advantage of discount methods is the fatthey capture the distribution of cash

flows over time. However, what is an advantage malag pose a major practical difficulty, as
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discount methods require the estimation of casiwdl@ver the entire time span of the
analysis. If they relate to longer periods, sudmestes will obviously involve considerable
uncertainty. One could rely on a trend analysis$,dwen highly industrialised and established
economies are occasionally subject to unforeseesgi@al and economic events, which may
drastically change the market price structure.
Following a preliminary profitability evaluationhé following assumptions are usually
adopted:

» costs and revenues are estimated on the basmeskero data;

» all the economic effects are discounted to yeard}izero (t=0);

» financial expenses incurred in the years preceglgay zero (t<0) are discounted to

level zero;
» the project becomes fully operational in the firsar of operation;
» all loans contracted in the financial market axedkrate loans;

* the time span covered by the analysis is countédlligears.

It should be noted that some of the above simplifoms may be omitted if — at the time when
an analysis is performed — there are reliable gisua factor future economic events into the
calculations.

Frequently included in the calculations are pricel &ost escalation rates, reflecting the
projected changes of selected prices in relatioragsumed inflation. It should also be
remembered that in the case of long-term analykesmargin of error is, predictably, quite
large [30].
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NPV (Net Present Value)
Net Present Value (NPV) is understood as the vafusdl project-related cash expenses and
revenues, incurred or earned over the lifetimehefgroject, discounted as at the project start

year. A project is economically viable if NPV > fdais as high as possible.

Net Present Value may be presented as follows:

NPV =>CF, [a=) CF 3 1 -=> CFtt
@+r) @L+r)

where:
NPV — Net Present Value — the sum of discounted daslisf
CF; — cash flow in yeat:
t — a given year in the project’s lifetime,
a— discount factor, which discounts (brings) théufe value of money to the equivalent
present value, expressed by the following formula:
a=_ L
(L+r)’
r — discount rate, in most cases correspondingddriterest rate on one-year bank deposits
[30].

IRR (Internal Rate of Return)

Internal Rate of Return (IRR) is a discount ratavatich the present value of cash inflows

(project revenues) is equal to the present valueash outflows related to the project

construction and operation. IRR is expressed asreeptage and corresponds to the time it
takes to recover the initial investment (payback).

In other words, IRR represents a discount ratelatiwNPV equals 0. IRR can be calculated
using the following formula:

n 1 _
2 (CR B rpy) =0

i=1

where:
CR — the difference between inflows and outflows &ast,

n —number of years
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In order to calculate IRR, it is necessary to cmm calculating NPV at different
discount rates until one achieves NPV close to QceE spreadsheets include an
embedded IRR function (the problem is addresseaguiie iterative approach).

If we know two discount rate valuesand p such that the;rvalue gives NPV close to 0 but
positive (designated as NBP)Vand the y value gives NPV close to zero but negative
(designated as NRY, we can calculate an approximate IRR using tHeviing formula:

NP\
IRR=r, +[(r, —r 1
10 =R By )

where:
r; —discount rate which gives a positive NPV,
r, - discount rate which gives a negative NPV [45].

4. Project Development Options

Once the decision is made to initiate an LFG energject, the next step is to determine who
develops, manages, and operates the project. Twoamy models can be followed in
structuring the development, ownership, and opamaif an LFG energy project:

* A landfill owner/operator can self-develop the peatjand operate the LFG energy
project with landfill personnel. The landfill owndirectly hires individual consultants
and contractors to fulfil each role that the lalhdfiersonnel cannot perform
themselves.

* An outside project developer can finance, constmen, and operate the LFG energy

project [7].

There are also hybrid approaches to developingF® &nergy project, but they all draw on

the same principles presented in this chapter.

In any case, the landfill, energy end user, and ER€rgy project owner will need assistance
from outside partners. These partners typicallycaresulting engineers, lawyers, contractors,
regulatory and planning agencies, community membansl financial professionals. The

involvement of multiple partners helps to ensuraety development of an LFG energy

project that is financially feasible and benefits environment and the local community.
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In deciding whether to seek a project developee tandfill owner should consider
economics, technical expertise available to thelflinand the level of risk the landfill is

willing to accept [7].

Economics

Significant capital (upfront) costs are requireddesign, build, and operate an LFG energy
project. In order to determine if the landfill owrtgas enough capital available, an economic
feasibility study is prepared as described in abapt Results of this study are evaluated for
capital needs, internal rates of return (IRR), atiter financial needs. The landfill owner
considers available capital and financing optiang.( private financing or municipal bonds)
to determine if sufficient funding is available@an be obtained. If the landfill chooses to hire

a developer, the developer would obtain the fungirihg

Expertise

To develop an LFG energy project, landfill ownerdl weed to interact with partners who
have a variety of specialized technical, finanadallegal expertise. One way to improve this
interaction is to use a qualified project manadgeM). A qualified PM knows the landfill
owner’s operating and financial constraints, hasekpertise and authority to direct work on
the project, and must be able to make a signifitaré commitment to managing the project
for a long period (often up to two years).

Landfill owners might need to seek the expertiseafsultants and contractors to design,
build, and/or operate these LFG energy projectgse@ally if they plan to self-develop. A
consultant can give landfill owners technical assistance or tlesign and technical
recommendations regarding state and federal regasatind operation of the wellfield and
energy projectContractorscan provide advice on how to build the LFG energyjgrt, but
their main responsibility is construction of thecifay. After construction, a contractor,
operation and maintenance (O&M) vendor, or constiitan operate the LFG energy project

if the landfill owner decides not to operate theject using landfill personnel [7].

Risk Level.

The amount of risk that the landfill owner is willj to accept is an important factor in
deciding whether to self-develop the LFG energyqatoor seek a project developer who will
assume much of the risk. Risks involved in LFG ggpqarojects include:

1. Construction:
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» Costoverrun;
* Project delays;
* Failure of plant to meet performance criteria;
* Weather and seasonal implications;
* Work warrantees.
2. Equipment:
* Mechanical failures;

* Not meeting specifications;

* Not meeting emission requirements;

* Not configured for the corrosiveness of LFG.
3. Permitting:

* Excessive permit conditions/right of way;

* Public comments on draft permits.
4. Financial performance:

* Not having enough LFG;

* Maintenance downtime;

» Operation cost overrun;

* Project financing;

» Labour and material costs;

* Regulatory exposures [7].

Other Reasons to Consider Using a Project Developerto Pursue a Hybrid Option.
Selecting a developer to manage, own, finance,opedate the LFG energy project reduces
risks for a landfill owner. The developer also irecthe cost associated with an LFG energy
project, so there is no net cost to the landfillnew Other reasons for selecting a project
developer are:

* The project developer’s skills and experience nraygba project online faster.

* The developer may have numerous other LFG enemjgqis, which allow them the

economies of scale to reduce capital and O&M costs.
* Some developers invest equity or have accessdading.
* The developer might possess a power sales agred¢nagntas previously won and/or

negotiated with a nearby electric utility.
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* Bringing on a developer can simplify the projectelepment process for the landfill
owner, requiring less landfill staff time and exjsa.

* In return for accepting project risks, the projeleveloper retains ownership and
control of the energy project and receives a ngtilarge share of the project profits.
Note that developers may make decisions that tenthvor factors that increase
energy revenues but not necessarily the landfith@vg priorities, such as managing

LFG migration and emissions [7].

A turnkey project allows for a hybrid approach. Wiurnkey projects, the landfill owner
retains energy project ownership, but the projemtetbper assumes the responsibility for
construction risk, finances, and building the fiacilOnce the LFG energy project is built and
operating to project specifications, the develgpen transfers operation of the LFG energy
project to the landfill owner. In return, the laiidbwner gives the project developer a smaller
portion of the project proceeds, gas rights, and/¢ong term O&M contract. The turnkey
approach can be a “win-win” approach for both thejgrt developer and the landfill owner
since the developer retains responsibility of cartsion, development, and performance risk

and the landfill owner assumes the financial pentomce risk [7].

Other Reasons to Consider Self-Developing a Praject

On the other hand, there can be advantages taleetloping a project. For example, the
landfill retains control and retains a larger shairéhe profits in return for accepting the risk.
In addition, developing a project may be a rewaydthallenge and opportunity for landfill
staff, and such projects can foster good relatigsstvith end users, other partners, and the

community.

In summary, the project developer, self-developmamnd hybrid approaches have all yielded
successful LFG energy projects. The key is finding approach that is best suited to the

specific landfill and other participants involvedthe project [7].
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