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Indaver Application for licence review of Carranstown Incinerator, Duleek, Co Meath

To
& An Bord Pleanala PA0026 Oral Hearing, 1 Sept 2013
& EPA application ref WO 167-03

\/EPA application ref WO 129-03 (MEHL Landfill , Hollyweagd, Naul, Co Dublin)

Dear Sirs,

The above application by Indaver has just recently come to the notice of the residents of
Hollywood and district and contains a number of important mtﬁ%iers upon which we would

wish to submit comments. @
N Q@
In this'regard we wish to draw your attention in %g?tﬁ]ar to
S$

e The Indaver Non-Technical Summa@‘%s* submitted to the EPA

o EC Integrated Pollution Prevent@&ﬁd Control reference document on the Best
Available Techniques for Wa@%\iﬁtmeranon ( BREF 08-06-W1)

e The proposal by MEHL to a@%pt fresh bottom ash from the Carranstown facility ~

WO 129-03
QO
The Indaver NTS pl2, A.1.11, Waste Arising , states that

“bottom ash is currently being sent to a nearby non-hazardous landfill” presumably the Louth
County Council MSW landfill at Whiteriver, and

“_due to the inert nature of the ash, it will have less adverse impact than untreated waste”

BREF 08-06 Section 4.6.6 “Bottom ash treatment using aging” however outhines current
BAT on the treatment and disposal of bottom ash and refers to the documents and studies
from which the BAT is deduced by the EC Technical Working Group.

Quote, p404 “ Fresh bottom ash is not a chemically inert material”

A detailed study of the section on bottom ash aging reveals that fresh bottom ash has a pH or
causticity in excess of 12 (H 8) and requires “aging”- usually exposure to the elements for a
period of approximately 12 weeks before the pH drops to approximately 10 and can be
considered non-hazardous in this respect.
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There are other “ecotoxic” properties associated with fresh bottom ash such as the presence
of heavy metals which concentrations are lowered in some cases by the aging process as
outlined in the BREF.

In addition the method recommended for the disposal of fresh bottom ash is unique and is
detailed in the German studies referred to. It require the ash to be “layered”, and exposed to
the elements for up to 12 weeks, rather than bulk filled and covered daily, as is the case of
MSW waste. The reason given for this is the danger of overheating and destruction of the
landfill liner associated with exothermic reactions during the aging process.

All of the above would necessitate a separate risk assessment of an existing or proposed
landfill to ensure that the site complies with the general requirments of the Landfill
Directive, in particular that the site is

e Remote enough from humans to eliminate the risk of wind-blown caustic ash from the
exposed surface,

o Adequately equipped with natural soil protection for groundwater from heavy metal -
containing leachate contamination particularly when the liner reaches its end of life
effectiveness as a barrier. *”?

e Adequate ELRA and CRAMP to make prOVISIon ﬁ?r the additional and unigue risks
associated with fresh bottom ash disposal. 00\ G

The residents of Hollywood and district are d@é@b? concerned at the apparent disregard of the
BREF document by both Indaver and ME%}%@ their respective EIS, and the impression
given in both applications that fresh bo@ ash may be considered non-hazardous and
deposited in any MSW licenced lanﬁ?&, which since 2006 15 no longer the case.
O

We therefore request that it be rrl\aﬁeoa condition of the licence that “fresh bottom ash” may
only be disposed of by a wasteSincinerator operator in the manner prescribed and in a landfill

suited to the method described in BREF 08-06 - WI and the associated reference studies.

Attached please find

e Extract from BREF 08-06-WI, Section 4.6.6 “Bottom ash treatment using aging”
e Email and documents from Dr. Thomas Baumann ref: “German study and field trials”

Yours truly,
On behalf of Hollywood and District Conservation Group
Patrick Boyle, BE

John Shortt, MBA
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Chapter 4

Breaking up large chunks has several advantages:

it reduces the amount of heavy rejects

it increases the proportion of rough crushings in the material which give backbone to the
aggregate and

it improves its geotechnical qualities.

Separation of light unburned fractions or air stream separation is achieved by blowing or by
aspiration.

Achieved environmental benefits
The main environmental benefit of installing a mechanical treatment process is a reduction of
the volume of rejects and wastes, and therefore, a higher global recovery rate.

Cross-media effects
Energy consumption, and potential for noise and dust emissions are the most notable cross-
media effects.

Applicability
The technique is, in principle, applicable to all incineration installations producing an ash
requiring treatment before it can be used, or where such treatment may allow increased use.

Economics

The cost-effectiveness of installing a system for breaking up heavy rejects is to be evaluated on
the basis of projected quantities and disposal costs. It is esfimated that the payback period for a
crusher is on the order of two years for 5 % of rcject{(@o be crushed, for 40000 t/yr of bottom

’ " ; §)
ash, and seven years for 20000 tAr, O@i Q§\
Driving force for implementation § Q/S\o
Quality policy: it allows to reach a global secovery rate of more than 95 % for a bottom ash
management facility, it produces \ess\@?@ﬁﬁnd a product of a higher geotechnical quality, and
is cost effective. &@@\ A

RS

Reference literature L

[64, TWGComments, 2003} SSee "Bottom ash management facilities for treatment and
stabilisation of incmeratioorégbotlom ash", ADEME, November 2002

S
4.6.86 Bottom ash treatment using ageing

Description

After metals scparation, bottom ash may be stored in the open air or in specific covered
buildings for several wecks. The storage is gencrally performed in stockpiles on a concrete
floor. Drainage and run-off waler are collected for treatment. The stockpiles may be wetted, if
required, using a sprinkler or hose system in order to prevent dust formation and emissions and
to favour the leaching of salts and the carbonisation if the bottom ashes are not sufficiently wet.

The stockpiles may be turned regularly to ensure homogeneity of the processes that occur
during the ageing process (uptake of CO, from the air due to the moisture, draining of excess
water, oxidation, etc.) and to reduce the residence time of every batch of bottom ash in the
dedicated facilities.

In practice an ageing period of 6 to 20 weeks is commonly observed (or prescribed) for treated
bottom ash before utilisation as a construction matenial or in some cases before landfilling. [74,
TWGComments, 2004)

Waste Incineration 403
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Chapter 4

In some cases the entire process is performed inside a closed building. This assists with dust,
odour, noise (from machmerv and vehicles), and leachate control. In other cases, the entire
process is totally or partially performed outdoors. This generally allows more space to easily
handle bottom ash, and can give more air circulation for bottom ash to mature, [64,
TWGComments, 2003] and may avoid the release of explosive hvdrogen in combination with
aluminium during the ageing process. [74, TWGComments, 2004]

Achieved environmental benefits

Fresh bottom ash is not a chemically inert material. Ageing is performed to reduce both the
residual reactivity and the leachability of metals. CO; from the air and water from humidity,
rain or water spraying are the main achivities,

Aluminium in the bottom ash will react with Ca(OH), and water to form aluminium hydroxide
and hydrogen gas. The main problem of formation of aluminium hydroxide is the volume
increase as this causes inflation of the matenal. The gas production will cause techmical
problems if fresh bottom ash is wsed directly for construction purposes. Thus, ageing is needed
to allow utilisation of the bottom ash.

The impact of storage and ageing on leaching can be classified as:

lowering of the pH due to uptake of CO- from the air or biological activity

establishing of anoxic, reducing conditions due to biodegradation of residual organic matter

local reducing conditions due to hyvdrogen evolution

hydration and other changes in mineral phases causing particle coh@on

[4, [AWG, 1997] é

&

All these effects reduce the leachability of metals and ca ‘\aré&abnhsahon of the bottom ash.
This makes the bottom ash more suited for rccg?%g( or disposal (landfilling). [74,

TWGComments, 2004) \gQ
A @0‘
Cross-media effects Foy @ﬁ\e’

Run-off water from rain or sprinkling may cg&ix? salts or metals and will need treatment. The
water can be recirculated or used in the in@ﬁ%@% r as process water.

o
Odour and dust controls may be requw%

Vehicle and machinery noise may b@an 1ssue in some locations.
Anti explosive devices at indoor ageing facilities may be required. [74, TWGComments, 2004]

Operational data

Data from a test programme in a full scale German waste incineration plant illustrate the effect
which 12 weeks ageing has on the pH of bottom ashes and on the test results obtained by the
DEV $4 method. Figure 4 9(a) shows that the pH of the fresh bottom ashes in the DEV 54 test
tvpically exceeds 12 and drops down by about two units duning the ageing process.

As can be seen in Figure 4.9(b), this pH change has no effect on the leaching properties of Mo,
which is present mainly as molvbdate. The leaching stability of Cu and Zn 1s moderately
improved in the aged material whereas the leaching of Pb is reduced by almost two orders of
magnitude.

404 Waste Incineration
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Figure 4.9: Effect of ageing on the leachability of selected metals: (left) effect on pH; (right)
leaching as a function of pH
[Vehlow, 2002 #38]

The French Bureau of Mines conducted a study during 18 months about the ageing and its effect
on leaching of a 400 tonnes stockpile of bottom ashes and concluded similarly 1o this German
study. [64, TWGComments, 2003

If longer ageing penods (e.g. >20 weceks) are used for ferrous free bottom ash without turning,
the aged bottom ash will become increasingly solidified. [74, TWGComments, 2004)

Applicability &9’
This techmque can be applied to all new and e\lstmg@%tallauons producing bottom ashes. It is
mainly used in practice for MSWI. {74, TWGCQL’n%&nts 2004]

oS
For some waste streams the ash content « &)t improve sufTiciently from treatment to permit
its beneficial use — in such cases the d@‘e@f’or use of the technique may be simply to improve
disposal characteristics. é,)Q@oQ,
& S
Economics \Q
The cost of ageing is low< gﬁ compared to the rest of the treatment installation. {74,
TWGComments, 2004] \5&

Saving of disposal cos@cgy recycling. [74, TWGComments, 2004]

Driving force for implementation
Legislation providing leaching limit values for recycling of bottom ash as a secondary raw
material or for landfilling. {74, TWGComments, 2004]

Example plants
Various bottom ash trcatment plants in the Netherlands, Germany, France, and Belgium.

Reference literature
[Vehiow, 2002 #38], [4, [AWG, 1997], [64, TWGComments, 2003

4.6.7 Bottom ash treatment using dry treatment systems

Description

Dry bottom ash treatment installations combine the techniques of ferrous metals separalion, size
reduction and screening, non-ferrous metals separation, and ageing of the treated bottom ash.
The product is a drv aggregate with controlled grain size (e.g. 0 -4 mm, 0 - 10 mm, 4 - i0mm),
which may be used as a secondary construction material.

Waste Incineration 405
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Hotmail Print Message http://dul 03w .dub 103.mail.live.conVmail /PrintMessages.aspx?cpids...

L]
1

Re: Exothermal Reactions in Bottom Ash Monofills

From: Thomas Baumann (tbaumann@tum.de)

Sent: 04 August 2012 09:38:28

To:  Paddy Boyle (paddyboylerush@hotmail.com)
3 attachments

Klein_jHazardMat_2001.pdf (329.7 KB) , Klein_JHazardMat_2003.pdf (433.0 KB},
schluss_poster.pdf (1872.7 KB},

Dear Mr Boyle,

please find attached two reprints on the temperature development in a
municipal waste incinerator bottom ash disposal and a poster
{unfortunately in german) summarizing the results of our research
project sponsored by the Bavarian State Ministry of the Environment.

Qur measurements, mineralogical data, and modelling results indicate
that the temperature development can be controlled by removing metals,
intermediate storage and layered emplacement into the landfill. While
removal of metals decreases the exothermal reactions, intermediate
storage promotes the development of less reactive coatings thus leading
to diffusion limited processes and a layered emplacement assists the
heat transfer to the surrounding, thus avoiding hot spots in the
disposal. NS
&

$
I hope that you will find this information .egﬁi and I will be ready to
answer further questions in late September

S
Best S€;§
Thomas Baumann .§§¢\
N O
&
&0
S
A
- 6\0
PD Dr. Thomas Baumann &f\‘
&
O
Head of Hydrogeology Group
Institute of Hydrochemistry
Technische Universitaet Muenchen
Marchioninistr. 17
D-81377 Muenchen
Voice: +49 89 2180-78234
Fax +49 89 2180-78255
http://www.ws.chemie tu-muenchen.de/hydrogeo
fofi 30/09/2012 21:54
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Numerical modelling of the generation and
transport of heat in a bottom ash monofill

R. Klein*, N. Nestle, R. Niessner, T. Baumann

Institute of Hydrochemistry, Technical Universiry of Munich, Marchioninistrasse 17,
D-81377 Munich, Germany

Received 22 September 2002 ; received in revised form 11 March 2003 ; accepted 12 March 2003

Abstract 0&9‘

5\

Municipal solid waste is incinerated to reduce its volume, loxic{;@@and reactivity. Several studies
have shown that the resulting bottom ash has a high exother@%p g‘ihacily. Temperature measurements
in municipal solid waste incineration (MSWTI) bottom @ndﬁ Hls have found temperatures up to
90 °C. Such high temperatures may aftect the stabilj {Qﬁ’ie tandfill’s flexible polymer membrane
liner (FML) and may also lead to an accelerated @E@\tion of the clay barrier. The purpose of this
study was to gain detailed knowledge of lcmpq\qﬁn.@ﬁcvclopmcnl under several disposal conditions
in relation (o the rate of ash disposal, th tion of layer thickness, and the environmental
conditions in a modem landfill. Based o this knowledge, a simulation was developed to predict
temperature development. Tcmpcran@@&c opment was simulated using several storage periods
prior to the deposition and several modés of emplacement. Both the storage time and the mode of
emplacement have a significant i nce on the temperature development at the sensitive base of
the landfill. Without a prelimin otage of the fresh quenched botiem ash, high temperatures at
the bottom of a landfill cannoCe avoided.
© 2003 Elsevier Science B.V, All ights reserved.

Keywords: Bouom ash: Temperature development; Municipal solid waste incineration; Landfill

1. Introduction

Until the 1970s, bottom ash from municipal solid waste incineration was believed to be
almost inert, but since then several studies have shown that many exothermic reactions may
cause a temperature increase of up to 90 C in the landfill [1).

High temperatures at the bottom of a landfitl may affect the stability of the landfill liner
system (flexible membrane liner, polymer membrane liner (FML) and mineral clay layer).

* Corresponding author. Tel.: 4+49-89-218078254; fax: +49-89-218078255.
E-mail address: alf klein@ch.tum.de (R. Klzin).

0304-3894/03/5 - see front matter © 2003 Elsevier Science B.V. All rights reserved.
doi: 10.1016/50304-3894(03)00101-8
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Temperatures above 40 °C may damage the stability of the FML (made of high-density-poly-
ethytene, HDPE) due to depolymerisation and oxidation |2]. Due to diffusive transport of
water and water vapour along the temperature gradient in the mineral clay layer, the clay
barrier may desiccate and fail to retain leachate [3.4]. In order to prevent thermal damages
10 the liner system, it is necessary to minimise the temperatures in the landfill. There are
several factors such as the storage time prior to the deposition and the surface-to-volume
ratio influencing the temperature development in a landfiil [ | ]. The most important reactions
that cause a temperature increase in the stored bottom ash are the comrosion of iron and
aluminium, the hydration of lime (Ca0) and the carbonation of portlandite {Ca(OH);)
[5-7]. Table 1 shows the identified reactions. Speiser [8] has pointed out that the corrosion
of iron 15 followed by carbonation of portlandite which are the most relevant heat sources
in bottom ash matenial.

Assessing the thermal capacity of the residues is essential since boftom ash has been
deposited in landfills with poor landfill liner systems in Europe and in other countries during
the last decade | 7]. In the US, bottom ash was commonly landfitled without processing, even
though metals and other materials can be recovered by magnetic separation and screening
{9]. In some European countries (¢.g. Germany, The Netherlands and France) approximatety
60% of the bottom ash is reused in road construction or a.%ffaw material for the ceramic
and cement industry [10~12], whereas in Switzerland a@%ost 100% of the bottom ash is

disposed in landfills [9]. & ?9\
Although the exothermic reactions in botto are well known, their speed and the
amount of heat released are still unknown. @et al. [ 1] have shown that the main tem-

perature increase due to the exothermmic @h ns has a time scalc of 2-3 months, Speiser
[8] calculated an average specific hea\${r\@ﬁncuon of 53 Wm™? of the bottom ash mate-
rial during the first 2 years of depgfﬁ@h TFhe released energy in this period ainounts 1o
313-331 MIm™3. The bottom a§h l@esugalcd in this study is comparable to a common
bottom ash analysed in the EWN

The objective of this work u@?to develop a numerical model incorporating basic concepts
from chemistry and physi@o simulate the spatial and temporal distribution of heat in a
bottom ash landfill. Thjgﬁt\)ject'rve was accomplished intwo steps: (1) the observation of the
temperature development in a bottom ash landfill under several modes of emplacement, and
(2) the development of a heat generation and transport medel and validation of this with the
data obtained from field experiments. This numerical simulation provides the possibility of

Table 1

Exothermic reactions in bonom ash matenals {5-7)

Reaction Enthalpy of reactions,
AH (KJmol™")

2A1 4+ 6H20 = 2AI{OHYs + Hy ¢ -422

Fe$ 4 {(9/4)0; + (52YH;0 = Fe(OHY; + H380, —92}

Ca0 + Hy0 = Ca{OH), —-65

Ca(OH); + HCOj = CaCO; + 2H,0 —~111

Ca(OHY; + CO3 = CaCO; + H,0 -120

Ca(OH); + S103 = CoH;5i0, -~ 140

CaH;8i04 + CO; = CaCO; + Si0; + H20 -25
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predicting the temperature development in a bottom ash landfiti under different modes of
emplacement.

2. Experimental

2.1. Field observations

Three vertical sensorficlds (SF1, SF2, SF3) were embedded in two bottom ash landfills
in the south of Germany. Temperatures were recorded using Pt-100 temperatre sensors
(R + S Components, Moerfelden, Germany, measurement range from —200 to +300 °C).

The bottom ash in SF1 was deposited in irregular time intervals (see Table 2) depending
on the amount bottom ash to be disposed, over an 8-month period to a maximum thickness
of ten meters | 1 ). SF2 was emplaced within 3 weeks to its final height of 10 m. The bottom
ash for SF1 and SF2 was stored for 3-6 wecks before being deposited at the landfill, In
SF3, bottom ash was emplaced in layers with a thickness of 1 m every 2 months up 0 a
final height of 5 m. The bottom ash in this sensorficld was stored for a maximum duration

of 3 days prior to deposition. &
<&
S
2.2. Numerical simulation & (§\
00\0'\
The landfill is represenied in a computer m gﬁ’onc-dimensiona] column, consisting

of a geological barrier (GB) underneath the l@ﬁ . a liner system (L3), the main bottom

ash (BA) body, and (optionally) a surface @(@é (SS) (Fig. 1). The individual layers of this

linear modcl used in this work are rep S &@ by discrete volume elements with a thickness
NS

S

Table 2 R

Bottom ash deposition parameters durin, fhe installation of the test field

Location within Date of depofs_@fé corresponding ambient temperature and bottom ash amaount

the landfill &

¢ fancl SF SF2 SF3
At the FML 13 June 1997 (24°C) 18 May 1999 (21 °C) 6 December 2000 {4 °C)
[n the drain 27 June 1997 (22°C) 18 May 1999 (21 °C) 6 December 2000 (4 °C)

0.5mabove drain 27 June 1997 (22°C, 600m?) 18 May 1999 (21°C, 300 m?} 6 December 2000
#°C,1280m")
1.5mabove drain 17 July 1997 (26°C. 800 m?*) 18 May 1999 (21°C. 410m*} 7 February 2001
(=3°C, 1500 m3)
3.0m above drain 17 July 1997 (26 °C, 750m?) 18 May 1999 (21 °C, 580m?) 11 April 200]
(7°C, 1620m3)

4.5m above drain 27 August 1997 13 May 1999 21°C. 750m®) 3 August 2000
{27°C, 650m°) {26°C, 1800 m3)
6.0 m above drain 24 October 1997 18 May 1999 (21 °C, 620 m?)
{7°C. 810m%)
7.5 m above drain 1 November 1997 6 June 1999 {23 °C, 580 m?)
{15°C, 120m*)
9.0 m above drain 1 February 1998 6 June 1999 (231 °C, 610 m?*)
{=1°C, 760 m%)
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Fig. 1. Schematic structure of the linear colum '*&Q@kﬁng of a geological barrier undemeath the landfill (GB). a
liner system (LS8}, the main bouom ash (B as well as (optionally) a surface sealing (SS5). The equations

on the nght side show how the heat hal{n@c\@the individual layers used in the simulation model. The index 0
indicates the underlying soil, the indef/¥ %ﬁ’msponds to the air (i.¢. the topmost layer).

O
S
S\
O
of d = 5cm. Heat condo on was computed according to Fourier’s law:
a9
Gelr = —Aefy 7 (H

(gety: effective heat stream, A.qy: effective heat conductivity, 80/3z: temperature gradient)
with a discrete time step of A7 = 30 min. The heat capacities and thermal conductivities
of the different layers in the landfill are given in Table 3. The bottom of the geological
barrier was implemented as a fixed head boundary (i.e. a fixed-temperature element with a
temperature of 8 °C and an infimite heat capacity; experimentally, the natural groundwater
temperature was found to vary only in 2 temperature range between 6 and 10 °C). By choos-
ing a sufficienuy thick GB layer, influences of the boundary on the model area were kept to
a minimum. Heat transfer between bottom ash and either surface scaling or atmospheric air
(air temperatures were recorded at the dump location) was approximated by a linear heat
transmission. Precipitation, wind and sunshine were known from field measurements 10
have minor impact on landfill temperature [ 1]. Vapour and fluid phase convection processes
which also appear to have minor influence (1] are not explicitly considered in the model.
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Table 3
Initial and boundary conditions for the mode! of the generation and transpon of heat in a bottom ash monofil

Initial and boundary conditions

Inital heating rate, Py, Variahle
Rate constant of the first exponential, 74 (h™') 0.0006
Rate constant of the second exponential, rg (h™') 0.00005
Heat transition to the air A Variable
Heat transition to the soil B Variable
Fraction of the slow heat generation process, o 0.07
Model height
Geological barrier Variable
Liner system Varigble
Bottom ash Variable
Surface sealing Variable

Heat conductivity (Wm™ K™}

Bouom ash. Aga 0.7
Liner material {clay), Appe 1.3
Geological barrier, Ageq 0.6
Specific heat capacity (kikg™' K™1) .
Bottom ash, caa, Q@o.s
Liner system, ciiger & 1ss
Geological barrier, cge, Y {§\ 0.88
$
Temperature Og?O \é
Botom ash \QO \\}\@ Variable
Geological barri ) Variahl
eological barrier S Q\(Q,Q‘ arlable
O D
&

For the calculations done in the m0¢1§$ \aobiexponcntial decaying heating rate was used.
The use of this biexponential decaying hieating rate is a somewhat crude approximation for
a much more complicated superpqsﬁlon of many endothermic and exothermic reactions
with both concentration and transport limitations going on in the bottom ash. For each layer
of the bottom ash body, the production due {0 exothermic reactions in the bottom ash
is computed with an ovcrallCﬁcating rate P(r) given as

Pty = Py ({1 — a)ye™"'s 4 ae™®) (2)

with P(g) representing the initial heating rate of bottom ash, 1, and rg being the rate con-
stants of the fast and slow reaction processes, respectively, and a being the fraction of the
slowly-decaying reaction of the overall heating rate.

The parameters of the biexponential heating rate curve were adjusted by repeatedly
running the model with different parameter sets, comparing the model results with the
expenimental data and choosing new sets of parameters in order to achieve both good corre-
spondence with the experimental data and consistence with the mineralogical observations.
As ourresulis show, the parameter set obtained in this process allows a good simulation of the
experimentally observed temperature profiles. A possible explanation for two different time
scales for the reaction can be the accessibility of reactive material in the bottom ash, which
is straightforward on the outside of the bottom ash grains but strongly transport-limited in
their cores.
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Most parameters of the model were taken from [13-17]. The parameters of the heating
rate function were calibrated with field data from SF1.

For all the calculated simulations, the ume profile of the air temperature (daily averages)
was used as recorded at the landfll site from June 1997 to June 2001 . Circadian tempe rature
fluctuations must not necessarily be taken into account for the experimental data since such
shont-time temperature changes reach only less than | m into the landfill body [18,19].

3. Results
3.1, Sensitivity analysis

In order to highlight the significance of chemical, physical and installation parameters
controlling heat generation and transport in a bottom ash monofill, a sensitivity analysis was
performed. The focus of the analysis was on the parameters that directly affect temperature
development in the landfill and in its liner system. Several simulations were performed
to assess the model’s sensitivity to its chemical, physical and technical parameters. These
parameters include the rate of heat release as a result of the eXothermic chemical reactions
in the bottom ash material, heat transition processes todiie bottom and the air, the heat
conductivity and the specific heat capacity of the battom ash and the liner system. To assess
the effects of these parameters, one parameter a3 2 tiine was varied while keeping the others
at their basic valugs. Table 4 summarises th \Lei},tcd sensitivity analysis simulations with
the corresponding rationale behind the val@?&:@tﬁ'oscn for the parameters at each simulation.
The simulations performed for this pﬁﬁg& Fig. 2} lead to the following conclusions:

o The heating rate is the most imgs At factor influencing the temperature increase in the
bottom ash landfill, both at tiie cénfre as well as at the landfill liner system.

o Heat conductivity of the bot;\dﬁl ash comes next in order of impeonance.

o At the liner system, hcatég@%ductivity of the liner system has a minor influence on tem-
perature development, &

o The remaining paramce’ters do not affect the maximum temperature reached in the bottom
ash landfill.

Table 4
Summary of the sensitivity analysis simulations

Variable Basic values Sensitivity values
(basic value multiplied by
the numbet in parentheses)

Heat conductivity of the bonom ash, iy (Wm™' K™ 0.7 (0.05,0.1,0.2,0.5)
Heat conductivity of the liner material. Ajiner (Wm™! K~} 1.3 (0.05,0.1,0.2,0.5)
Specific heat capacity of the bottom ash, cgs (kJkg™' K™") 08 (0.05,0.1,02, 0.5)
Specific heat capacity of the liner system, Cliner (kJ kg" K=" 1.85 {0.05,0.1,0.2,0.5)
Initial heating rate of the bottom ash, Pgy (W m") 25 (0.05,0.1,0.2,0.5)
Heat transition 1o the air A (Wm~2 K™ ") I (0.05,0.1,0.2, 0.5}
Heat transition to the soil B {(Wm~? K~} 20 (0.05,0.1.0.2, 0.5)
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X

3.2, Temperature develt)pmécﬁ

Temperature development in selected landfill levels of SF1, SF2 and SF3 is shown in
Fig. 3. There was an observed temperature increase immediately after the deposition of a
bottom ash layer in each sensorfield. After reaching its maximum 90-160 days after bottom
ash deposition, temperature decreased again in atl observed landfill lavers.

In the following we will present the simulation results for the installed sensorfields and
a range of typical emplacement schemes which are summarised in Table 5.

3.3. Calibration and prediction

During model calibration, we have worked out the heating rate of the 3—6-week stored
bottom ash material as used in SF1. In order to determine the heanng rate of bottom ash
when subjected to a previous storage period, the registered temperature development of SF1
was simulated by means of the model. A heating rate upon emplacement of approximately
25Wm™> for the bottom ash material could be determined using the simulation. With

EPA Export 09-10-2012:23:26:25



R. Kiein er al, /Journal of Hazardous Materials BI0O (2003) 147162

154

(£48-148) spl3posuas 2z 3y3 ui uswdapaaap saeadin) pamseajy ¢ iy

sAep ‘sw))|
0001 009 ooy 002 0 0001 00¢ 009
1 i 1 i 1 L L i ]
3 o B €48 - ot
245 0 r
i il r LS m - 02
I b ueip esoqe wi gy s
L ) o L oe
I~ - or
| -— L
B Fos
" o
i 248 © I-oe
145 = L
[ wepesoqewgy o8
. 1 i 08
oot 00q oor
1 ] 1
F €45 - ot
F ¢d5 0 !
r 145 = 02
I UjBIp BADGE W | 3 L
L Foe | \Amw, oe
L ! Y,
o i - - 0%
o - 0% o =05
L - 09 - -09
, 7 | 3
o L o X L oo
L L i 1 r 'on 3 . i 1 08

7, ‘eimeledwa

o, aumeiadwa

EPA Export 09-10-2012:23:26:25




R Klein et al. / Journal of Hazardous Materialy B100 (2603) 147-162 155

Table 5
Deposition procedure for the caleulated temperature development in the several model runs of heat generation in
a bottom ash landfill

Simulation  Emplacement mode Banom ash Heating rate upon
nao. storage time  emplacemans
(Wm™)
A Deposition in discrete intervals of 1 m every 2 months 3-6 weeks 25
B Deposition within 2 weeks to its final height, surface 3.6 weeks 25
sealing direcily afier the deposition of bottom ash
C Deposition according to SF1, surface sealing afier 3 years 3 months 15

the biexponential decrease of the initial heating rate described above, the experimentally
observed temperature maximum of 87 °C in the centre of the landfill at SF1 after 4--5 months
after deposition could be reproduced in the simulation. The maximum temperature at the
landfill base was reached with 46 °C 18 months after the deposition of the first bottom
ash layer. Fig. 4 shows the deviations of the calculated temperatures from the real data
measured on the landfill site during the first 1000 days. As can begseen from the figure, the
model closely describes temperature development in the lowg?lincr system) and central
(4.5 m above liner system) landfill areas. In the upper lamlﬁlby}\%\reas, there is slight deviation
from the measnred temperatures in the first winter nghl‘\\rmﬁ\\h This affect is possibly due to
a variation in the bottom ash quality which is not/ac¢ounted for in the simulation. There
is an overall good correlation between the c@%@ed and measured data (R? = 0.834,
N = 8443). PN

With the initial heating rate of 25 W mg}\@? the biexponential decay, we have calculated
a released energy of 250 MJm™3 for t\hﬁxﬁ 2 years of storage in the landfill. This amount
corresponds with the data obsenwk@&&‘%eiser (8].

&
3.4. Validation and prediction 2)
&

Afier this calibration, theo model was validated using the measured temperature data of
SF2 (900 days measurements). With the heating rate value upon emplacement of 25 W m =3
determined above, there was good agreement between simulated and observed data. Fig. 5
shows the deviations of the calculated temperatures from the real data measured on the
landfill site during the first 850 davs. With these data, a good correlaton between the
calculated and measured data (R? = 0.867, N = 7521) was found.

3.5. Walidation and prediction (SF3)

In the second validation phase, the initial heating rate of the fresh quenched bottom ash
material, as used in SF3 was measured. [n order to determine the initial heating rate of the
bottom ash, the measured temperature development during the first 6 months of storage
in SF3 with its new emplacement mode was simulated by means of the model. An initial
heating rate of approximately 45 W m™ for the bottom ash material in the absence of a
preliminary storage period could be determined, With the biexponential decrease of the
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modeihalght
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Fig 6. Predicted temperature development in the second model vali a {SF3}. Initial heating rate for the fresh
quenched bottom ash was set 10 45 W m™2 final bottom ash h@hrgké 10 m (deposited in discrete intervals of one
Q
meter every 2 months). S

S
G
SN
initial heating rate described above the\\ Qb\%g\fed temperature development during the first 6
months could be simulated by the gs‘?['he computer simulation results in a temperature
maximum of 96 *C in the centre ofthgtandfill (approximately 9 months after the deposition
of this bottom ash layer) and 66~ “at its bottom, Fig. 6 shows the calculated temperature
developiment in the landfill ov 4 simulation time of 4.5 vears. The high initial heating rate
causes higher maximum tegiperatures in the bottom ash materiai that result also in higher
temperatures in the land¥I liner system, and thus may lead 1o thermal damage of the liner.
Temperatures above 40°C are calculated there from the sixth month after first deposition
of bottom ash. Fig. 7 shows the deviations of the calculated temperatures from the real
data measured on the landfill site. There is a good correlation between the calculated and
measured data (R? = 0.872, N = 4287). With the calibrated and validated model several
scenarios were calculated to generate an optimal handling scheme for municipal solid waste
incineration (MSWTI) bottom ash.

3.6. Simdation no. A: stepwise emplacement of previously siored ash

With the results achieved from the prior simulation, a step-wise emplacement strategy was
simulated with bottom ash that was stored for 3-6 weeks before depositing at the landfill with
a consequently reduced heating rate from initially 45 to 25 W m™3. This reduced heating
rate is also reflected in the temperature development in the landfill body. The maximum
temperature reaches only 54 °C in centre and 38 °C at the basis of the landfill (Fig. 8). So
there is no temperature above 40 *C at the liner system.
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Fig. 7. Comparison of the numeric simulation and at the ln@g?@lcasurtd temperatures in selected horizons of
the landfill base (liner system) and the central area (3 m ab$vediner system) for the validation of the model (SF3).

modelhaight
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Fig. 8. Predicted temperature development in simulation no. A. Initial heating rate for the 3-6 weeks stored bottom
ash was set (0 25 Wm™J, final bonom ash height 1o 10m (deposited in discrete intervals of 1 m every 2 months).
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Fig. 9. Predicted temperature development in simulation no, B, [nigial hc\g@}lg rate for the 3—6 weeks stored bottorn
ash was set 10 25 W m ™, final bottom ash height to \0m (depos&lpd i\n\@ weeks 10 its final height). Surface sealing
was installed directly afler the deposition of the bortam ash.o(\ &

S
&
SO
3.7. Simulation no. B: surface sealing S <
. @
I[n the next simulation, the infl of a surface sealing on landfill temperature devel-

opment was modelled. The sim@la@d landfill has a bottom ash height of 10 m with a liner
system {0.8 m) at its bottom an\ii% geological barmer with a thickness of 3 m. In the model
run, a surface sealing (2.5 Wwas emplaced directly after the deposition of the 3—6 weeks
stored bottom ash (initiakheating rate: 25 W m™3). With this sealing, the heat convection
from the surface to the ir is hampered. The result from this simulation shows that after a
storage lime of only 4 months, the temperature at the landfill centre rises to 97 °C (Fig. 9).
Also at the liner system the maximum temperature (58 °C after a storage time of 7 months)
is far beyond the critical temperature (40 °C) for the tandfill liner durability. Here, tem-
peratures above 40 °C are calculated from the third month after first deposition of bottom
ash.

3.8, Simulation no. C: storage time

In the last simulation, the influence of the duration of preliminary bottom ash storage
period on the landfill temperature was determined. The sensorfield was built-up according
to SF1 and the surface sealing was inslalled after the final deposition of bottom ash. The
initial hcating rate was sct to 15 Wm™3. This heating rate corresponds to a intermediate
storage time of approximately 3 months. The calculated maximum temperature (56 °C in
the centre of the bottom ash body) was obtained 300 days after the beginning of bottom ash
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Fig. 10. Predicted temperature development in simulation no. C. Initial heating rate for the 3 months stored botiom
ash was set 1o }5 Wm™, final bortom ash height to 10m (dzpositad in meql.@ihlcr\'als durinng a period of 8
months). Surface sealing was installed directly after the deposition of the bQE@&n agh,
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S
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deposition (Fig. 10). At the liner system, a max\@ﬁ temperature of 35 °C was calculated
| year after the beginning of the bottom ash@@’ ion.

&

NS
4. Conclusions QOQA*\

&

In this paper, the tcmpcratuagg’*\gevelopmcnt under different modes of bottom ash em-
placement was studied. Accodding to the simulation of temperature development in MSWI
bottom ash landfills, temperatures from 54 10 97 *C were calculated in the vertical cen-
tre of the bottom ash body depending on the emplacement strategy. At the liner system,
temperatures reached 35-46 °C. It was shown, that the temperature increases are inversely
correlated with the surface-to-volume ratio of the freshly applied ash layer (as realised in
simulation B). Furthermore, a preliminary bottom ash storage period prior to disposal is
necessary to prevent possible thermal damage at the landfill liner system. The simulation
results show that the storage time is the key factor influencing the temperature develop-
ment in the landfill. A storage time of 3-6 wecks reduces the initial heating rate from 45 10
25 W m3 (reduction of 46%) a 3 months storage time reduces the heatingrate to 15 W m™3
(reduction of 67%). The risk of a damage at the barrier systems is increased if preliminary
storage of bottom ash is not utilised.

Comparatively, it was shown that a storage time of 3—6 weeks and a reduced surface-to-
volume ratio lead to maximum temperature values (54 °C in the centre and 38 °C at the liner
system) close to those calculated for a storage time of 3 months and a high surface-to-volume
ratio (54 °C in the centre and 38 °C at the liner system).
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Abstract

Municipal solid waste is treated in incinermion plants to reduce the volume. the toxicity and
the reacdvity of the waste. The final product, municipal solid waste incineraton (MSWI) bottom
ash, was considered as a material with 4 low reactivity, which can safely be depogited in a MSWI
botom ash landfill. or which can be used. e.g. in road construction after further ent. However,
fernperature measurements in MSWI bottom ash landfilis showed wemperatupes up to 96°C, caused
hy cxothermic reactions within the tandfill. Such high wmperatures ng dlicet the stahility of the
flexible polymer membrane liner (FM1) und may also lead o g 31% crated desiceation of the
clay barrier. At the beginning of this study it was uncertain whethewthose reported results would
be applicable to modern landfills, because the treatment mqt&iqﬁ%: in MSWI and landfills have
changed, bottom and fly ash are stored separately, and Lhe s qu@ésitjon of the incinerated waste has
changed significantly since the publication of those rceégz

The sim of this study was to gain detailed knowled Qﬁl\empemtun: development under standard
disposal conditions in relation 1o the rate of ash é(\g@al the vanation of Jayer thickness, and the
environmental conditions in a modern landdll.  « ©

Temperatures were measured at nine levels ithin the body of a landfill for a pevied of nearly 3
years, Within 7 months of the start of the digf%%:]. a temperature increase of up to 70°C within the
vertical centre of the disposal was obscn@ In the upper and central part of the landfil! this initial
temperature increase was succeeded by a decrease in temperature, The maximum temperature at
the time of writing (May 2000) is about 55°C in the ceatral pant of the landfil)l. The muXimum
temperature (45.9°'C) at the FML was reached 17 months afier the star of the deposition. Since
then the temperatures decreased at a rate of 0.6°C per month,

Temperature variation within each individual layer corresponds to the temperature of the under-
lying layer and the overalt surface-to-volume ratio of the landfill. The termperatures in the uppermost

' Corresponding author. Tel.: +49-89-70057980; fax: +49-89-70957999.
E-mail address: reinkard.nicssner@ch.tum,de (R, Niessner),

0304-3894/01/% - see front manter © 2001 Elsevier Science B.V. All rights reserved.
PII: S0304-3R94(01)00ERR-1
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layer are significanUly influenced by the ambient lemperatures. © 2001 Elsevier Science B.V. All
rights reserved.

Kevwards: Bottom ash; Temperature development; Municipal solid waste incineration: Eandfill

1. Introduction

[n OECD countries and the US, 15-20% of municipal solid waste is treated by incineration
[1]. Municipal solid waste incineration (MSWI) aims to reduces the volume, the toxicity and
the reactivity of the waste. Although the volume of the waste is reduced by about 33%, the
residues (bouom ash. fly ash) siill amount 10 roughly 17 Mt per year world-wide [2). This
amount is expected to double within the next 10 or 15 years [3]. Bottom ash, which is the
object of this study, represents abour 80% of the residues and contains various substances
that inay pose a threat to groundwater quality [2-4].

Assessing the potential pollution risks of the residues is cssential since bottom ash has
increasingly been used as building material or has been deposited in landfills with poor
landfill liner systems in Europe and in other countries during the last decade [3]. In the
US, boutom ash was commonly landfilled without processing, even though metats and other
materials can be recovered by magnetic separation and screening [6]. In some European
countries (e.g. Germany, The Netherlands and France) bottom ash is partly reused (about
60%) in road construction or as raw material for the ceramic and cement industry [7-9],
whereas in Switzerland almost 100% of the boutom ash is disposed in landﬁ@&[ﬁ].

Until the 1970s, bottom ash was believed to be almost inert, but since thﬁ?scvcral studies
have shown that a number of exothermic reactions oceur in lhis\gna;qﬁl {10-15]. Other
studies have shown that exothermic reactions may cause a tefiperature increase in the
landfill of up to 90°C [16,17] which may conslitute a major gﬁ@ﬁ to the flexibie polymer
membrane liner (FML) and the mineral clay layer. Tcmpen@’ﬁ 3 above 40°C may affect the
stability of the FML (inade of high-density-polyethyleng: E)} due to depolymerisation
and oxidation. Sudden ruptures of the FML may fc@}% 8). Due to a diffusive transport
of water and water vapour along the temperature ient in the mineral clay layer, the clay
barrier may desiccate and fail to retain lcachatQﬁl <21]. Johnson et al. [22] observed a rapid
increase in bottom ash landfill discharge follow@% rainfall. Within 14 days, approximately
50% of precipitation discharged in respansg @ a rain event.

Due to their limited time scale, publi studies on exothermic reactions [23-26) have
to be considered as a ‘snapshot’, hence(giving no information on the long-term development
of the landfill emperatres, Moreover. many of the basic conditions have changed since
then. The incineration technique has been improved and the composition of the municipal
waste has changed. For instance, the heating value of domestic waste increased from 6000 o
8000 kJ/kg over the last two decades caused by recycling activities and an augmented share
of plastic contents in domestic waste [27]. In contrast to former landfills, fly ashes nowadays
are stored in underground repositories, and ferromagnetic scrap metal of a diameter > 16 mm
is usually separated out by a magnetic separator. With these changes the mineralogical
and chemical composition of the deposited residue has changed as well, thus putting the
exirapolation of published results to state-of-the-art landfills under question.
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The present study aims to provide data on the long-term development of the temperatures
within a recent boutom ash landfil under normal disposal conditions.

2. Experimental

2.1. Borom ash description

The bottom ash in this study was produced by MSWI in Ingolstadt in the south of Germany
(MVA ingolstadt/Germany). The incinerator (installation year 1996) operates at tempera-
tures between 850 and 1200°C. The incineration capacity of each furnace is roughly 11 Mg/h
and the material remains in the combustion chamber for about 1 h. Following incineration,
the bottom ash is quenched in a water basin. After this quenching process, the bottom ash
is temporarily stored in piles up to 2 m in height at an open dump site for 1-3 weeks, in
order 1o reduce the reactivity [28]. Prior to deposition in the landill, magnetic materials are
removed. The grain size distribution of the bottom ash (Fig. 1), determined according to
DIN 18123 [29], shows a badly sorted material with grain sizes from silt to gravel,

The determined bulk density has a mean value of 2.13 £ 0.15 Mgim3. The geotechnical
water conlent {weight of water in a sample relative to the oven dry weight of the sample,
expressed as percentage, DIN 18121 [30]), measured after a 3 weeks storage period, ranges
from 8 to 15% by weight.

Although the bottom ash studied is a very inhomogeneous material, it i$in general
comparable with other MSWI borom ashes investigated elsewhere (| 2.3\101511ﬁough there
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Fig. 1. Grain size distribution of the examined MSWI boitom ash as a function of fractional weight.
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Table 1
Botiom ash composition (w1.%)

Meling products and ashes  Metals  Ceramic Stones  Glass  Organic waste

This srudy ]2 8 2 i 6 1
Lichtensteiger (1996) K5 5 2 1 5 2
Reichel (1996) 67 4 4 - 17 -

is a significant variztion in the fraction of glass in the bottom ash. caused by increased
recycling in municipal solid waste (Table 1).

The thermal conductivity of the investigated bortom ash ranges from 0.23 (dry) to
1.27 Wim K {saturated). [t was determined with the thermal conductivity instnunent TKM
(TeKa, Berlin/fGermany). The samples were taken prior 1o deposition. The value for the
deposited bottom ash at a water content between 10 and 20% by weight ranged between
0.5 and 0.6 W/mK.

2.1.1. Disposal site

The boriom ash landfill investigated in this study is located near Ingolstadt. The measured
average ambient temperature in this area is 15°C, with a recorded maximum and minimum
of 33 and —8°C during the observation period (June 1997-June 2000). The measured annual
precipitation in this period was berween 800 and 1000 mun with a maximum between May
and July. The driest period was January-April. The summer rains tend to ogélr in short
events with a high intensity. Y\\(\é

The geology at the landfitl location comprises fluvial and alluvial sediments. The elevation
of the water table is approximately 2 m below the bhase of the landﬁ;ﬁ groundwater flows
south towards the river Danube, which flows in an easterly dgﬁ%@&n approximately 800 m
south of the landfill. S

The landfill was constructed above ground adjacent igahilt'side. The base of the landfill
is a 0.6 m thick mineral clay layer, covered by a 2.5 r@?@ﬁ%‘l_ made of HDPE. Between the
FML and the bottom ash is a gravel drainage lay@é%l(@-oj?. mm grain size). The leachate is
transported to a communal waste water treatmgfgf‘p aitt. Two geotextiles separate the bottom
ash from the drainage layer and the drainage In@!ﬂ' from the FML. A schematic of the test
site is given in Figs. 2 and 3. The levelled sund directly below the clay liner consists of
sand and gravel. Therefore the capillary ris&of water from the ground water into the minera)
clay layer may be hampered, leading 1654 forced desiccation.

Approximately 19,000 m? of bottom ash are deposited in the landfill per year at discrete
and irregular intervals. The iandfill is subdivided into four separated disposal sectors (Fig, 3)
[32]. Secrors I-III were already completely filled at the start of the swudy. Secter TV was
filted with bottom ash during the study period. The MSWI {ly ash is stored elsewhere in a
hazardous waste disposal site. Sector I'V, where the sensors are located, has a filled surface
area of 16,500 m? and a total bottom ash capacity of appraximately 100,000 m>. The sensors
are located in the centre of sector IV, 50 no influence from the other sectors is to be expected.
The surface of sector IV has not yet been covered or cultivated, so there is direct centact
between the deposited bottom ash and the aunosphere.
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Fig. 2. Schematic cross section through the bottom ash landfill in Ingolstadt (Germany) shg@%g locations of the

sensors installed wirhin dis layers (A-I).
lemperature sensors installed wirthin discrete layers (A-1) O&*ﬁ féQ\
Q
4? X
&
SN
2.1.2. Materials ,OQQé\
Temperatures were recorded using Pt-100 temp@%@& sensors (R 4+ § Components,
Mocerfelden, Germany, mcasurement range from ¢ to +300°C with an error of 0.3%)

embedded directly into the bottom ash. The eQ@ sSvere installed at the top of each layer
before the deposition of a new layer (except ofg,@nsors in layer I which was placed in the
middle of the layer, 9m above drain, see Table 2. Fig, 2). thus reflecting the lemperature
development under ordinary disposal magidgement conditions. Each of the nine discrete
layers was equipped with two sensors, Piaced at a horizontal spacing of approximately 1 m.

The bottom ash was deposited in irregular time intervals (depending on bottom ash
amount in the MSWI). The ash remained piled for 1-3 weeks on the landfill before it was
tevelled flat to 150 cm thick layers by dredging. The bouom ash piles were located in the
castern part of sector ['V and in sector [T, Bottom ash was not compacted and no temporary
liner was used to cover the landfill berween deposits. There has been no other activity in
the test field area during the measurement period.

Data were recorded using a DL2e data logger (Delia-T-Devices, Cambridge, UK) at
intervals of maximum 24 h. Additionzlly, in order to detect any temperature fluctuations,
data were recorded at intervals of | h from 6 April to 13 April 2000. The following climatic
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~100m

Fig. 2. Schematic section of the hottom ash landfill in tngolsadt (Germany) shm‘m%lncagsgns of the lemperamre
sensur ficld und the four landeill seclss.
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Table 2 O \\
Bottom ash depositing parameters during the m.sl:.l.lmorb& the test field and the corrcspondmg tcmperanire
gradicnts during the first 50 dayx of dopasiting \O
Layer Localization within Dute of og\tmhicnl tempers-  Temperature of Average rempera-
the landfill depositing (' wure (°C) the undetlying ture gradient
fayer (°C) {°C per day)
A at the FML 13 June 1997 24 8.5 0.14
B tn the drain 27 June 1997 12 17.5 0.16
C 0.5 m above drain 27 Junc 1997 22 122 0.23
D 1.5 m above drain 17 July 1997 6 325 0.4
E 3.0m above drain 17 July 1997 26 364 04
F 4.5 m above drain 27 August 1997 27 518 0.71
G 6.0 m above drain 24 Ocrober 1997 7 68.7 1.02
H 7.5 m above drain | November 1997 15 69.1 0.99
I 9.0 m above drain 3 February 1998 -1 67.5 Climafic changes
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parameters were recorded daily using equipment provided by Delta-T-Devices (Cambridge,
UK): Air temperature, air humidity, solar radiation, and rainfall. Data are available over a
time period of 36 moaths from June 1997 to June 2000.

2.1.3. Heat transport

Heat is transporied in the bottom ash landfill mainly by two ways. First, there is a con-
ductive heat transport from one layer (o each other. The second way is a convection heat
transport from the bottom ash to the atmosphere.

The cenductive heat transport j can be calculated with the thermal conductivity of the
bottom ash A and the lemperature difference between two landfill layers (To — Th)

J=AT—-T) (1)

The convection heat transport from the bottom ash 10 the atmosphere & is defined as the
product of the temperature difference from the bottom ash to the aumosphere (Fg — TL),
the surface A, the time period A7 and the thermal coefficient ec (6.2 W/m? K for the bottom
ash surface)

&b =acA(Ts — TL)AL {2)
3. Results
3.1. Temperature developmeni &
&

The development of the temperatures (daily mean) in the differ ,ll:q@?s of the field site
is given in Fig. 4. The mean temperature difference between the vgSensors in each layer
was between 0.1 and 0.5°C with an average of 0.24°C, N

in every layer the temperature development started w@%\‘imrease immediately after
deposition. During the next 2.8 + 0.3 months, the boye h temperatures increased by
about 75°C, depending on the layer position. The @@E rate at which the temperatures
rose was between 0.16 and 1.02°C per day (Table2)s©

In layers A and B (FML and drain) the ini@d‘i 'ﬁperamrc rise (0.14°C per day in layer
A and 0.16°C per day in laver B during the @Q.;L 4 weeks) was followed by a levelling
off for the next 2 months. Afterwards a secbnd increase of temperatures, now at a rate
of 0.065 & 0.005°C per day was obserx\é\. The maximum temperature (45.9°C in layers
A and B) was reached 17 months af@r the deposition of these layers. Subsequently, the
temperatures in layers A and B decreased at a rate of 0.6°C per month {layer A), respectively
0.54°C per month (layer B). The temperature increase in these two layers is a result of the
temperaiure increase in the bottom ash layers deposited above them and the heat flux from
these layers. The gravel in the drainage (layer B) and the FML (layer A) do net generaie
their own heat.

Layer C (the lowest bottom ash layer) showed an initial temperature increase of up to
44°C (art a rate of 0.25°C per day) during the first 2 months of storage. The emperature
increase showed a first levelling off after a storage time of 18 days. After depositing layer
D, layer C showed a renewed small rise in the gradient of temperature increase. This
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increase was followed by a 6 month temperamre decrease (0.36°C per month). With a
second temperature increase, this layer reached its maximum after 14 months of storage
time {(49°C for layer C). From that time temperatures decreased at an overall rate of 0.3°C per
month.

Layer D showed a similar temperzature development with an initial temperature increase
of 0.35°C per day. It reached its maximum temperature after 14 months of storage time
(56°C) and decreased then with an rate of 0.3°C per month.

In layers E-G, the temperature development after the initial increase (with its maximum
at 87°C in layer G) shows an gscillation with a period of approximately 12 months, The
monthly average temperatures (dotted line in Fig. 4) decline at a rate of 0.3°C per month
in layers E and F and 0.9°C per month in layer G.

Layer H shows a similar temperature development. After a storage time of 80 days, the
temperature increase in layer H levelled off. By depositing layer [, the temperature in layer
H rose again for the next 50 days and reached its maximum with 72.2°C. The trend in this
layer indicates a decline of temperanires at the rate of 0.6°C per month.

Al the top of the landfill, layer [, the initial increase was followed by a rapid decrease
and a following oscillation with a period of 12 months. The minimum temperatures were
reached during winter, the maximum emperatures during summer, The temperarure curve
also shows an oscillation with a shorter period (24 h)reflecting the daily ambient temperature
flucreation (Fig. ).

ao

25 - &
1 —o—tayerl & \\}@é

201  —A—amblent temperature (\Q\}\@\ .
1 O 3

Temperature, °C
=
1

.. %,;ﬁ%é{ﬁ ¥
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000406 000407 000408 000409 000410 000411 000412 000413
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Fig. 5. Influence of mcasurcd daily tempararure fluctuations (recorded for | week at intarvals of 1h) on selecied
botom ash layers.
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Three years after deposition, temperarure development in the upper layers shows an
overzll decrease with a seasonal component. The lower layers in the lower landfill follow
this overall rend, but they do not show the seasonal influence.

4. Analysis

There are several factors which are suspected (o influence temperaiure development. A
simplified description of the temperatre change (AT) within a representative elemental
volume (REV) leads to Eq. (1) as the sum of heat production {E.y,) due to exothermic
reactions minus the heat consumption from endothermic reactions (Egnq) plus external
input (F;,) minus heat loss { Fow).

AT:E:&O-Eend"‘Fin_Fuut (3)

Within this equation, the amount of exothermic and endothermic reactions is unknown. The
heat exchange to and from the REV is a function of the temperature gradient, the thermal
conductivity and the convection heat transfer between the REV and its environmental (e.g.
other boutom ash REV, drain, atmosphere). On the field scale, each layer is considered as a
REV.

The key factors influencing the temperawre development thus can be defined as

1. the temperature gradient to the underlying layer or, if there is no undcr]yinéa!ayer. the

ground of the landfil), S

2. the iemperamre gradient to the ambient temperature or, if another layeg@g’on top of the
REV, the temperature gradient to the upper layer, & (§\

3. the thermal conductivity between the REV and its environmenty,

4. the convection heat transfer from the bottom ash to the atméiphere,

5. the ratio between heat production and the heat flux att Ndaries of the REV, which

is expected to be a function of the surface-to-volumg@@*of the REV,
6. the effect of the precipitation as transport and reg&ﬁo&&ﬁedium.

In the following section, the effects of these f 46\?@\&1[ be assessed semi-quantitatively
based on the measurements of temperature dev éj@%\ent.
RS
4.1. Temperature at the bortom of each !a{\gﬁ’\
Oo

There is a positive correlation (R? = 0.983, N = 6) between the temperature gradient
from the next deposited bottom ash layer to the underlying layer (at the time of depositing
the next layer) and the rate of temperature increase in the newly deposited layer (Fig. 6).
This effect is based on an addition of the internal generation of heat in each bottom ash
layer (layers A and B do not generate their own heat) and the heat conduction from the
underlying layer.

The highest rate of increase (temperature increase per day, see Table 2) was observed in
layer G, where the temperature of the underlying layer (layer F) had reached a temiperature
of almost 69°C when layer G was deposited. The lowest rate was observed in layer C, where
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Fig. 6. Calculated gradient of temperature increase of the different layers v, the temperature of the underlying
layer in time of depositing the next one (shown is the regression line).

the underlying layer, which does not generate heat at all, had a temperature oggpnly 21°C
(see Table 2). Q}
&
4.2. Ambient temperatures \‘\ S
\O

There is a statistically significant correlation (R? = 0\\@§¢ = 522) between the
temperatures in the top layer (layer 1) and the ambient lg?}e@?muc (Fig. 7). This effect is
observed (o be less pronounced with increasing dept e landfill, Layers & to H show
an oscillation in bottom ash temperature after havi e\&%cd their maximum teinperatures.
This oscillation has a period of approximately b@r@&tha and reflects the annual ambient
temperature development with a delay of 28 da §§§3r layer H, 58 days for layer G, 82 days
for layer F and | i2 days for layer E. This grov(in g delay reflects the thermal buffer capacity
of the bottom ash.
&
O

4.3. Surface-re-volume ratio

Heat flux (@) from the bottom ash towards the cooter air is an important factor influencing
the thermal development in the landfill.

With an upwards conductive heat ransport in layer [ of 2-35 W/m? (with an average of
15 Wlmz) and an average convection heat transport of 70-250 W/m? (with an average of
105 W/m?) from the heated botom ash of layer I to the air during the first 200 days of
deposition, the addition of each new layer hampers the heat exchange between the bottom
ash and the atmosphere.
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Fig. 7. Recorded ambient temperature plotted vs, recorded temperature in layer | (shown is the regression line).
There is a correlation (R? = 0987, N = 4) between the surface-to-volume

ratio (s/v} and the maximum temperature in the observed volume, The maximun tem-
perature increases with decreasing s/v (Fig. 8) from 50°C (layer C) to ST‘ﬁ(laycr G)
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Fig. 8. Calculared surface-to-volune rado of the growing landfill vs. the maximun temperatures in the middle of
cach volume at the given landfill height (shown is the regression line).
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4.4. Precipitation

Rainwater seeping through the landfill body influences the iemperature in (wo ways.
First, it is a transport medium and contributes to the heat exchange. Secend, it is a reaction
medium and conrributes to the heat production.

Although we observed that rainfall passes through the landfill within days (there is a
direct discharge responding to rain evenis), precipitation seeping through the landfill bady
was not observed o have a significant effect on temperatures in the botiom ash (Fig. 9).

Sceping water passing the landfill showed a temperature increase regardless of the inten-
sity of the rainfall of approximately 11.5°C. This is equivalent to an heat extraction of only
0.1 W/m? bottom ash from the landfill.

Even after an intensive period of rain (e.g. 85 mm within 6 days, 25 October 1998 until
11 November 1998) there was no observable influence on temperature development in the
landfill body and on the temperature of the leachate. The temperature decrease in layer I
during this rain period is mainly caused by ambient temperature fRuctuations (Fig. 9). A dry
period in spring (26 March 1999 until 30 May 1999, 120 mm within 70 days) also appears
to have caused no change in the temperature development. Precipitating waters seeping
through the landfill body. exhibited only a negligible cooling effect.

5. Conclusions
&

The monitoring of the temperatures in a MSWI bottom ash landfill ovcn\@-ycar-pcriod
showed a maximum temperature of 87°C 3 months after disposal f;?llqggd by a decrease
over the next 33 months. Temperatures at the FML reached a ma)@l of 45.9°C after 17
months. Subsequently, the temperaure decreased at a rate of Ooé?g&r month, We estimate
that the temperature in this layer will stay in the critical regiondbate 40°C {depolymerisation
and oxidation in the FML, desiccation of the mineral ¢ a?g) for the next year. These
temperatures may jeopardise the integrity of the liner L@@h depolymerisation of the HDPE
and desiccation of the clay layer, resulting in teach Qcaping into the groundwater.

From the temperature development, it can Qe*s eff that the main temperature increase
due to the exothermic reactions have a time sca{@%f 2-3 months, after which the reaction
activity decreases. This suggests that the bouQ& ash should be stored in thin layers or small
cones (which have a favourable s/uv rau'o)(gé\ at least 3 months prior 1o the final disposal.

The disposal should be given a signi@?anl amount of time Lo react before the next layer
is deposited, since the temperature of the underlying layer controls the initial temperature
development of the actual layer. From our investigations, it can be concluded that the disposal
of the next layer should not start before the maximum temperatures of the underlying layer
have been reached and the temperatures and the heat production in the underlying layer are
decreasing again significanty. At the present stage of the experiments, we estimate that the
time before depositing a new layer should be approximately 3-5 months.

If that time lag in the filling procedure is not possible, other cooling measures (e.g.
reinjection of landfill leachate) have to be brought forward, since the precipitation shows a
negligible cooling effect. In any case, if a sustainable liner system impervicusness has to be
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guaranteed. rLht: capping l:mcl recultivation of the landfill, which will hamper any heat. gas,
water ¢or vapour exchange between bottem ash and atinosphere should be done only after
the reactions within the landfill have reached a minimum and no further temperature rise
is 10 be expected (at least 1 year afier the final deposition of the botlom ash). A premature
recultivation may lead to an additional temperature increase within the landfill body unless
the exothermic reactions have decreased significantly.
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