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

To
[ ? An Bord Pleanala PA0026 Oral Hearing, 1 Sept 2012

" EPA application ref WO 167-03

s %7 EPA application ref WO 129-03 (MEHL Landfill , Hollywood, 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 gmtters upon which we would
wish to submit comments. @Q’

N ,5*\
In this regard we wish to draw your attention in %gmular to

\Q \
o The Indaver Non-Technical Summao(\? aﬁubmltted to the EPA

&
o EC Integrated Pollution Preventégﬁ@*ﬁd Control reference document on the Best
Available Techniques for Wg@t\g\ﬁcmeranon ( BREF 08-06-W1)

e The proposal by MEHL to agc?ept fresh bottom ash from the Carranstown facility —
WO 129-03 &

Qo\

The Indaver NTS p12, 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 outlines 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

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

e 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. K4

o Adequate ELRA and CRAMP to make provisionoﬁ} the additional and unique risks
associated with fresh bottom ash disposal. O@;\& S

The residents of Hollywood and district are ctg‘éo Q’éconcerned at the apparent disregard of the
BREF document by both Indaver and MEgﬁL:Qih their respective EIS, and the impression
given in both applications that fresh bqgﬁ%r@ash may be considered non-hazardous and
deposited in any MSW licenced la@ggb?which since 2006 is no longer the case.

¢

S\
We therefore request that it be m@ﬁ% a 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

o Extract from BREF 08-06-WI, Section 4.6.6 “Bottom ash treatment using aging”
o 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 estimated that the payback period for a
crusher 1s on the order of two years for 5 % of reject%t?) be crushed, for 40000 t/yr of bottom
ash, and seven years for 20000 t/yr. &

S
Driving force for implementation S

Quality policy: it allows to reach a gl ol q@bcovery rate of more than 95 % for a bottom ash
management facility, it produces lessg&e@% and a product of a higher geotechnical quality, and
is cost effective. é}\

¢9 S
Reference literature
[64, TWGComments, 200%}_}0 ee "Bottom ash management facilities for treatment and
stabilisation of mcmeratlon\é\ottom ash", ADEME, November 2002

&
4.6.6 Bottom ash treatment using ageing

Description

After metals separation, bottom ash may be stored in the open air or in specific covered
buildings for several weeks. The storage is generally performed in stockpiles on a concrete
floor. Drainage and run-off water 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 CQO, 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 material or in some cases before landfilling. [74,
TWGComments, 2004]

Waste Incineration 403
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Chapter 4

In some cases the entire process 1s performed inside a closed building. This assists with dust,
odour, noise (from machinery 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 hydrogen 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 activities.

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
mcrease as this causes inflation of the matenial. The gas production will cause technical
problems if fresh bottom ash is used 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 hydrogen evolution

hydration and other changes in mineral phases causing particle cohesion.

[4, IAWG, 1997] N<
®é
All these effects reduce the leachability of metals and ca ,g\\\s?ablhsatlon of the bottom ash.

This makes the bottom ash more suited for regg;%@ or disposal (landfilling). [74,

TWGComments, 2004] 0&0 &
Cross-media effects 00 é\

Run-off water from ram or sprinkling may c@ﬁﬁ? salts or metals and will need treatment. The
water can be recirculated or used in the mé'@l\egé\or as process water.
OQ
Odour and dust controls may be requlregé\
N
&

Vehicle and machinery noise may b?oan issue 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 54 method. Figure 4.9(a) shows that the pH of the fresh bottom ashes in the DEV S4 test
typically exceeds 12 and drops down by about two units during 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 1s present mainly as molybdate. The leaching stability of Cu and Zn is 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 to this German
study. [64, TWGComments, 2003}

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

Applicability &
This technique can be applied to all new and existin @TStallauans producing bottom ashes. It is
mainly used in practice for MSWL [74, TWGCo ts, 2004]

'é\
For some waste streams the ash content n;ﬁ}, 3t improve sufficiently from treatment to permit
its beneficial use — in such cases the d@%gg or use of the technique may be simply to improve

disposal characteristics. o° @\
& O§
Economics é%\x

The cost of ageing is lo@ gs compared to the rest of the treatment installation. [74,
TWGComments, 2004] \00
O

Saving of disposal cocsjggg:; recycling. [74, TWGComments, 2004]

Driving force for implementation

Legisiation 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 treatment plants in the Netherlands, Germany, France, and Belgium.

Reference literature
[Vehlow, 2002 #38], [4, IAWG, 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 separation, size
reduction and screening, non-ferrous metals separation, and ageing of the treated bottom ash.

The product is a dry aggregate with controlled grain size (e.g. 0 -4 mm, 0 - 10 mm, 4 - 10mm),
which may be used as a secondary construction material.

Waste Incineration 405
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*  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.

Our 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. $9

&
I hope that you will find this information useﬁﬁi and I will be ready to
answer further questions in late September@$ﬁ§
»

8
\O
Best §§§;>
Thomas Baumann Qﬁng
° @
A
NN
QO\ \\\\q
- \69
PD Dr. Thomas Baumann @:\\0
Qo°

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.chemietu-muenchen.de/hydrogeo

1ofl 30/09/2012 21:5
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Abstract &
N

Municipal solid waste is incinerated to reduce its volume, toxi%i@l and reactivity. Several studies
have shown that the resulting bottom ash has a high exothermic ,@%mity. Temperature measurements
in municipal solid waste incineration (MSWI) bottom @rﬁz@dﬁns have found temperatures up to
90 °C. Such high temperatures may atfect the stabil t@% e landfill’s flexible polymer membrane
liner (FML) and may also lead to an accelerated @éé@tion of the clay barrier. The purpose of this
study was to gain detailed knowledge of temperal evelopment under several disposal conditions
in relation to the rate of ash disposal, th Wﬁ%ﬁieﬂ of layer thickness, and the environmental
conditions in a modern landfill. Based i3 knowledge, a simulation was developed to predict
temperature development. Tempera 3 ¢velopment was simulated using several storage periods
prior to the deposition and several modes of emplacement. Both the storage time and the mode of
emplacement have a significant infl§ence on the temperature development at the sensitive base of
the landfill. Without a prelimin: % storage of the fresh quenched bottom ash, high temperatures at
the bottom of a landfill canngtibe avoided.
© 2003 Elsevier Science B.V. All rights reserved.

Keywords: Bottom 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 landfill may affect the stability of the landfill liner
system (flexible membrane liner, polymer membrane liner (FML) and mineral clay layer).

* Corresponding author. Tel.: +49-89-218078254; fax: 449-89-218078255.
E-mail address: alf klein@ch.tum.de (R. Klein).

0304-3894/03/$ - see front marter © 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-
ethylene, 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
to 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 landfill { 1 ]. The most important reactions
that cause a temperature increase in the stored bottom ash are the corrosion of iron and
aluminium, the hydration of lime (Ca0) and the carbonation of portlandite (Ca(OH),)
[5-7]. Table | shows the identified reactions. Speiser [8] has pointed out that the corrosion
of iron is followed by carbonation of portlandite which are the most relevant heat sources
in bottom ash material.

Assessing the thermal capacity of the residues is essential since bottom ash has been
deposited in landfills with poor landfill liner systems in Europe and in other countries during
the last decade [ 7]. Inthe US, bottom ash was commonly landfilled without processing, even
though metals and other materials can be recovered by magnetic separation and screening
[9]. In some European countries (e.g. Germany, The Netherlands and France) approximately
60% of the bottom ash is reused in road construction or %graw material for the ceramic
and cement industry [10-12], whereas in Switzerland %bnost 100% of the bottom ash is
disposed in landfills [9]. ‘ *o“

Although the exothermic reactions in botto%l\\ééé\are well known, their speed and the
amount of heat released are still unknown. é@é@‘%‘ al. [1] have shown that the main tem-
perature increase due to the exothermic tions has a time scale of 2—3 months. Speiser
{8] calculated an average specific heatproduction of 5.3 W m™3 of the bottom ash mate-
rial during the first 2 years of depqé‘?t{éh. The released energy in this period amounts to
313-331MIm™3. The bottom as?f&ﬁ'?estigated in this study is comparable to a common
bottom ash analysed in the EYJ &%

The objective of this work \(ﬁ? 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. Thisobjective was accomplished in two steps: (1) the observation of the
temperature developmg’m in abottom ash landfill under several modes of emplacement, and
(2) the development of a heat generation and transport model and validation of this with the
data obtained from field experiments. This numerical simulation provides the possibility of

Table 1

Exothermic reactions in bortom ash materials {5-7]

Reaction Enthalpy of reactions,
AH (kKImol™!)

2Al+ 6H,0 = 2AKOH); + Hyt —422

FeS + (9/4)0, + (5/2)H,0 = Fe(OH)s + H2S0, -921

CaO + H,0 = Ca(OH), —65

Ca(OH), + HyCO; = CaCOs 4 2H20 -111

Ca(OH), + CO; = CaCOj; + H,0 —120

Ca(OH), + Si10; = CaH»SiO4 ~140

CaH;8i0; + CO;p = CaCOj3 + SiO; + HaO -25
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predicting the temperature development in a bottom ash landfill under different modes of
emplacement.

2. Experimental

2.1. Field observations

Three vertical sensorfields (SF1, SF2, SF3) were embedded in two bottom ash landfills
in the south of Germany. Temperatures were recorded using Pt-100 temperature 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 beight of 10 m. The bottom
ash for SF1 and SF2 was stored for 3—6 weeks before being deposited at the landfill. In
SF3, bottom ash was emplaced in layers with a thickness of | m every 2 months up to a
final height of 5m. The bottom ash in this sensorfield was stored for a maximuimn duration
of 3 days prior to deposition. Kd
)

&

\\\ ,zg*\

. Numerical simulation

The landfill is represented in a computer mor@??ag;h one-dimensional column, consisting
of a geological barrier (GB) underneath the ﬁl a liner system (LS), the main bottom
ash (BA) body, and (optionally) a surface sé‘a 2 (SS) (Fig. 1). The individual layers of this
linear model used in this work are repr&s%%& by discrete volume elements with a thickness

- 58 \0)
Table 2 <<0 \\\
Bottom ash deposition parameters dun’r\lgg‘{he installation of the test field

Location within Date of depos‘{ég\g, corresponding ambient temperature and bottom ash amount
Q

the landfill <5

SF1 SF2 SF3
At the FML 13 June 1997 (24°C) 18 May 1999 (21 °C) 6 December 2000 (4 °C)
In the drain 27 Tune 1997 (22°C) 18 May 1999 (21°C) 6 December 2000 (4 °C)

0.5m above drain 27 June 1997 (22°C, 600 m*) 18 May 1999 (21°C, 300m?) 6 December 2000
(4°C, 1280 m?)
1.5m above 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, 580 m®) 11 April 2001
(7°C, 1620 m3)

4.5Sm above drain 27 August 1997 18 May 1999 (21°C, 750m3) 3 August 2001
(27°C, 650 m3) {26°C, 1800 m3}
6.0m 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, 720 m%)
9.0 m above drain 3 February 1998 6 June 1999 (23 °C, 610 ms)
(=1°C, 760 m>)
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Fig. 1. Schematic structure of the linear colun@\ i\sting of a geological barrier undemeath the landfill (GB), a
liner system (L S), the main bottom ash (B as well as (optionally) a surface sealing (SS). The equatons
on the right side show how the heat baldnt the individual layers used in the simulation model. The index 0
indicates the underlying soil, the msz@nQ qg\r esponds to the air (i.e. the topmost layer).

S
S
S\
O
of d = 5 cm. Heat condgétion was computed according to Fourier’s law:
b}
gefy = —)‘eﬁ"; 1)

(gerr: effective heat stream, A g: effective heat conductivity, 81%/3z: temperature gradient)
with a discrete time step of Ar = 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 infinite heat capacity; experimentally, the natural groundwater
temperature was found to vary only in a temperature range between 6 and 10 °C). By choos-
ing a sufficiently thick GB layer. influences of the boundary on the model area were kept to
a minimum. Heat transfer between bottom ash and either surface sealing 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 to
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
[nitial and boundary conditions for the model of the generation and transport of heat in a bottom ash monofill
Initial and boundary conditions
Initial heating rate, Py, Variable
Rate constant of the first exponential, £ (h™") 0.0006
Rate constant of the second exponential, tg (h™!) 0.00005
Heat transition to the air A Variable
Heat transition to the soil B Variable
Fraction of the slow heat generation process, a 0.07
Model height
Geological barrier Variable
Liner system Variable
Bottom ash Variable
Surface sealing Variable
Heat conductivity (Wm™' K1)
Bottom ash, ga 0.7
Liner material (clay), Afiner 1.3
Geological barrier, g, 0.6
Specific heat capacity (kJkg™! K™!) &
Bottom ash, cpa O 0.8
) )
Liner system, Cliner N 1.85
Geological barrier, ¢ . 0.88
& geo &\\ @
Temperature O s\Q\
Bottom ash 059?@ Variable
Gealogical barrier Q&Q O Variable
YA
P
For the calculations done in the mg&kl?a biexponential decaying heating rate was used.
The use of this biexponential dec plteating rate is a somewhat crude approximation for

a much more complicated supe Siton of many endothermic and exothermic reactions
with both concentration and trap$port limitations going on in the bottom ash. For each layer
of the bottom ash body, the h¢dt production due to exothermic reactions in the bottom ash
is computed with an ove eating rate P(z) given as

P(1) = Py((1 — a)e™"/'n 4 qe™1®) , ()

with P(g) representing the initial heating rate of bottom ash, 74 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
experimental 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 our results 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.

EPA Export 12-10-2012:23:25:06



152 R. Klein et al./ Journal of Hazardous Materials B]100 (2003) 147-162

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 simmlations, the time profile of the air temperature (daily averages)
was used as recorded at the landfill site from June 1997 to June 2001. Circadian temperature
fluctuations must not necessarily be taken into account for the experimental data since such
short-time temperature changes reach only less than 1 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 gxothermic chemical reactions
in the bottom ash matenial, heat transition processes tyg@he bottom and the air, the heat
conductivity and the specific heat capacity of the bottom ash and the liner system. To assess
the effects of these parameters, one parameter ao‘%ﬁgﬂi;vas varied while keeping the others
at their basic values. Table 4 summarises thg’sefected sensitivity analysis simulations with
the corresponding rationale behind the val hosen for the parameters at each simulation.
The simulations performed for this p}@&gé (Fig. 2) lead to the following conclusions:

o The heating rate is the most ix@g&t factor influencing the temperature increase in the
bottom ash landfill, both at ke ¢éntre as well as at the landfill liner system.

e Heat conductivity of the bottom ash comes next in order of importance.

o At the liner system, heat @‘\nductivity of the liner system has a minor influence on tem-
perature development <

e The remaining parafneters 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 number in parentheses)
Heat conductivity of the bottom ash, Agy (Wm™! K1) 0.7 (0.05,0.1,0.2,0.5)
Heat conductivity of the liner material, i per (W m- K~ D) 13 (0.05,0.1,0.2,0.5)
Specific heat capacity of the bottom ash, cga (kTkg™! K1) 0.8 (0.05,0.1,0.2,0.5)
Specific heat capacity of the liner system, ciner (KTkg™' K1) 1.85 (0.05,0.1,0.2,0.5)
Initial heating rate of the bottom ash, P gy (W m3) 25 0.05,0.1,0.2,0.5)
Heat transition to the air A (Wm™2 K~} 1 (0.05,0.1,0.2,0.5)
Heat transition to the soil B (W m™? K“) 20 {0.05,0.1,0.2,0.5)
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3.2. Temperature developm
Qgﬁ%

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 all 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 heating 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™3 for the bottom ash material could be determined using the simulation. With
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Fig. 3. Measured temperature development in the three sensorfields (SF1-8F3).
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Table 5
Deposition procedure for the calculated temperature development in the several model runs of heat generation in
a bottom ash landfill

Simulation  Emplacement mode Bottom ash Heating rate upon
no. storage time  emplacement
(Wm™3)
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 directly afier the deposition of bottom ash
C Deposition according to SF1, surface sealing after 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 canbg seen from the figure, the
model closely describes temperature development in the lov«é/grb liner system) and central
(4.5 m above liner system) landfill areas. In the upper landfiffareas, there is slight deviation
from the measured temperatures in the first winter miiygiim. This affect is possibly due to
a variation in the bottom ash quality which is n%go sgounted for in the simulation, There
is an overall good correlation between the ¢ ed and measured data (R?> = 0.834,
N = 8443), &

With the initial heating rate of 25 W m%¥ agd the biexponential decay, we have calculated
areleased energy of 250 MI m™3 for,gﬁ fist 2 years of storage in the landfill. This amount

. NS )
corresponds with the data observgézb‘b\yx\gpclser (8].
RN

S
3.4. Validation and predictioga@-?)

&

After this calibration, tlgéomodel 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. §
shows the deviations of the calculated temperatures from the real data measured on the
landfill site during the first 850 days. With these data, a good correlation between the
calculated and measured data (R? = 0.867, N = 7521) was found.

3.5. Validation 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. In 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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modelhsight
merters above(+)/below(-) drain

0.0 0.5 1.0 1.5 20 25 3.0 3.5 4.0 45
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&

Fig. 6. Predicted temperature development in the second mode! valid o (SF3). Initial heating rate for the fresh
quenched bottom ash was set to 45 W m™2, final bottom ash lﬁigh@@lo m (deposited in discrete intervals of one
meter every 2 months). O{\ &

S
&
NN
imtial heating rate described above the e,\i‘%éd temperature development during the first 6
months could be simulated by the n@gl&‘ ¢ computer simulation results in a temperature,
maximum of 96 °C in the centre Tandfill (approximately 9 months after the deposition
of this bottom ash layer) and@ \Qoﬁt its bottom. Fig. 6 shows the calculated temperature
development in the landfill ov;g@% simulation time of 4.5 years. The high initial heating rate
causes higher maximum t %eratures in the bottom ash material that result also in higher
temperatures in the lan liner system, and thus may lead to thermal damage of the liner.
Temperatures above 46°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 (MSWI) bottom ash.

3.6. Simulation no. A: stepwise emplacement of previously stored ash

With the results achieved from the prior simulation, a step-wise emplacement strategy was
simulated withbottom 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™>. 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 | ‘neasured temperatures in selected horizons of

the landfill base (liner system) and the central area (3m g{évésﬁner system) for the validation of the model (SF3).
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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 to 25 Wm™3, final bottom ash height to 10 m (deposited in discrete intervals of 1 m every 2 months).
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modelheight,
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Fig. 9. Predicted temperature development in simulation no. B. Initial hegfing rate for the 3—6 weeks stored bottom
ash was set to 25 W m~>, final bottom ash height to 10 m {deposited i3 weeks 10 its final height). Surface sealing

- was installed direcdy after the deposition of the bottom ash. \\\ S

O \O\
N \}éﬁf@
3.7. Simulation no. B: surface sealmg &
N $Q® ’

In the next snnulaﬂon, the meLf&QQ.@ of a surface sealing on landfill temperature devel-
opment was modelled. The si landfill has a bottom ash height of 10 m with a liner
system (0.8 m) at its bottom a[@% geological barrier with a thickness of 3 m. In the model
run, a surface sealing (2.5 Swas emplaced directly after the deposition of the 3—-6 weeks
stored bottom ash (mma&\ eating rate: 25 W m~3). With this sealing, the heat convection
from the surface to thé 8ir is hampered. The result from this simulation shows that after a
storage time 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 landfill 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 installed after the final deposition of bottom ash. The
initial heating rate was set to 15 W m™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 bottom
ash was set to 15 W m™3, final bottom ash height to 10m (deposited in uneq\tg@‘ intervals during a period of 8

months). Surface sealing was installed directly after the deposition of the bo‘g\o ash.
Ov‘@

SO
deposition (Fig. 10). At the liner system, a magi"%?@ temperature of 35 °C was calculated
1 year after the beginning of the bottom asg&gﬁg\mon.

SO
4. Conclusions & \\‘\QJ
X

In this paper, the temperat 6\developmem under different modes of bottom ash em-
placement was studied. Accgﬁg to the simulation of temperature development in MSWI
bottom ash landfills, temlgéramres from 54 to 97 °C were calculated i 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 weeks reduces the initial heating rate from 45 to
25 W m (reduction of 46%) a 3 months storage time reduces the heating rate to 15 Wm ™3
(reduction of 67%). The risk of a damage at the barrier systems is increased if preliminary
storage of bottom ash 1s not utilised.

Comparatively, it was shown that a storage time of 3—6 weeks and a reduced surface-to-
volume ratio lead to maximum terperature 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 incineration plants to reduce the volume, the toxicity and
the reacdvity of the waste. The final product, municipal solid waste incineration (MSWI) bottom
ash, was considered as a material with a low reactivity, which can safely be deposf®d in a MSWI
botom ash landfill, or which can be used, e.g. in road conswructon after further@tmcnl. However,
temperature measurements in MSWI botom ash landfills showed temperatu oy up to 90°C, caused
hy cxothermic reactions within the landill. Such high temperatures é’ﬁ\hcct the stability of the
{lexible polymer membrane liner (FML) and may also lead o adPagbtlerated desiceation of the
clay barrier. At the beginning of this study it was uncertain w those reported results would
be applicable to modem landfills, because the treatment te€hmigties in MSWI and landfills have
changed, bottom and fly ash are stored separately, and lh@&{@msition of the incinerated waste has
changed significandy since the publication of those 1

The aim of this study was to gain detailed knowlgs@ temperature development under standard
disposal conditions in relation to the rate of &sl{(ﬁ:é@@al. the variation of layer thickness, and the
environmental conditions in a modera landfill. | ¢

Temperatures were measured at pine leve]s\ﬁ%(hin the body of a landfill for a period of nearly 3
years. Within 7 months of the start of the digposal, a temperature increase of up to 70°C within the
vertical centre of the disposal was obse . In the upper and cenwal part of the landfill this inital
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 part of the landfll. The maXimum
temperature (45.9°C) at the FML was reached 17 months after the start 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 overall surface-to-volume ratio of the landfill. The temperatures in the uppermost

‘Corresponding author. Tel.: +49-89-70957980; fax: +49-89-70957999.
E-mail address: reinhard.niessner @ch.tum.de (R. Niessner).
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layer are significantly influenced by the ambient temperatures. © 2001 Elsevier Science B.V. All
rights reserved.

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

1. Introduction

In 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 90%, the
residues (bottom ash, fly ash) still amount to 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 about 80% of the residues and contains various substances
that may pose a threat to groundwater quality (2-4].

Assessing the potential pollution risks of the residues is essential 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 [5]. In the
US, bottom ash was commonly landfilled without processing, even though metals 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 bottom ash is disposed in landfijg-{6].

Until the 1970s, bottom ash was believed to be almost inert, but since thes several studies
have shown that a number of exothermic reactions occur in this mat Al [10-15]. Other
studies have shown that exothermic reactions may cause a t é&%.u‘e increase in the
landfill of up to 90°C [16,17] which may constitute a major to the flexible polymer
membrane liner (FML) and the mineral clay layer. Tempe @(ﬁr s“above 40°C may affect the
stability of the FML (made of high-density-polyethylene\] OPE)) due to depolymerisation
and oxidation. Sudden ruptures of the FML may fo¥ 8]. Due to a diffusive transport
of water and water vapour along the temperature giadient in the mineral clay layer, the clay
barrier may desiccate and fail to retain leaCha{?ﬂ Qé\ 1]. Johnson et al. [22] observed arapid
increase in bottom ash landfill discharge follo 0@ rainfall. Within 1-4 days, approximately
50% of precipitation discharged in response$o a rain event.

Due to their limited time scale, publisg&\ studies on exothermic reactions {23-26] have
to be considered as a ‘snapshot’, henceéi\ving no information on the long-term development
of the landfill temperatures. 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 to
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
extrapolation 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 bottom ash landfill under normal disposal conditions.

2. Experimental

2.1. Bottom ash description

The bottom ash in this study was produced by MSWTI 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 to reduce the reactivity (28]. Prior to deposition in the landfill, 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 Mg/m3. The geotechnical
water content (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 is in general
comparable with other MSWI bottom ashes investigated elsewhere [12,31@]\@&0\1@1 there
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Fig. 1. Grain size disuibution of the examined MSWI bottom ash as a function of fractional weight.
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Table 1
Bottom ash composition (wt.%)

Melting products and ashes  Metals  Ceramic  Stones  Glass  Organic waste

This study 82 8 2 1 6 1
Lichtensteiger (1996) 85 5 2 1 N 2
Reichelt (1996) 67 4 4 - 17 -

is a significant variation 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 bottom ash ranges from 0.23 (dry) to
1.27W/mK (saturated). [t was determined with the thermal conductivity instrument TK04
(TeKa, Berlin/Germany). The samples were taken prior to 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 bottom 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 between 800 and 1000 mim with a maximum between May
and July. The driest period was January—-April. The summer rains tend to Qgeur in short
events with a high intensity. &

The geology at the landfill location comprises fluvial and alluvial sedilgé(l\w The elevation
of the water table is approximately 2 m below the base of the landg@l‘.\fﬁ& groundwater flows
south towards the river Danube, which flows in an easterly d@c{(‘g&\ approximately 800 m
south of the landfill. < S

The landfill was constucted above ground adjacent & @\}l@sidc. The base of the landfill
is a 0.6 in thick mineral clay layer, covered by a 2.5 m VL. made of HDPE. Between the
FML and the bottom ash is a gravel drainage layes 632 mm grain size). The leachate is
transported to a communal waste water trear.megh\}&gﬁ. Two geotextiles separate the bottom
ash from the drainage layer and the drainage%a@@\‘ from the FML. A schematic of the test
site is given in Figs. 2 and 3. The levelled g@&nd directly below the clay liner consists of
sand and gravel. Therefore the capillary rig¢ of water from the ground water into the mineral
clay layer may be hampered, leading forced desiccation.

Approximately 19,000 m? of bottom ash are deposited in the landfill per year at discrete
and irtegular intervals. The landfill is subdivided into four separated disposal sectors (Fig. 3)
[32]. Sectors I-1I1 were already completely filled at the start of the study. Sector IV was
filled with bottom ash during the stady period. The MSWI fly ash is stored elsewhere in a
hazardous waste disposal site. Sector IV, where the sensors are located, has a filled surface
area of 16,500 m? and a total bottom ash capacity of approximately 100,000 m>. The sensors
are located in the centre of sector IV, so 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 contact
between the deposited bottom ash and the atmosphere.

EPA Export 12-10-2012:23:25:07



R Klein ei al./Jowrnal of Hazardous Materials B83 (2001) 265-280 269

tha drain layor Mineral Layer

Fig. 2. Schematic cross section through the bottom ash landfill in Ingolstadt (Germany) sho‘@ng locations of the
temperature sensors installed within discrete layers (A-T). 6\

S
é?@é\o\

RS
2.1.2. Materials \?}Q N

Temperatures were recorded using Pt-100 tempe&@:;k\sensors (R + S Components,
Moerfelden, Germany, measurement range from 0 +300°C with an error of 0.3%)
embedded directly into the bottom ash. The seQ&)ré)(\were installed at the top of each layer
before the deposition of a new layer (except® Qénsors in layer [ which was placed in the
middle of the layer, 9 m above drain, see T@)fé 2. Fig. 2), thus reflecting the temperature
development under ordinary disposal magagement conditions. Each of the nine discrete
layers was equipped with two sensors @%?d 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
levelled flat to 150 cm thick layers by dredging. The bottom ash piles were located in the
eastern part of sector IV and in sector IT. Bottom ash was not compacted and no temporary
liner was used to cover the landfill between deposits. There has been no other activity in
the test field area during the measurement period.

Data were recorded using a DL2e data logger (Delta-T-Devices, Cambridge, UK) at
intervals of maximum 24 h. Additionally. in order to detect any temperature fluctuations,
data were recorded at intervals of 1 h from 6 April to 13 April 2000. The following climatic
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~100m \)&.
&
Fig. 3. Schematic section of the hottom ash landfill in ngolstadt (Germany) showing locaDons of the temperaturc
sensor field and the four landfill sectors. » &\\ ,§\
F3S
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© @
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Table 2 \0)
Bouom ash depositing parameters during the ma(alln&nb@ the test ficld and the corresponding Icmpcramrc
gradicnts during the firsc 50 days of depositing 6\
Layer Localization within Date of mbient tempera-  Temperature of Average tempera-
the landfill depositing QOQ ture (°C) the underlying ture gradient
layer (°C) (°C per day)

A at the FML 13 June 1997 24 8.5 0.14
B in the drain 27 June 1997 22 17.5 0.16
(e} 0.5 m above drain 27 June 1997 2 212 0.23
D 1.5 m above drain 17 July 1997 26 325 0.4
E 3.0 m above drain 17 July 1997 26 36.4 0.4
F 4.5 m above drain 27 August 1997 27 518 0.71
G 6.0 m above drain 24 October 1997 7 68.7 1.02
H 7.5 m above drain 1 November 1997 15 69.1 0.99
I 9.0 m above drain 3 February 1998 -1 67.5

Climatic 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 months from June 1997 to June 2000.

2.1.3. Heat transport

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

The conductive heat transport j can be calculated with the thermal conductivity of the
bottom ash A and the temperature difference between two landfill layers (75 — Ty)

Jj=xMI2—-T) 6y

The convection heat transport from the bottom ash to the atmosphere @ is defined as the
product of the temperature difference from the bottom ash to the atmosphere (I's — T1),
the surface A, the time period Az and the thermal coefficient a¢ (6.2 W/m? K for the bottom
ash surface)

$h =acA(Ts — TL)Ar 2
3. Results
3.1. Temperature development &
(VS

%

The development of the temperatures {daily mean) in the different 1:@\8@5 of the field site
is given in Fig. 4. The mean temperature difference between Lh@‘l‘wé\ nsors in each layer
was between 0.1 and 0.5°C with an average of 0.24°C. Ggﬁo QO

In every layer the temperature development started Wl\@ \a}g‘??ncrease immediately after
deposition. During the next 2.8 + 0.3 months, the b h temperatures increased by
about 75°C, depending on the layer position. The $ r@e rate at which the temperatures
rose was between 0.16 and 1.02°C per day (Ta‘bl&v.,lfb\$

In layers A and B (FML and drain) the iniggﬁ {éf\peramre rise (0.14°C per day in layer
A and 0.16°C per day in layer B during e@st 4 weeks) was followed by a levelling
off for the next 2 months. Afterwards a sgc%nd increase of temperatures, now at a rate
of 0.065 £ 0.005°C per day was observéd. The maximum temperature (45.9°C in layers
A and B) was reached 17 months aftér the deposition of these layers. Subsequently, the
temperatures in layers A and B decreased at arate 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
temperature 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 not gencrate
their own heat.

Layer C (the lowest bottom ash layer) showed an initial temperature increase of up to
44°C (at a rate of 0.25°C per day) during the first 2 months of storage. The temperature
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

EPA Export 12-10-2012:23:25:07



R. Klein et al./ Journal of Hazardous Materials B83 (2001) 265-280

o
o™~

“Ixa1 34 Uf UaAc ate sasmesadwa) 3y JO uoneLeA 2y} Furure|dxa ‘S10198) 1AIATJIP AU, 'S1aKe] [UPUR] STOLRA 3 Uf saImesadusa) papJoday ‘b Big

aleg

009010 B8] AW I WEW BSUD AW szs 8.w-w¢ 8!8 &f‘.—n ssA—G a—.—.s oww s*—e s—.—s 318 a—.—do ‘ms B,—.—.s Py )
} a\)\f . Lo fmip evqu ewczlﬂQ«@ o mpeog uglo B 8 Lo
Y “ . J ‘ o Qv\O ] ® . «
: s u#. 1 I-oc F \\'/ \\N@ o : Fos
o Fos P N Lor Lor

. , \. )
k o 3 &\ EPNL o
[oe .\ﬂ oo

.

Lo 7 @eo&o Lot
L > | L
tmpercs we) M 8 « MW L "
DR o wx =

09I0 M0 MWI0 ML Wi MU0 50t
. L N . N n

0USIIa ML OTAIe MLLO MO S0 (SWIA

{(umperom wgy)jwis) u Fo

(uep oo we)lekt g

T————— Y, ..\..

8 8 £ 8 8 ¢ A R

CQ 7,
7 &gx.sn:oa! .
k@)
v c\O

.
—_—_ o@oow wJ
 —

D, ‘ampmeadwey

I EEEEEEEE

"

R0 WL M0 ILIC S0 0L el

00010 SLIN0 SEI0 1IN0 SR0ID [SHI0 LS00
L L : L Py 1

009010 e4IT0 MCI0 WII0 W0 L4110 N8
: N L . : :

e

(URIp SOR W S0} S AT w

Jlflk\\nlo.\

€S R8 39 3 8

(/e cORIVI]) G 1471 toy

(Wd)ymbn g .
\s\

g 8 2 88 ¢ % £ ¢

EPA Export 12-10-2012:23:25:07




R. Klein et al. / Jowmnal of Hazardous Materials B83 (2001) 265-280 273

increase was followed by a 6 month temperature 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 temperature 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 oscillation with a pericd 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 I, 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 temperatures at the rate of 0.6°C per month.

At the top of the landfill, layer I, 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 temperatures during summer. The temperature curve
also shows an oscillation with a shorter period (24 h) reflecting the daily ambient temperature
fluctuation (Fig. 5).

—O—layer H \é
1 —o—layerl o??@@ 1
20 4 —A— ambient temperature Q \éb\? -

Temperature, °C

-5 .
v v T T T v T v —

1 ¥
000406 000407 000408 000409 000410 000411 000412 000413
Date

Fig. 5. Influence of measured daily temperature fluctuadions (recorded for 1 week ac intervals of 1 h) on sclected
bottom ash layers.
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Three years after deposition, temperarure development in the upper layers shows an
overall decrease with a seasonal component. The lower layers in the lower landfill follow
this overall wend, but they do not show the seasonal influence.

4. Analysis

There are several factors which are suspected to influence temperature development. A
simplified description of the temperature change (AT) within a representative elemental
volume (REV) leads to Eq. (1) as the sum of heat production (Eex,) due to exothermic
reactions minus the heat consumption from endothermic reactions (Fendq) plus external
input (Fi,) minus heat loss (Fyy;)-

AT = Eexo ~ Eend + Fin — Fou 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 bottom ash REV, drain, aunosphere). On the field scale, each layer is considered as a
REV.

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

1. the temperature gradient to the underlying layer or, if there is no underlying layer, the
ground of the landfill, 05?/

2. the temperature gradient to the ambient temperature or, if another laye{\ﬁ on top of the
REV, the temperature gradient to the upper layer,

3. the thermal conductivity between the REV and its envuonmegt\*&’é\

4. the convection heat transfer from the bottom ash to the atm@ Kere

5. the ratio between heat production and the heac flux at (h %dancs of the REV, which
is expected to be a function of the surface-to-volum 9(1 of the REV,

6. the effect of the precipitation as transport and rea&ﬁo\g:?ﬁedmm

In the following section, the effects of these fa@fr\)ré%vlll be assessed semi-quantitatively
based on the measurements of temperature de%gl@\ment

4.1. Temperature ar the bottom of each Iq,ﬁ*r

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 temperature
of almost 69°C when layer G was deposited. The lowest rate was observed in layer C, where

EPA Export 12-10-2012:23:25:07



R. Klein ef al. / Jourmnal of Hazardous Materials B83 (2001) 265-280 275

Ll v 1 M T ¥ M T M T

1.2 R2=0983,N=6 b

1.0

0.8
L]

Layers E and F

0.6

0.4

Temperature gradient (°C/day)

0.2 4

. | M ) M T v T T v )

0 10 20 30 40 50 60

Temperature difference to
the underlying layer (°C)

Fig. 6. Calculated gradient of temperature increase of the different layers vs. the temperature of the underlying
layer in time ot depositing the next one (shown is the regression line).

the underlying layer, which does not generate heat at all, had a temperature %gonly 21°C
(see Table 2). @o

&
4.2. Ambient temperatures O&ﬁﬁ@

\

There is a statistically significant correlation (R? = (\)Qoéz,@éN = 522) between the
temperatures in the top layer (layer I) and the ambient @Bgﬁ\amre (Fig. 7). This effect is
observed to be less pronounced with increasing dep hSer‘he landfill. Layers E to H show
an oscillation in bottom ash temperature after havipg ed their maximum temperatures.
This oscillation has a period of approximatel b«l‘?@n[hs and reflects the annual ambient
temperature development with a delay of 28 gﬁ@\%or layer H, 58 days for layer G, 82 days
for layer F and 112 days for layer E. This grogfﬂg delay reflects the thermal buffer capacity
of the bottom ash. &5\

&

4.3. Surface-to-volume ratio

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

With an upwards conductive heat transport in layer I of 2-35 W/m? (with an average of
15 W/m?) and an average convection heat transport of 70-250 W/m? (with an average of
105 W/m?) from the heated bottom 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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a5 . . .

R2=0.788, N = 522

Layer | temperaturs, °C

Ambient temperature, °C

Fig. 7. Recorded ambient temperature plotted vs. recorded temperature in layer I (shown is the regression tine).

There is a correlation (RZ = 0987, N = 4) between the surface-to-volume
ratio (s/v) and the maximum temperature in the observed volume. The maximum tem-

perature increases with decreasing s/v (Fig. 8) from 50°C (layer C) to 87U (layer G)
(see Table 2). W

— v T T T —

85 “om®
| tandfi neignt

Temperature, °C

60

s
R?=0987, N=4 3 m Iandfill height

T v T M v T v T

T ]
05 0.6 0.7 0.8 09 1.0 1.1
Surface/volume

Fig. 8. Calculated surface-to-volume rado of the growing landfill vs. the maximaum emperawures 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 temperature in two ways.
First, it is a transport medium and contributes to the heat exchange. Second, it is a reaction
medium and contributes to the heat production.

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

Seeping water passing the landfill showed a temperature increase regardless of the inten-
sity of the rainfali of approximately 11.5°C. This is equivalent to an heat extraction of only
0.1 W/m3 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 cbservable 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 fluctuations (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 over@\ijcar—period
showed a maximum temperature of 87°C 3 months after disposal follg@ed by a decrease
over the next 33 months. Temperatures at the FML reached a m it of 45.9°C after 17
months. Subsequently, the temperature decreased at a rate of er month. We estimate
that the temperature in this layer will stay in the critical regi Ve 40°C (depolymenisation
and oxidation in the FML, desiccation of the mineral g{@y@er) for the next year. These
temperatures may jeopardise the integrity of the liner g‘s% depolymerisation of the HDPE
and desiccation of the clay layer, resulting in 163%@[;2@ caping into the groundwater.

From the temperature development, it ca ge\s\@ that the main temperature increase
due to the exothermic reactions have a time lgé@é\\of 2-3 months, after which the reaction
activity decreases. This suggests that the botré«% ash should be stored in thin layers or small
cones (which have a favourable s/uv ratio)g%\r at least 3 months prior to the final disposal.

The disposal should be given a sig@tﬁam amount of tme (o 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 significandy. 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 imperviousness has to be
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guaranteed, the capping and recultivation of the landfill, which will hamper any heat. gas,
water or vapour exchange between bottom ash and atmosphere should be done only after
the reactions within the landfill have reached 2 minimum and no further temperature rise
is to be expected (at least 1 year after the final deposition of the bottom 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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