
ENVIRONMENTAL PROTECTION I 
Hands Lane AGENCY I 0 3  OCT 2012 I Rush 
CO Dublin 
30 Sept 2012 

Indaver Aoolication for licence review of Carranstown Incinerator, Duleek. CO Meath 

To 

An Bord Pleanala PA0026 Oral Hearing, 1 Sept 201 

EPA application ref WO 167-03 G 
/EPA application ref WO 129-03 @4EHL Landfill 

Dear Sirs, 

7z 
The above application by Indaver has just recently come to the notice of the residents of 
Holly\ilood and district and contains a number of important matters upon which we would 
wish to submit comments. 

In this’regard we wish to draw your attention in particular to 

The Indaver Non-Technical Summary as submitted to the EPA 
EC Integrated Pollution Prevention and Control reference document on the Best 
Available Techniques for Waste Incineration ( BREF 08-06-WI ) 
The proposal by h4EHL to accept fresh bottom ash from the Carranstown facility - 

‘ W O  129-03 

The Indaver NTS p 12, A. I .  1 I ,  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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1 .  . 
There are other “ecotoxic” properties associated with fiesh 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 

Remote enough from humans to eliminate the risk of wind-blown caustic ash from the 
exposed surface, 
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. 
Adequate ELRA and CRAMP to make provision for the additional and unique risks 
associated with fresh bottom ash disposal. 

: 

The residents of Hollywood and district are deeply concerned at the apparent disregard of the 
BREF document by both Indaver and MEHL in their respective EIS, and the impression 
given in both applications that fresh bottom ash may be considered non-hazardous and 
deposited in any MSW licenced landfill, which since 2006 is no longer the case. 

We therefore request that it be made a condition of the licence that “fresh bottom ash” may 
only be disposed of by a waste incinerator operator in the manner prescribed and in a landfill 
suited to the method described in BREF 08-06 - W1 and the associated reference studies. 

Attached please find 

Extract from BREF 08-06-W, Section 4.6.6 “Bottom ash treatment using aging” 
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 Shorn. M B A  
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EUROPEAN COMMISSION 

I n t eg rated Po I I ut ion Prevent ion and Co n t rol 

Reference Document on the Best Available 
Techniques for 

Waste Incineration 

August 2006 
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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 heaw rejects is to be evaluated on 
the basis of projected quantities and disposal costs. It is estimated that the payback period for a 
crusher is on the order of hvo years for 5 % of rejects to be crushed, for 40000 t/yr of bottom 
ash, and seven years for 20000 

Driving force for implementntinn 
Quality policy: it  allows to reach a global recover). rate of more than 95 % for a bottom ash 
management facility: it produces less rejects and a product of a higher geotechnical qualih, and 
is cost effective. 

Reference literature 
[64, TWGComments, 20031 See "Bottom ash management facilities for treatment and 
stabilisation of incineration bottom ash", ADEME, November 2002 

4.6.6 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 \veeks. The storage is generally performed in stockpiles on a concrete 
floor. Drainage and run-ofF water are collected for mament. 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 CO2 from the air due to the moisture, draining of cxcess 
water, oxidation, etc.) and to reduce h c  residence time of ever). 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, 
TWGConuuents, 20041 

Waste lncineralion 403 
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Chapter 4 

In some cases the entire process is perfornied inside a closed building. This assists with dust, 
odour, noise (lioin machinery and vehicles), and leachate control. hi other cases: the entire 
process is totally or partially perfornied outdoors. This generally allows more space to easily 
handle bottom ash, and can give niore air circulation for bottom ash to mature, [61, 
TWGConuuents, 20031 and may avoid the release of explosive hydrogen in coinbination with 
aluminium during the ageing process. [74, TWGComients, 20041 

Achieved environmental benefits 
Fresh bottoni ash is not a chemically incrt material. Ageing is performed to reduce both the 
residual reactkity and the leachability of metals. CO: froni the air and watcr from humidity, 
rain or water sprqing are the main activities. 

Aluminiuru in the bottoni ash wdl react with Ca(OH), and water to forni aluminium hydrosidc 
and hydrogen gas. The niaiii problem of fomiation oC aluminium hydroxide is the volume 
increase as chis causes inflation of the material. The gas production \\ill cause technical 
problems if fresh bottom ash is used directly Cor construction purposes. Thus, ageing is needed 
to allow utilisation ofthe bottom ash. 

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

lowering of the pH due to upuke of CO: from the air or biological activih 
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, LAWG, 19971 

All these effects reduce the leachabilih of metals and cause a stabilisation of the bottom ash. 
This maltcs the bottom ash niore suitcd for rccover) or disposal (landfilling). [74, 
TWGComnients, 20041 

Cross-media effects 
Run-aff water froin rain or sprinkling niay contain salts or metals and will need treamient. The 
water can be recirculated or used in the incinerator as process water. 

Odour and dust controls may be required. 

Vehicle and machiner). noise niay be an issue in sonie locations 

Anti explosive devices at indoor ageing facilities may be required. [74, TWGConinients, 20041 

Operational data 
Data froni a test programme in a full scale Gcrnian waste incineration plant illustrate the effect 
which 12 weeks ageing has on the pH of bottom ashes and 011 the test results obtained by the 
DEV S4 method. Figure 4.9(a) shows that the pH ofthe fresh bottoni 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 is 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 hvo orders of 
magnitude. 

404 Waste Incineration 
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* .  . .  . .  
Chapter 4 

e 0 n n 
DM nbn 

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] 

Thc French Bureau of Mines conducted a study during 18 nionths about the ageing and its effect 
on leaching of a 400 tonnes stockpile of bottom ashes and concluded similarly to this German 
study. [62: TWGConnnents, 20031 

If longer ageing periods (e.g. 220 weeks) are used for ferrous free bottom ash without turning, 
the aged bottom ash w i l l  become increasingly solidificd. [74, TWGComnients, 20041 

Applicability 
This technique can be applied to all new and existing installations producing bottom ashes. It is 
niainly used in practice for MSWI. [74, TWGCoinnicnts, 20041 

For some waste streanis the ash content may not improve suficiently from treatment to permit 
its beneficial use - in such cases the driver for use of the technique inay be simply to improve 
disposal characteristics. 

Economics 
The cost of ageing is low as compared to the rest of the treatment installation. 174, 
TWGConiments, 20041 

Saving of disposal costs by reqcling. [74, TWGConiments, 20041 

Driving force for implementation 
Legislation providing leaching limit values for recycling of bottom ash as a secondary raw 
material or for landfilling. [74, TWGConnnents, 20041 

Example plants 
Various bottoni ash trcament plants in the Netherlands: Germany, France, and Belgium 

Reference literature 
[Vehlow, 2002 #38], [4, IAWG, 19971, [64, TWGCornmcnts, 20031 

4.6.7 Bottom ash treatment using dry treatment systems 

Description 
b: 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 unn, 0 - 10 nnn, 4 - IOnim), 
which may be used as a secondap construction material. 

Waste Incineration 405 
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Hotmil NI# Messagp 

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. 

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

Best 
Thomas Baumann 

.. 

PD Dr. Thomas Baumann 

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//w.ws.chemie,tu-muenchen.de/hydrogeo 

30/09/2012 2134 
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Journal of 
Hazardous 
Materials ELSEVIER Journal ofHeardou$ blalenulr BI00(?003) 147-162 

Numerical modelling of the generation and 
transport of heat in a bottom ash monofill 

R. Klein*, N. Nestle, R. Niessner, T. Baumann 
lnrrirule o/Hydmcherni.vrn: Tchnieol Uniwrri+ qf Munich. Abrchinninisnav.~e I?. 

D-RIJ77 Munich, Grnriony 

Received 22 Scplembcr 2002: received in revised fonn I I March 2003; o c q m d  12 March 2003 

Abstract 

Municipal solid waste is incinerated to reduce its volume, toxicity and reactivity. Swernl studies 
haveshown ihatthcrsultingbotroiii a sh  has a high exothenniccapacity. Temperature mcaswcments 
in municipal solid u'aste incineration (MSWI) bottom ash landfills hare found temperatures up to 
90 "C. Such high temperatures niay atYect the stability oftlie Inndlill's flexible polymer membrane 
liner (FML) and may also lead IO M accelerated desiccation ofthe clay barrier. The purpose ofthis 
study was 10 gain detailed hiowledgc of tempernlure development under several disposal conditions 
in relation to the rate of ash disposal. thc variation of layer thickness, and the environmental 
conditions in a modem Inn&ill. B a d  on this hiowledge, a simulation \vas developed to predict 
temperature devclopmeni. Temperature development was simulated using several storage periods 
prior to the deposition and several modes ofemplacement. Both h e  storage time and the mode of 
emplacement havc a signikruit inlluence on the temperature der*elopment at the sensitive bax of 
the Iandlill. Without a preliminay storage of the fresh quenched bonom ash, high temperahues a1 
the bottom ofa  landfill cnnnot be avoided. 
0 2003 Elsevier Science B.V. All rights reserved. 

Kewordr: Bornin ab: Tecmpsmalwe dcvclopnrenl: Mmieipnl solid WSIC iwincmiai; Lmdfill 

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 temperahue increase of up to 90 'C in the landlill [ I ] .  
High temperalures at tlle bottom of a landfill may affect the stability of the land611 liner 

system (flexible membrane liner, polymer membrane liner (F'ML) and mineral clay layer). 

. Correrpandbg aulhor. Tel.: +49-89-218078254: fax: C49-89-218078255. 
E-moil 0ddm.w: alf.kltin@h.Nm.de (R. Klein). 

0304-3894/03/h - see fmnl mancrB 2003 Elxvier Science B.V. All rights rcrcrved. 
doi: 10. I O  I 6ISO304-3894(03)00 10 I -8 
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I 4 8  R. Klein e, o/./Jotrmul o ~ ' H ~ o r & x ~ , ~  M ~ r ~ ~ i ~ l . ~ S l O O ~ Z O ~ . ? . , )  147-162 

TemperaNresabove40"Cmaydamagethestabilityofthe FML (madeofhigh-density-poly- 
ethylene, HDPE) due to depolymerkation and oxidation 121. 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 13.41. In order to prevent thermal damages 
to the liner system, it is necessary to minimise the telnpeIaNreS in the landfill. There are 
several factors such as the storage time prior to the deposition and the surface-to-volume 
ratio influencing the tempemture developmentina landfill [ I ] .  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 (CaO) and the carbonation of portlandite (Ca(OHh) 
15-71. Table I shows the identified reactions. Speiser [SI 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 i n l a n d f l l s w i t h p r  landfill linersystems inEurope and inothercountriesduring 
the last decade 171. In the US, bottom ash was coininonly landfilled wiitliout processing, even 
though metals and other materials can be recovered by magnetic separation and screening 
191. In some European counuies (e.g. Germany, The Netherlands and France) approximately 
60% of the bottom ash is reused in road construction or as raw material for the ceramic 
and cement industry [ I O - 1  21, whereas in Switzerland almost 100% of the bottom ash is 
disposed in landfills 191. 

Although the exothermic reactions in bottom ash are well known, their speed and the 
amount of heat released are still unknown. Klein et al. [ 1 J have shown that the main tem- 
perature increase due to the exothermic reactions has a time scale of 2-3 months. Speiser 
[R'I calculated an average specific heat production of 5.3 Win-' of the bottom ash mate- 
rial during the first 2 years of deposition. The released energ?. in this period amounts to 
313-331 MJm-I. The bottom ash investigated in this study is comparable to a common 
bonom ash analysed in the EU 161. 

The objective ofthis work was to dcvelop a numerical model incorporating basic concepts 
from chemistry and physics to simulate the spatial and temporal distribution of heat in a 
bottom ash landfill. This objective \vas accomplished in two steps: ( I )  the observation of tlie 
temperaNE development in a bottom ash landfill under several modes ofemplacement. and 
(2) the development of a heat generation and transport model and validation of this with the 
data obtained fmni field e.xperimnents. This numerical siinulation provides tlle possibility of 

Table I 
Exothcmic reocrions in bonam ash nmerialr 15-71 

Rcaeuan Enlhalpy of readous. 
A H  (w d-' ) 

2AI + 6H10 = ?AI(OH)j + HI f 
FeS + (9/4)02 + (5R)HiO - FNOHIj + HISO, 
CsO + H i 0  = Cn(0li)i 
CdOH)] + HiCO, = CnCOj + 2HIO 
Ca(OH)] +CO] = CaCO] + H 1 0  

CnH*SiOl+ CO* = CaCO, + Si@ + H I 0  

-422 
-921 

-65 
- 1 1 1  
- I20 
-140 
-2s 

Ca(0H)i + Si01 = CaAISiO, 
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predicting the temperature dwelopnient in a bottom ash landfill under different modes of 
emplacement. 

2. Experimental 

2. I .  Field observarions 

Three vertical sensofields (SFI, SF2. SF3) were embedded in nvo bottom ash landfills 
in the south of Gennany. Temperatum were recorded using Pt-IO0 temperature sensors 
(R + S Components, Moerfelden. Germany, measurement range bom -200 to +300 'C). 

The bottom ash in SFI 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 I 1). SF2 was emplaced within 3 weeks to its final height of 10 nL The bottom 
ash for SFl and SF2 was stored lor 3-6 weeks before being deposited at the landfill. In 
SF3, bottom ash was emplaced in layers with a thickness of 1 m every 2 months up IO a 
final height of 5 m. The bottom ash in this sensorfield was stored for a maximum duration 
of 3 days prior to deposition. 

2.2. Numerical simirlarion 

The landfill is represented in a computer model as a onedimensional column, consisting 
of a geological barrier (GB) underneath the landbll, a liner synem (LS), the main bottom 
ash (BA) body, and (optionally) a surface sealing (SS) (Fig. I) .  The individual layers ofthis 
linear modcl used in this work are represented by discrete volume elements with a thickness 

Table 2 
Bollom osh deposition pnmnwlers during the hstallnlion ofthe lest field 

Locuian within Daw of dep+riting. correnpanding ambirnr tempemwe atd bottom arh aniount 
the landfill 

SF I SF2 SF3 

At the FML 13 June 1997 (24-C) l 8 M a y  1999(21"C) 6 December 2000 (4 'C) 
I" the drain 
0.5 m above drain 

1.5mnbowdrdrain 

3.0m above drain 

4.5 m above dnin 

6.0m above drsiii 

7.5 m abova drain 

9 .0m abovedrain 

27 June 1997 (22'C) 
27June 1997(22DC,600mJ) 

17July 1997(26'C.RM)mJ) 

17 July 1997(26'C. 750m') 

27 Augllsi 1997 
(27% 650m') 
24 October 1997 
(7'C. 81Om') 

I November 1997 
(I 5°C. 7 2 0 d )  
3 F & N W  1998 
1 - 1  e r  7 1 x 1 ~ 1 )  

IRUay 1999(21"C) 
18May 1999(21~C,300mJ)  

I R  May I999 (21 "C. 410m') 

l8Mny 1999(21'C.580mJ) 

18 hby 1999 (2l'C. 750ml) 

18 May l9W(ZI "C. 620m') 

6Jmr. 1999(23T,580m')  

6June 1999(23"C.610m1) 

6 December 2ooO (4 *C) 
6 December ?OM) 

7 F & N ~  2001 
(-3'C, I500m3) 

(4'C, 1280mJ) 

I 1  April 2001 
( 7 T .  1620m3) 

3 Augun 2001 
(26°C. 1800m3) 
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Fig. I. Schhcnintic iuuciwe ofthe linear column consisting of B geologicnl hnrricr widementh the landfill (GB). a 
liner ryrlcm (LS). he mniii bollom ash (BA) M y  as well as jopriamlly) B rurlace scaling (SS). The rqun"oor 
an he riph1 ride show how thc h a t  balance of thc individual layers used in Ibe simulation model. 7 % ~  inda 0 
indicates lhe underlying soil, the index n corresponds 10 Ibc air (i.e. b e  topmast layer). 

of d = 5 cm. Heat conduction was computed according to Fourier's law: 

( 9 4  effective heat stream, effective heat conductivity, ad/&: temperature gradient) 
with a discrete time step of Ar = 30 min. The heat capacities and thermal conductivities 
of the different layen in the land6ll are given in Table 3. The bottom of the geological 
barrier was implemented as a fixed head boundaq (i.e. a fixed-temperature ekmeN with a 
temperature of 8 "C and an finite heat capacity; experimentally, the natural groundwater 
temperature was found to vary only in a temperature range between 6 and I O  "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 scaling or atmospheric air 
(air temperatures were recorded at the dump location) was approximated by a linear heat 
transmission. Precipitation. wild and sunshine werc known from field measurements to 
have minor impact on landfill temperature I I I. Vapour and fluid phase convection processes 
which also appear to have nunor inlluence I I ]  are not explicitly considered in the model. 
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Rnle commil)t o f  lhc f i s t  exponential. t,, (h-I) 
Rate connml of lhc wmnd npanential. @ (h-')  
Heal mtsiiiou io thc air A 
Heal mnsitian IO he soil B 
Frxuan of hc slow heal genemuan pracn .  o 

Model height 
Geological bani- 
Liner ryrten, 
Bollom ash 
Surface scaling 

Hea~  conducri\iry(Wm-' K-') 
Boltam ash. .lm 
Liner malerial (clay). hirn 
Geological barrier, .ls0 

Spcific h e u  capacity (W kg-' K-') 
Bottom ash. Q,, 
Liner syrlem, clim 
Geological barrier, cso 

Boilam ash 
Gralopical barrier 

TempmNrc 

0.0006 
0.00005 
Vnriablc 
Variable 
0.07 

Varieble 
Variilbk 
Variable 
Variable 

0.7 
I .3 
0.6 

0.8 
1.85 
0.88 

Variable 
Varinhle 

For the calculations done in thc model I, a biexponential decaying heating rate was used. 
The use of  this biexponential decaying heating rate is a somewhat crude approximation for 
a much more complicated superposition 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 heat production due to exothermic reactions in the bottom ash 
is computed with an overall heating rate P(r) given as 

with P(o) representing the initial heating rate of bottom ash, I A  and I B  being the rate con- 
stants of the fast and slow reaction processes, respectively, and a being the fraction of the 
slowlydecaying reaction of the overall heating rate. 

The parameters of the biexponential heating rate c w c  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 agood simulation ofthe 
experimentally obsetved tcinperahlre 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 &om 113-1 71. The parameters of the heating 
rate function were calibrated with field data from SFI. 

For all the calculated simulations, tlle tinie pmfile of the air temperature (daily averages) 
was used as recorded at the landfill site from June 1997 to Junc 200 I .  Circadian reinperamre 
fluctuations must not necessarily be taken into account for the esperimental data since such 
shon-time temperature changes reach only less lhan I ni into the landfill body I IS, 191. 

3. Results 

3.1. Sensiriviy aita~vsis 

In  order to highlight the significance of cllemical, physical and installation parameters 
controlling heat generation and Iranspon in a bononi ash inonofill, a sensitivity analysis was 
performed. The focus ofthe analysis was on the parameters that directly affect temperature 
development in the lamifdl and i n  its liner system. Several simulations were performed 
to assess the model's sensitivity to its chemical, physical and technical parameters. These 
parameters include thc rate of heat release as a result of the exothermic chcmical reactious 
in the bottom ash material, heat transition processes to the bottom and the air, the heat 
conductivity and the specific heat capacity of the bottom ash and the liner system. To assess 
the effects ofthese parameters, one parameter at a time was varied while keeping the others 
at their basic values. Tablc 4 summarises the selected sensitivity analysis simulations with 
the corresponding rationale behind the value chosen for the parameters at each simulation. 
The simulations performed for this purpose (Fig. 2) lead to the following conclusions: 

The lrating rate is the most i i n p o m t  factor influencing the temperature increase in the 

Heat conductivity of the bonom ash comes next in ordcr of importance. 
At d\e liner system, k a t  conductivity of 11% liner system Ius a minor influence on tem- 

The remaining parameters do not affect the maximum temperature reached in the bottom 

bonom ash  landfill, both at the centre as well as at the landfill liner system. 

perature developmcnt. 

ash landfill. 

Table 4 
Summary of Ihr. wndtivity analysis simulations 

Vanable Baric values Sensitivity values 
( b s i c  value multiplied by 
h e  n u m b s  in parenheren) 

0.7 (0.05.0.1.0.2.0.5) 
1.3 (0.05,0.1.0.2.0.5) 
0.8 (0.05,0.1.0.2,0.5) 
1.85 (0.05.0.1.0.2.0.5) 

25 (0.05.0.1.0.2.0.5) 
I (0.05.0. I. 0.2.0.5) 

20 (0.05,0.1.0.2,0.5) 
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Heat exchange with the air seems to Inye no major influence on the temperature devel- 
opment at the landfill liner system. 

3.2. Temperarure dwrlopmerrt 

Temperature developnient in selected l a n ~ i U  levels of SFI, SF2 and SF3 is shown in 
Fig. 3. There was ao observed temperature increase immediately after the deposition of a 
bonom ash layer in each sensofield. After reaching ifs inrrsiniwn 90-160 days after bononi 
ash deposition temperature decreased again in all obwnred landfill layers. 

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

3.3. Calibration andprediction 

During model calibration, we have worked out the hcating rate of the 34 -week  stored 
bottom ash material as used in SFI. In order to determine the hearing rate of bottom ash 
when subjected to a previous storage period, the registered temperature development of SF I 
was simulated by means of the model. A heating rate upon emplacement of approximately 
25 W m-3 for the bottom ash material could be determined using the simulation. With 
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Table 5 
Deposition p m &  far lhe ealculared tcmperaturc dwclopmcnr in h e  w e r a l  model runs of bear generation h 
0 bollan ash landml 

Simulation Emplacement mode BOCCON arh Heating rate upon 
no. rwragc rime cmplaeemenr 

IWm-J,  

A Dcporirion in discrete inrenaln of I m every 2 maorhr 1-6 week 25 
B Deposition within 2 weclts to is final hcight. surface 3 - 6 W e e k  25 

C Deporiuou nocarding to SFI, surface sealing nfter 3 years I months I5 
waling dirrelly dlcr the dcponiuan of bartam arb 

the biexponential decrease of the initial heating rate described above, the experimentally 
observedtemperature maximumof87"C inthecentreofthclandfillatSFI after4-5months 
after deposition could be reproduced in the simulation. The maximum temperature at the 
landfill base was rcached with 46'C 18 months after the deposition of the first boltom 
ash layer. Fig. 4 shows the deviations of the calculated temperatures from the real data 
measured on the landfill site during the Gnr 1000 days. As can be seen from the figure, the 
model closely describes temperature development in the lower (liner system) and central 
(4.5 ni above liner system) landfill areas. In the upper M l l  areas, there is slight deviation 
froin the measured temperatures in the first winter minimum. This afTect is possibly due to 
a variation in the bottom ash quality which is not accounted for in the simulation. There 
is an overall good correlation between the calculated and measured data (R2 = 0.834, 
N = 8443). 

With the initial heating rate of 25 W m-' and the biexponential decay, we have calculated 
a released energy of 250 MJ m-' for the first 2 yean  of storage in the landfill. This amount 
corresponds with the data observed by Speiser 181. 

3.4. va/idarian andpredicrion (SFZ) 

A k r  this calibration the model was validated using the measured temperature data of 
SF2 (900 days measurements). With the heatingrate value upon emplacement of 25 W m-] 
determined above, there was good agreement between simulated and observed data. Fig. 5 
shows the deviations of the calculated temperatures fiom the real data measured on the 
landfill site during the first 850 days. With these data, a good conrlation between the 
calculated and measured data (R2 = 0.867, N = 7521) was found. 

3.5. Validorion andprediclion (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 
bonom ash the measured temperature development during rlr fim 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 boaom ash material in the absence of a 
preliminary storage period could be determined. With the biexponential decrease of thc 
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Fig 6. Predicted iempcrarum dmelapmenl iu Ibc second modcl validation (SF3). Initial hexing m e  far Ibe ticrh 
quenched bauam ash uxs Y I  to 45 W m-', final booom ash height io 10 m (deposited in discrete intends of me 
meter every 2 monlhr). 

initial heating rate described above tlie obsenled temperature development during the first 6 
months could be simulated by the model. The computer simulation results in a temperature 
maximum of 96 'C in the centre of the landfill (approximately 9 moiuhs after the deposition 
of this bottom ash layer) and 66 ' C  at its bottom. Fig. 6 shows the calculated temperature 
development in the landfill overa simulation time of 4.5 years. TIP high initial heatiug rate 
causes higher maximum temperatures in the bottom ash material that result also in higher 
temperatures in the landfill liner system, and thus may lead to thermal damage of the liner. 
Temperatures above 40°C m calculated there from the sivth month after f i s t  deposition 
of bottom ash. Fig. 7 shows the deviations of the calculated temperatures born the real 
data measured on the landfill site. There is a good correlation behveen 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. Simularion 110. A: stepwi.ve emplacemeirt ofpreviously stored ash 

With the results achieved from the prior simulation, a stepwise emplacement strategy was 
simulated withbottomashtllatwas stored for 3 4  weeksbeforedepositingat the landfill with 
a consequently reduced heating rate from initially 45 to 25 W m-3, This reduced heating 
rate is also retlected in the temperature development in the landfill body. The inayimum 
temperature reaches only 54'C in ceotre 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. C o m p k a n  of the numeric simulation and at lhe landfill mearured lempenrNrrs h sclcctcd horizons of 
the landfill base lliner qsum) and lhe e e i d  M B  (3 m above liner qlitem) for Ihc \%lidation ofthe model (SF3). 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 

time. years 

Fig. 8. Prcdiercd 1cmpcraNre developmat in simulation no. A. Lnirbl healing mlc lor Ihe 3-6 w e b  slored batram 
ash was se1 10 25 W m-', final bonom ash heighl to l O m  (deposited in dircrele inlmals of 1 m every 2 monllw). 
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0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 

time. p W 8  

Fig. 9. Predicted wmperaurc development in simulnrioa no. 8. lnirial heating m e  far Ihe 3 4  w e b  rrored booam 
ash was set lo 25 W m-', final bnom aph height to IQ m (&pcded in 3 wreks IO i u  final height). Suriacc sealing 
wzm inrtzlcd ducclly aner tlw deposition of Ihc bonam ash. 

3.7. Sirnirlafiorr no. B: surface sealbig 

In the next simulation, Uie influence of a surface sealing on landfill temperature dmel- 
opnient was modelled. The simulated landfill has a bottom ash k igh t  of 10 m with a liner 
system (0.8 m) at its bottom and a geological barrier with a thickness of 3 m. In the model 
run, a surface sealing (2.5 m) was emplaced directly after the deposition of  the 3-5 weeks 
stored bottom ash (initial heating rate: 25 W m-I). With this sealing, the heat convection 
Crom the surface to the air is hampered. The result Gom this simulation shows that after a 
storage tune of only 4 month, the temperature at the landfill centre rises to 97 "C (Fig. 9). 
Also at the liner system the maximum temperature ( 5 8 T  after a storage time of 7 months) 
is far beyond the critical temperature (40 ' C )  for the landfill liner durabilit).. Herr, tem- 
peratures above 40°C are calculated from the chid month after first deposition of bouoin 
ash. 

3.8. Simtrlorion IIO. C: sforage rirne 

In the last simulation, l l ~  i n h e n c e  of de duration of preliminan bottom ash storage 
period on the landfill teinperaturc was determined. The sensofield was built-up according 
to SFL and Uie d a c e  seating was inslalled after the final deposition of bottom ash. The 
initial heating rate was set to I5 W m-'. This heating rate corresponds to a intermediate 
storage time of approxirnatcly 3 months. The calculated maximum temperature (56°C in 
the centre ofthe bottom ash body) was obtained 300 days after the beginning of bottom ash 
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.I 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 

sm. y." 

Fig. 10. P d e Y d  terupxarm devclapmcnr in simulation m. C. Iniual henritig me for h e  3 months nared boilom 
ash W E  set IO ISWm-l, final banom ash height 10 Ion1 (depmiud in -qual inlemalr during n period of 8 
months). Swke scaling was installed dirsrly aner the dcporitioa of tlic bonatn arb. 

deposition (Fig. IO). At the liner system, a maximum temperature of 35 "C was calculated 
1 year after the beginning of the bottom ash deposition. 

4. Conclusions 

In this paper. the temperature development under different modes of bottom ash em- 
placement was studied. According to the simulation of temperature development in MSWI 
boaoni ash landfills, teinperatures from 51 to 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 3 5 4 6 %  It was shown, that the temperaNrC 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 knnal 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 froin 15 to 
25 W m-' (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 s h o w  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 "Cat the liner 
system) close to those calculated fora storage time o f 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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Case study 
Temperature development in a modem municipal 

solid waste incineration (MSWI) bottom ash landfill 
with regard to sustainable waste management 
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Rcceivcd I O  Scpccrnbcr 1'249: mcekcd in mvivd form 2OFcbruq 2WI: ncccpcd 20 Fcb- ZWI 

AbSlrUCt 

Municipal solid w;Lsle is Mated in incinerdlion plilnlr lo reduce the volume. the toxicity and 
the rrnctiviry of the wasit. The final producl. municipal solid waste incineration (MSWl) bouorn 
ash. w&s considered us a materid with a low reactivity, which can ufe ly  be deposited in  a MSWI 
baiom nsh landfill. or which u n  be used. e.g. in  road consuucdon dt:r further meamenl. However 
rempcrarurc incasummenu in MSWl boilom ash landfills showed tcmperarures up io 90°C. cauwd 
hy cxuihcrntic rucuuns within thc lilndtill. Such high i c r n p x m r c s  m y  ~ l l i i c l  Ihc zhhilily (IC thc 
Ilcxihlc p>lymcr mcnhrmc linur (FMI.) 2nd may illso Icd tu an iccelcr~lcd dc?ilcci&m (11 thc 
clay blmer. AI the beginning of  this study i l  was uncertain whether those reported resulis would 
be applicahle U) modem landfills, because the  Uesmenl techniques in MSWl and landfills have 
changed, bottom and Ay ash arc nlorcd separately, and (he composition of the incinerated WYPSIC hac 
changed significanlly since the puhlicatian of those resulu. 

Thc uim of this sludy waq IO gain detailed knowledge of lempermre development under standard 
disposal conditions in relation IO the rate of u h  disposnl. the varialion of layer thickness. and the 
cnvirnnnienlal conditions in  J modern landfill. 

Tcmpenrurcs u'cre measured ai nine I:vcls uithin the  body of landfill for B peliod of nearly 3 
years. Wtlhin 7 months ofthe s u m  ofthe disposal. a I.=mperdlUre increase of up lo 70°C within the 
venical cenlre of Ihc disposal was obsm'cd. In  the upper and ccnital pan of the landfill ihis iniiinl 
lemperalure increx=.e was succeeded hy a decrease in  temperaim. The maximum temperature ill 
Ihe lime of  w i l i ng  (May ?MO) is uboul 55°C in Ihc ccolrd psi 01 thc Imdtill. ' 1 % ~  nwxiniuni 
temperature (45.9'C) ai the FML was reached 17 months afler the s m  of the deposition. Since 
then the lemperdlures decreawd ill n rue ofO.6;C per month. 

Temperature variation wilhin each individud layer cornsponds IO the temperature of  the under- 
lying layer and the overall surface-@volume ratio oi the landfill. Tne tempelrrures in  the uppermost 

~ 

'Comrponding author. Tel.: +49-89-7W579M: fax: +49-89-709579')9. 
€-mil oddmn. minhsrd.oicrsnrr@eh.lurn.dc (R. N i c s w ) .  

0381-3%9,94mlIS - vc fmnl m l l c r  0 2MI Elvrier Scicnm 8.V All rights rcvrvcd. 
PII: s m n 4 - 3 ~ 9 4 ( n i  ) n n i x x - i  
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I .  Introduction 

InOECDcounuiesandthe US. IS-2Wofmunicipalsolidwaste isrreated by incineration 
[ I ] .  Municipal solid waste incineration (MSWI) aims toreduces the volume. the toxicity and 
the reactivity of the waste. Although the volume of the waste is reduced by ahout 9 W .  the 
residues (boitom ash. fly ash) still amount IO roughly 1 l M i  per year world-wide 121. 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 inay pose a threat to groundwater quality C2-41. 

Assessing the potential pollution risks of the residues is essential since boirom ash has 
increasingly been used as building material or has been deposiied in landfills with poor 
landfill l i na  SyhlKmS in Europe and in other countries duiing the 1 s t  decade 151. In the 
US, bollom ash was commonly landfilled without processing. even rhough metals and other 
materials can be recovered by magnetic separation and screening [6].  In some European 
counuies (e.g. Germany. The Netherlands and France) bottom ash is partly reused (about 
60%) in road construction or as raw niarerial for the ceramic and cement industry 17-91, 
whereas in Switzerland almost 100% of rhe booom ash is disposed in landfills 161. 

Until the 1910s. bottom ash was believed to be almost inert, but since then several studies 
have shown that a number of exothermic reactions occur in this material [IO-IS]. Other 
studies have shown that exothermic reactions may camre a temperature increase in the 
landfill of up IO 90°C [ 16.171 which may constitute a major hazard to the flexible polymer 
membrane liner (FML) and the mineral clay layer. Temperatures above 40'C may affect the 
stability of the FML (made of high-density-polyethylene (HDPE)) due IO depolymerisation 
and oxidation. Sudden ruptures of the FML may follow [ 181. Due IO a diffusive transport 
of water and water vapour along the temperature gradient in the mineral clay layer. the clay 
barriermaydesiccateand fail toretain leachate[I!?-?l]. Johnsonetal. [22]obseNedarapid 
increase in botiom ash landfill discharge following rainfall. Wilhin 1-4 days. approximaiely 
50% of precipitation discharged in response IO a rain event. 

Due to their limited time scale, published srudies on exothermic reactions [23-261 have 
to be conqidered as a 'snapshot', hence giving no information on the long-temi development 
of the laudfill temperatures. Moreover. many of the basic conditions have changed since 
then. The incineration technique has been improved and the composition of the municipal 
waste haschanged. For inslance. the heating value ofdomestic waste increased from 60M) IO 

8000 k J k g  over the last two decades caused by recycling activities and an augmented share 
of plastic contenu in domestic waste 1271. In convast Io fonncr landfills. fly ashcs nowadays 
are stored in underground repositories. and ferroiiiagneric scrap metal of a diameter > I 6  mni 
is urlwlly separated out by a magnetic separdtor. With these changes the mineralogical 
and chemical composition of the deposited residue has changed as well, thus putting the 
exmpolation of published results to state-of-the-art landfills under question. 
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The present study aims to provide dataon the long-term development of the temperatures 
within a recent bottom ash landfill under normal disposal conditions. 

2. Experimental 

2.1. Bonom ash de.scriprio,i 

Thebottomashin thisstudy was produced by MSWI in IngoIsradtinthesouthofCermany 
(MVA Ingolsradt/Germany). The incinerator (installation year 1996) operates at tempera- 
ruresbetween 850and 1200'C.The incinerationcapcity ofeach furnaceisroughly I1 M O  
and the material remains in the combustion chamber for about I 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 10 reduce the reactivity [28]. Prior to deposition in the landlill. magnetic materials are 
removed. The grain size dismbution of the bononi ash (Fig. I). determined according to 
DIN 18123 [29]. shows a badly sorted material with grain sizes from silt to gravel. 

The determined hulk density has a mean value of 2. I3 f 0. I5 Mg/m'. The geotechnical 
water content (weight of water in a sample relative to the oven dry weight of the sample. 
expressed as percentage, DLN I8 I2 I [30]), measured after a 3 weeks storage period. ranges 
from 8 to 15% by weight. 

Although the bottom ash studied is B very inhomogeneous material, it is in general 
comparable with other MSWI bonom ashes investigated elsewhere (12.311 although there 

loo  

Grain size ( m m )  

Fig. I .  G a i n  s i 7 .  dislribuiian of the examined MSWl bollom ash as a function of irmioml wight 
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Mcliing pmductr and &*er Metals Ceramic Stones Glnrr Organic w m c  

This rmdy R2 s 2 I 6 1  

Rcichcll (19%) 67 4 4 17 - 
Lichtcnncigcr (1996) 85 5 2 I 5 2  - 

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

The thermal conductivity of the investigated bottom ash ranges from 0.13 (dry) to 
I .27 Wlm K (saturated). It was determined with the thermal conductivity insnunen1 TKW 
(TeKa. BerlirdGermany). The samples were taken prior IO deposition. The value for the 
deposited bottom ash at a water content between 10 and 2 W  by weight ranged between 
0.5 and 0.6 W/m K. 

2.1.1. Di.rposol rife 
The bottom ash landfill investigated in this sNdy is located near Ingolstadt. The measured 

average ambient temperature in this area is 15°C. with a recorded maximum and minimum 
of33 and -8OC during the observation period (June 1997-June 2ooO). The measured annual 
precipitation io this period was between 800 and I OOO mm with a maximum between May 
and July. The driest period was January-April. The summer rains tend to occur in shon 
evenu with a bigb intensity. 

Thegeology at thelandfill locationcomprises fluvial and alluvial sedimenrs. Theelevation 
of the watex table is approximately 2 m below the base of the landfill. The groundwater flows 
south towards the river Danube, which flows in an easterly dircction approximakly SOOm 
south of the landfill. 

The landfill was consuucted above ground adjacent to a hill side. The base of the landfill 
is a 0.6 in rhick mineral clay layer. covered by a 2.5 mm FhfL made of HDPE. Between the 
FML and the bottom ash is a gravel drainage layer 06-32 mm grain size). The leachate is 
m s p o n e d  to a communal waste water ueatinent plant. ' b o  geotextiles separate the bottom 
ash from the drainage layer and the drainage layer fmm the FML. A schematic of the test 
site is given in Figs. 2 and 3. The levelled ground directly below the clay liner consisls of 
sand and gravel. Therefore the capillary rise of water fmm the ground water into the mineral 
clay layer may be hampered, leading to a forced desiccation. 

Approximately 19,000m3 of bollom ash are deposited in the landfill per year at discrete 
and imegular inlervals. The landfill is subdivided into lour separated dijposal sectors (Fig. 3) 
[ X I .  Seclors 1-111 were already completely filled at the star1 of the study. Sector IV was 
filled with bottom ash during the study period. The MSWI fly ash is stored elsewhere in a 
hazardous waste disposal site. Sector IV, where the sensors we located. has a filled surface 
areaof 16,500m2 andatoral bottomashcapacityofapproximately I00,000m3.Thesensors 
are located in the centre or sector IV. so no influence from thc other sectors is to be expected. 
The surface of sector IV he. not yet been covered or cultivated, so there is direct contact 
between the deposited bomm a h  and the atmosphere. 
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I .  

2.1.2. Moterials 
TemperaNres were recorded using F'-100 temperature sensors (R + S Components, 

Moerfelden, Germany, measurement range from -200 to +300'C with an error of 0.3%) 
embedded directly into the bononi ash. The sensors were installed at the top of each layer 
before the deposition of a new layer (except of sensors in layer I which was placed in the 
middle of the layer, 9 m above drain. see Table 2. Fig. 2). thus reflecting the lempcrature 
development under ordinary disposal management conditions. Each of the nine discrete 
layers was equipped with two sensors. placed ar a horizontal spacing of approximately I ni. 

The bottom ash was deposited in irregular time intervals (depending on bottom a h  
amount in the MSWI). The ash remained piled for 1-3 weeks on the landfill before it was 
levelled flat to 150cm tluck layus by dredging. The bottom ash piles were located in the 
eastern pan of sector IV and in secfor III .  Bottom ash was not compacted and no temporary 
liner was used to cover he landfill between deposits. There has been no other activity in 
the test field area during the measuremen1 pid. 

Data were recorded using a DL2e data logger (Delta-T-Devices. Gunbridge. UK) at 
intervals of mmimum 24 h. Additionally. in order to detect any temperanue fluctuations. 
data were recorded at intervals of 1 h from 6 April to 13 April 2000. The following climatic 
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pyameters were recorded daily using equipment provided by Delw-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 lune ?OOO. 

2.1.3. Hear rranspon 
Heat is uansponed in the booom ash landfill moinly by two ways. First. there is a con- 

ductive heat transport from one layer IO each other. The second way is a convection beat 
transport from the bonom ash to the atmosphere. 

The conductive heat transport j can be calculated with the thermal conductivity of the 
bottom ash A and the rcmpuature difference between two landfill layers ( 7 2  - T I )  

The convection heat transport from the bottom ash to the atmosphere @ is defined as the 
product of the temperature difference from the bottom ash 10 the almosphere (Ts - T L ) ,  
the surface A. the time period N a n d  b e  thermal cocfficienlcvc (6.2 Wlm' K for the bottom 
ash surface) 

d, = u c A ( T s  - TL)AI (2) 

3. R e d &  

3.1. Temperarure developrnerir 

The development 01 the temperatures (dnily mean) in the different layers of the 6eld site 
is given in Fig. 4. The mean t emperam difference between the two sensors in each layer 
was between 0.1 and OS'C with an average of 024°C. 

In every layer the temperarure development starred with an increase immediately after 
deposition. During the next 2.8 -I 0.3 months, the bottom ash temperatures increased by 
about 75T, depending on the layer position. The nverage rare at which the temperams 
rose was between 0. I6 and I .01T per day (Table 2). 

In layers A and B (FML and drain) the initial temperature rise (0.14"C per day in layer 
A and 0.16"C pm day in layer B during the l i n t  4 weeks) was followed by U levelling 
off for rhe next 2 months. Afterwards a second increase of temperatures, now at a rate 
of 0.065 f 0.005"C per day was observed. The maxiinurn temperature (45.9T in layers 
A and B) was reached 17 month.. after 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 t emperam increase in these two layers is a result of the 
temperature increase in the bortom ash layers deposited above them and the heat tlux from 
rhese layers. The gravel in the drainage (layer B) and the FML (layer A) do not generate 
their own heat. 

Layer C (the lowest bottoni ash layer) showed an initial temperature increase of up to 
44°C (at a rate of O.?S"C per duy) during the first 2 tnonlhs of storage. The lemperature 
increase showed a first levelling off after a srorage time of I S  days. After deposiling 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 temperature dec rew (0.36"C per month). With a 
second temperature increase, this layer reached its maximum after 14 months of storage 
tirne(49TforlayerC). From thattimctemperaturesdecreasedntanoverallrareof0.3'Cper 
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 month.. 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 increae (with i s  maximum 
at 87°C in layer G )  shows an oscillation with a period of approximately 12 months. The 
monthly average temperatures (doned 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 1. the temperature in layer 
H mse again for the next 50 days and reached it.. inaxiinum with 722°C. The trend in this 
layer indicates a decline of temperatures at the rate of 0 . 6 T  per month. 

At the top of h e  landfill. laycr I, the initial increase was followed by a rapid decrease 
and a following oscillation with a period of 12 months. The minimum temperarures were 
mched during winter. the maximum temperatures during summer. The reinperam curve 
alsoshows an oscillation with ashorierpcriod (24 h)refleciing thedaily ambieni temperalure 
fluctuation (Fig. 5). 

-a- layer ti 
+laver I 
-A- amblent temperature 
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Three years after deposition, temperamre development in the upper layers shows an 
overall decrease with a seasonal component. The lower laycrs in the lowcr landfill follow 
lhis overall trend. but they do not show the seasonal influence. 

4. Analysis 

There are several factors which are suspected to influence lemperature development. A 
simplified description of the lemperarure change ( A T )  within a representative elemenlal 
volume (REV) leads to Q. (I) as  the sum of heat production (Eao) due to exothermic 
reactions minus the heat consumption from endothermic reactions (E-) plus external 
input (Fin) minus heat loss (Feu,). 

AT = E a ,  - Em4 i Ftn - F m  (3) 

Within this equation. the amount of exothermic and endothennic reactions is unknown. The 
heat exchallge to and from the REV is a function of the temperature gradient, the thermal 
conductivity and the convection heat transfer beween 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 

ground of the landfill, 

REV, thc tempcrature gradient to the upper layer. 

I .  the temperature gradient to the underlying layer or. if there is no underlying layer. the 

2. the temperature p d i e n t  to tk ambient temperawe or. if another layer is on top of the 

3. the thermal conductivity between the REV and its environment, 
4. the convection heat transfer from the bottom ash to the atmosphere. 
5. the ratio between heat production and the heat flux at the boundaries of the REV, which 

6. the effect of the precipitation as transpon and reaction medium. 

In the following section, the effects of these factors will be assessed semi-quantitatively 
based on the measurements of temperawe development. 

1.1. Tempermure ar the bonoin of each l q e r  

is expected to be a function of the surface-to-volume ratio of the REV, 

There is a positive correlation (R2 = 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 raw 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 generdte their own heat) and the hear conduction from the 
underlying layer. 

The highest rate of increase (temperature i n c r e w  per day, see Table 2) was observed in 
layer G. where the temperature of the underlying layer (layer F) had reached a temperature 
ofalmost69"C whenlayerG wasdeposited.Thelowestrate wasobservedin IayerC. where 
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the underlying layer, which does wt generate heat at all. had a temperature of only 21°C 
(see Table 2) .  

4.2. Ambienr rernperorirrer 

There is a statistically significant conelalion (R' = 0.788, N = 522) between the 
temperatures in the top layer [layer I) and he ambient temperature (Fig. 7). This effect is 
ohserved to bc less pronounced with increasing depth in ihe landfill. Layers E io H show 
an oscillation in booom ash temperature after having reached their maximum temperatures. 
This oscillation has a period of approxiniaiely 12 months and rcflccls the annual ambicni 
temperature development with a delay of 28 days for layer H. 58 days for layer G. 82 days 
for layer F and I I 2  days for layer E. This growing delay reflects the thermal buffer capacity 
of the bottom ash. 

4.3. Suqoce-ro-volume rorio 

Heat tlux(@)fromche boltom ash towards thccwler airisan imporianifactorinfluencioe 
the thcrmal developmcnt in the landfill. 

With an upwards conductive heat mnspon in layer I of 2-35 WlmZ (with an average of 
15 W/in2) and an average convection heat transpon of 70-?50Wlm2 [with an average of 
105 Wlm') from the heaicd bottom ash of layer I to the air during die first 200 days of 
deposition, the addition of each new layer hampea the heat exchange between the bottom 
ash and the atmosphere. 
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-10 0 10 20 30 
Amblent temperature. 'C 

Fig. 7. R u o d c d  rrnbicni icmpcriiurr plolted vs, ruordcd imprraiurc in lrycr 1 (.*own is !he rcgmsion linc). 

There is a correlation (R2 = 0.987. N = 4) berwwn the surface-to-volume 
ratio ( d u )  and the maximum temperature in the observed volume. The maximum tem- 
perature increases with decreasing .du (Fig. 8)  from 50°C (layer C) to 87°C (layer G) 
(see Table 2). 

55-  

0.5 0.6 0.7 0.8 0.8 1.0 1.1 

suliacslvoluma 

Fig. 8. Cdculncd w f r c - t ~ - w l l u n c  rado of Ihc p w h g  I n d f i U  YS. rhc maximum ~cmpunurcr  in h c  middlc of 
each VOIU~F I! Ihc givm ImdRI1 hcighr ( r h  is thc rcpr<*im linc). 
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4.4. Precipirnrimr 

R. Klein n O I . / J O . ~ ~ O ~  oj~n;ndo*~ MOI~%,~.V 883 (mi) 265-280 

Rainwater seeping through the landfill hody influences the temperature in two ways. 
First, it is a transport medium and conuibutes to the heat exchange. Second, it is a reacrion 
medium and conmbutes to the heat production. 

Although we observed that rainfall passes through the landfill within days (there is a 
direct discharge responding io rain events). precipitation seeping h o u g h  the landfill body 
was not obsrmed to have a significant cffecl on temperawes in the bottom ash (Fig. 9). 

Sceping water passing the landfill showed a iempcramre increase regardless of the inten- 
sity of the rainfall of approximately 1 I . S T .  This is equivalent to an hear 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. 15 October 1998 until 
I1 Novembcr 1998) there was no observable influence on temperature development in the 
landfill body and on the temperature of the leachare. The temperature deueasc in layer I 
during this rain pcriod is mainly caused by ambienl temperature fluctuations (Fig. 9). A dry 
period in spring (26 March 1999 until 30 May 1999, 120 mn within 70 days) also appears 
to have caused no change in the temperature development. Recipitating waters seeping 
through the landfill body. exhibited only a negligible cooling effect. 

5. Conclusions 

The monitoring of the tcmpmtmes i n  a M S W  boitom ash landfill over a 3-year-period 
showed a maximum tempcramre of 87'C 3 months after disposal followed by a decrease 
over the next 33 months. Temperatures at the FML reached a maximum of 45.9'C after 17 
months. Subsequently, the temperature decreased at a rate of 0.6"C per month. We estimate 
that the remperature in this layerwillstay in thecritical regionahove4OaC(depolyluerisation 
and oxidation in the FML, desiccation of the mineral clay layer) for the next year. These 
temperatures may jeopardise the integrityof the liner through depolymerisation of the HDPE 
and desiccation of the clay layer. resulting in leachate escaping into the groundwater. 

From the temperature development, it can be Seen that the main temperature increw 
due to the exothermic reactions have a time scale of 1-3 months. after which the reaction 
activity decreases. This suggests that the hottom ash should be stored in thin layers or small 
cones (which have a favourable r l v  ratio) for at least 3 months prior to the final disposal. 

The disposal should be given a significant amounl of time to react before the next layer 
is deposited. since the temperature of the underlying layer controls the initial temperature 
developmentofthe actual layer. Fromour investigations. itcanbeconcluded thatthedisposal 
of the next layer should not stan before the maximum temperatures of the underlying layer 
have been reached and the temperatures and the hear production in  the underlying layer are 
decreasing again significantly. At the present stage of the experiments. we estimate that the 
rime before depositing a new layer should be approximately 3-5 months. 

If that time lag in the filling procedme 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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guaranieed. the capping and recultivation of the landfill. which will hamper any heai. gas. 
water or vapour exchanLe between bottom ash and atmosphere should be done only after 
the reactions within the landfill have reached a minimum and no further iemperature lise 
is io be expected (ai lrasi I year afier the final deposition of the boilom ash). A premaiure 
recultivation may lead to an additiond iemperaiure increase wihin the landfill body unless 
the exotheimic reactions have decreased significantly. 
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