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Abstract

This paper focuses on the treatment of household waste by waste-to-energy conversion. It assesses, in particular, both technical an
environmental implications of a waste pre-sorting that may affect the treatment process. To this end, a life cycle assessment study has bee
undertaken. The scope of the study encompassed material recycling, incineration of household waste, treatment of flue gases, energy recover
recycling of bottom ash, treatment of fly ash and final disposal of waste. The study showed that material recycling leads to an improvement
of the working conditions with respect to the incinerator. Howeverenmtrecycling leads to a decrease of the energy recovery so that it is
necessary to use additional boilers to meet the initial energy demand. The related impacts tend to offset the environmental benefits derived b
the waste recycling itself. The study also demonstrated that the life cycle approach is a useful tool for the study of technical and environmental
aspects of an energy system. Moreover, those aspects in the process that are open to improvement have been identified.
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1. Introduction In France, this waste production represents 10 tons per
capita per year. When only the household waste is taken into

_ . account, the production reaches nearly 365 kg per capita per
Waste generation has changed in the course of the 'aSS/ear 12].

decades both from the quantitative and qualitative points of *  \jany treatment processes have been considered to deal
view. The causes that contribute to this situation are the yith this waste. Among the several alternatives, incineration
constant increase in waste generation, the arrival of new of waste is surpassing the simple landfilling method since
products on the m_arke_t that have led Fo the dlverS|f|cat|0_n of the former represents a reliable and easy solution to reduce
waste, and the migrations of population that have modified waste volume while giving the opportunity of recovering

the geographical distribution of waste. energy. At present, 35% of the household waste (in mass)
France registers a yeamyroduction of636 million tons is incinerated (about 9.7 million tons incinerated in 248
(Mt) of waste, that is classified into five categories [1]: plants), and energy is recovered in about 29% of the cases
(i.e., about 7.9 million tons incinerated in 100 plants) [2]. In
— industrial waste (207 Mt), 1998, the energy recovered from waste accounted for more
— agricultural waste (376 Mt), than 7 million MWh, combined heat and power generation
— municipal waste (52 Mt, 25 Mt of which is household plants produced 5.3 million MWh (89% of heat, 11% of
waste), electricity) [3]. These advantages, however, must be assessed
— medical waste (0.7 Mt), against the following remarks:
— nuclear waste (0.06 Mt). — Energy recovery from waste is a small fraction with re-

spect to the energy independence of countries. For instance,
French data show that the maximum contribution of waste
*Corresponding author. incineration to the total energy production may not e_xcegd
E-mail addressesprous@insa-lyon. fr (P. Rousseaux), 4% [4]. However, the role played by waste incineration is
helene.metivier@insasn.fr (H. Métivier-Pignon). not insignificant given the 22% of renewable energy that the
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Nomenclature
C mass carboncontent...................... % Qunci  quantity of HCI in non-treated flue
Cl chlorinecontent.......................... % 08SES.....ciiiiiiiann lagpita L-year!
e eXCeSS Of @il ... ..oovveee e, % Qime quantity of lime required .. kgapital-year?!
H hydrogencontent......................... % S sulphurcontent............. .. ...l %
NCVm/nw net calorific value ratio of a material m Vair,  theoretical volume of air.......... Nhton?
to the total householdwaste ............... % Vie volume offluegases ............. Nrton—!
MRm/nw mass ratio of a material m to the total ANCV net calorific value variations in comparison
householdwaste ......................... % to the reference situation.................. %
N nitrogencontent.......................... % .
Indices
no, number of oxygen molecules ............ mol
o OXYQEN CONteNt. .. ..o, % R reference situation

European Union wants to impose on the member countries2. General methodology
from 2010 onwards [5].

— The production of electricity from heat recovered
through incineration is of no economic interest. There is in-
deed no electricity market becsriof the EDF (Electricité de
France) monopoly. The produced electric power is therefore
sold to EDF, production and sale costs balancing out roughly
[4]. Conversely, direct use of heat is profitable from an eco-

Life Cycle Assessment (LCA) is a tool of environmen-
tal evaluation that has gained wide acceptance in the past
decade. This method does provide the elements necessary
for the development of an environmental policy combin-
ing consistence and transparency. LCA deals with listing
and quantifying environmental burdens and related impacts

nomldc pomt;)f view, provided th?t t?e heaAt consumer Ifo|O- caused by a product, process or activity [6], on the basis
cated near the waste-to-energy facilities. As a matter ot fact, of mass-energy balances and the product’s total life cycle.

the heat market is virtually non—exist_entsince the transporta- 1,0 “cradle-to-grave” appach encompasses the extraction
tion and storage of heat are not feasible. As a result, the valuey 4 processing of raw materials, the manufacturing and as-
of heat depends exclusively on the presence of a nearby consemply processes, product distribution, use, re-use, mainte-
sumer. In that case, the price of heat reaches 15.24 euros pefiance, recycling and final disposal. This “cradle-to-grave”
MWh [4]. In the opposite case, the value of heat may be neg- approach takes into account every upstream and downstream
ative if expenses are needed to disperse it. From then on, thesteps included in the life cycle of a process so that it enables
use of the recovered heat falls into the domain of the town to identify the pollution transfers that may occur as well as
and country planning policy. possible future consequences. For instance, driving an elec-
— The incineration of waste raises environmental con- tric car avoid emissions involved in the greenhouse effect by
cerns especially because it may generate atmospheric polcomparison with the use of a diesel car, however if the elec-
lution. The detection of soedioxins has noticeably un- tric power required is produced from coal contribution to the
dermined the public image of incineration plants these last 9reenhouse effect is still noteworthy: driving is not pollut-

years. However, this wastestitment process has the advan- Ng any more, but supplying electricity is. This is why the
tage of limiting the emissions of gases playing a role in the COmmission of the European Communities has taken LCA

greenhouse effect as the basis for its Integrated Product Policy [7]. It is also
The European Community has recently decided to in- worth mentioning the creation of an international standard

. . ! .. (ISO 14040-43) [8-11] for LCA, which is being reviewed
crease the recycling of waste. Firms launching packages into
. and evaluated.
the market, for example, have to plan on their recovery as re-

labl terial. E ienabtained in the field of A brief account of LCA could be the following. The
CY_Ca_ e_ma enal. Expenen X ained in the field o rgcy— LCA's objectives are diagnostic, improvement, control and
cling indicates that the costs involved after a selective col-

s _ Rl ) choice. A first step involves completing an inventory based
lection are on the average twice those of incineration [2]. 4, the mass and energy balances. A second step deals with
The recycling policy was encouraged by the desire to sparejmpact assessment, which is carried out by means of models
non-renewable resources, and also by the control of environ-(the modelling of transfer phenomena among environments,
mental impacts, although not proven at the time. This last for example, uses transport models [12]).

aspect is examined in this paper, by assessing environmen- The aforementioned considerations set-up the context of
tal impacts in several scenarios including both recycling and the present study devoted to the urban waste treatment by
waste-to-energy of household waste. waste-to-energy.
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Table 1
Data related to the material recycling
Paper/cardboard Plastics Glass Steel Aluminium Total
PVC PET PE Total
Ptm (%) 27.00 0.75 0.94 3.30 4.99 11.00 2.46 0.60 46.05
Ctm (kg-capitaL.year1) 94 3 3 11 17 38 9 2 161
NCVtm (%) 34 14 0 1 1 50

Prm: Proportion of targeted materials in the household waste flux [13,14].
Ctm: Consumption of targeted materials, calculated fronftimetional unit (348 kg of housmld waste per capita per year).
NCVT\m: Contribution of targeted materials to the net calorific value of household waste.

3. Goal and scope of the study glass since sorting according to the colour is not conducted
yet. As for metals, after a refining step, aluminium is reintro-
duced in the melting process as a substitute for primary alu-
minium. The recycled steel originates both from the source
The set-up of the pre-sorting and collection of household sorted collection and the recovery of ferrous metals from
waste leads to quantitative and qualitative changes in fluxesbottom ash, and it is used as scrap metal in steelmaking.
at the incinerator inlet that affect outlet fluxes from both The collection of paper and cardboard includes newspapers
guantitative and qualitative points of view. and magazines as well as packages made of at least 50%
With regard to the incinerator, a number of conditions of these materials. The recycling market of paper and card-
related to the net calorific value and the waste flow rate board is quite fluctuating. There are many possibilities for
have to be fulfilled to keep the plant running in optimal recycling paper, however, the main prospect is the manufac-
working conditions. Moreover, changes in net calorific value turing of corrugated packaging. Finally, prospects for plas-
may affect the production of energy from waste incineration tic recycling are still under development and include pipes

making it necessary to seek other energy sources. In view(drainage, wastewater), punnets, plastic films, clothes, etc.
of the foregoing, the present study aims to identify the

materials by means of whichagcling might disrupt energy
production, and then assess the environmental benefits of th
energy recovery. Finally, the treatment of flue gases may also
be affected by changes at the incinerator’s inlet since the [N existing waste-to-energy plants, incineration, energy
dosage of reagents (e.g., lime) depends both on the effluenf€covery, and processing of solid residues operate together.
flow rate and the pollutants’ concentration. In addition to the combustion chamber, incineration facilities
With respect to the bottom ash, changes in its compo- include the treatment process of flue gases (with lime),
sition are likely to involve its downgrading, meaning that it Whichis based, after the sep#ion from fly ash (by means of
may not be recyclable any more. This study will firstidentify an electrostatic precipitatogn a dry system, and a handling
the materials by means of which the recycling may induce process of bottom ash which involves a quench bath and a
the downgrading of bottom ash, and then assess the quanmagnetic device for the recovery of ferrous metals.

tity of aggregate needed to replace it as a road embankment In reference to energy recovery, the boilers, which are
material. used to recover heat from the cooling of flue gases, deliver

The final point of analysis will concern the treatment steam for district heating and hot water as well as process
of fly ash (stabilisation and solidification) geared to final steam for industrial use. Electric power is produced for self-
disposal. Changes in the residues composition may certainlyconsumption purposes, and the electricity surplus is sold
require that the treatment process be adapted to meet théo EDF (Electricite de France). The quantities of energy
norm. recovered from waste incineration before the setting up of
pre-sorting and collection of household waste are presented
in Table 2 [15].

3.1. Possible changes in the waste-to-energy treatment

e3.3. Solid waste treatment operations

3.2. Materials for recycling

Materials targeted for recycling are the following: glass,
plastics, paper and cardboard, aluminium, and steel. TheTable 2
proportions of these targeted materials in the householdEnergy production operated by waste incineration (1995) [15]

waste flux before the set-up of the pre-sorting are shown in Energy (MJ) Energy
Table 1 [13,14]. Glass and metals are collected in curbside (k3 capita ! .year™)
recyclable containers whercitizens voluntarily bring the  District heating and hot water 862500 750
sorted materials. Plastics are collected from door-to-door, Industrial steam 46000 40
; ; Electricity sold to EDF 289000 252
n rtin ntre i for ran r r I-
and a sort g centre Is set up for paper a d cardboard co Electricity for self-consumption 103500 20

lection. The recycling of glass consists of producing brown
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The handling of solid residues deals with the recycling raw materials is based are shown Table 4. The production of
of bottom ash and the stabilisation/solidification and final heat by means of boilers is also taken into account with the

disposal of fly ash. view to compare it with the use of energy recovered from
waste-to-energy facilities. Fig. 1 summarises the processes
3.4. Functional unit and system boundaries included in the study. Transportis taken away from the scope

of the study, neither from collection to treatment nor from

The functional unit is the quantified performance of a treatment to materials use stages, this for two reasons. First,
product system to be used as a reference unit in a LCAthe aim of the study is to assess both technical and envi-
study [8]. The primary purpose of the functional unit is to ronmental consequences of a waste pre-sorting on waste-to-
serve as reference for inputs and outputs. So the functionalenergy facilities, and transport has nothing to do with it. Sec-
unit is fundamental at the gia of compaability of LCA ond, the environmental benefits of the material recycling are
results and/when several systems are assessed. assessed all the same. To this end, the production of mate-

In this study, the functional unit is defined as the treat- rials from raw materials is compared with the production of
ment of 348 kg of household waste per capita per year, and itmaterials from recycled ones. The scenarios of material pro-
is based on the data obtained from an urban and semi-urbaruction from raw materials encompass all operations tak-
geographical area, named “Grand Lyon" (France), which ing place before the introduction of recycled materials in
covers 48,700 hectares and a population of 1,150,000 inhabi-the production process (especially raw material production
tants. In this way, the functional unit meets the three unities: and production processes). Once again, transport is beyond
the unity of product, the unity of service and the unity of the scope of the study. However, if one thinks transport is
time. worth considering, it can be easily assumed that the distance

Based on this functional unit, the influence of the source- covered from collection to treatment is not significantly dif-
separated household waste collection on the waste-to-energyerent from the distances covered from collection to sorting
treatment is assessed in the case of two scenarios (Scenariasentre and from sorting centre to treatment. As a matter of
1 and 2) and compared with a reference scenario for fact, sorting centres and waste-to-energy facilities are often
which there is no source-separation of household wastelocated at the same place. Moxer, transport of recycled
(Scenario 0, corresponding to a material recovery rate of materials from the sorting centre to the production site may
0%). Scenario 1, based on real case studies, considers abe, at worse, similar to the transport of raw materials from
overall material recovery rate of 35% [16]. The details are the extraction site to the production site, and more likely
provided in Table 3. This scenario can be viewed as the the distance covered may be shorter for recycled materials.
most likely to exist. Conversely, Scenario 2 hypothesises Thus, there is little chance of transport being more environ-
a 100% material recovery rate, accounting for a maximum mentally detrimental in the case of recycling, justifying its
theoretical scenario. exclusion from the system boundaries.

The system boundaries encompass the material recovery,
the incineration treatment including the recovery of energy 3.5. Data: sources, hypotheses, and quality
and ferrous metals, the recycling of bottom ash, the treat-
ment of fly ash and the final disposal of waste. Moreover,the = The mass and energy fluxesatdd to material packaging
system boundaries include life cycle of products for which production which are used to assess the environmental bene-
the production can be avoided thanks to recycling, that is to fits due to the material recycling are taken from Habersatter
say glass, aluminium, steel, paper and cardboard, and plas{17]. Otherwise, most of data are obtained from the waste-
tics, which are salvaged at the sorting centre, but also ag-to-energy plant’s operators, and will not be shown here for
gregate, which can be replaced by treated bottom ash. Thehe sake of clarity and concision of the paper but are avail-
scenarios on which the assessment of the non-production ofable somewhere else [15]. It is worth noticing that these

Table 3
Constitutive parameters of material recovery scenarios
P/C Plastic Glass FM Aluminium Average
Scenario 0
Recovery rate (%) 0 0 0 0 0 0
Scenario 1
Collection rate (%) 45 35 60 50 50
Refusal raté (%) 35 35 0 35 35
Recovery rate (%) 238 228 60.0 325 325 354
Scenario 2
Recovery rate (%) 100 100 100 100 100 100

P/C: paper/cardboard Mt ferrous materials.
* The refusal rate represents the ratio of material refused at the sorting center to material collected.
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Table 4

Scenarios considered for the assesgroéthe non-production of raw materials

Material Steps of production taken into account Avoided function
Aluminium — production of limestone, bauxite, rock salt, coke, tar Primary aluminium production (Bayer process)

— production of alumina, aluminium fluoride, anodes
— pyrometallurgy and electrolysis

Glass — production of calcine, sand, sqdiestone, dolomite, feldspar  All production processes upstream from the native glass drop
Plastics Native plastics production
-PVC — production of rock salt and chlorine electrolysis

— refining of oil and cracking of ethylene
— monomer and PVC production

—PET — refining of oil and steam cracking leading to the formation of
ethylene glycol and dimethyl terephtalate
— PET production

—PEhd — refining of oil and steam cracking
— PEhd production

Steel — iron ore production Primary steel production
— blast furnace

Paper/cardboard  — production of chemical reagents and wood Native pulp production for corrugated cardboard
— production of non bleached pulp

Pre-sorting and collection of household waste |

Production of

| Household waste | | Material recovery } ------------------------------------- terial
raw materials

Energy recovery

Incineration treatment

|F errous metal recoveryl

y Y
Flue gases Fly ash Bottomash| | Production of
treatment treatment recycling aggregate

Final disposal of waste

System processes

_______ Comparison processes

Fig. 1. Scope of the study.

data have been compared wittbldgraphic references (es- by Wenisch [15] shows that in general the data quality is
pecially [18]): they are in concordance with national data.  quite satisfactory. A poor data quality was observed for the

The quality of collected data has been estimated accord-treatment process of fly ash, justification of this point not be
ing to the data quality matrix proposed by Weidema and Suhr emphasised in this study. The same applies for gaseous emis-
Wesnos [19]. Scores are attributed according to several qual-sions due to the energy recovery. Despite the medium quality
ity indicators, namely reliability, completeness, as well as of data related to material production, this bibliographic ref-
temporal and geographical correlation; scores range from lerence [17] will be used here since numerous LCA studies
to 5 as the data quality decreases. The data analysis reportedre based on it.
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4. Inventory analysis of prevented waste obtained through material recovery, as
compared to the production of materials from raw materials.

Environmental loads are calculated from mass-energy From this point of view, the benefits of the material recovery
balances and expressed as environmental impacts. The imare obvious, except in the case of glass. This material is
pacts taken into account in this study are resource depletion,never recycled to a 100% for economic reasons, since the
air pollution (including toxicity, acidification, and green- second-generation material is made of both raw and recycled

house effect), water pollution and production of waste. glass. As a result, part of the recovered glass is bound
anyway to disposal, justifying in this way the negative values
4.1. Material recycling in Table 4.

The environmental benefits caused by the recycling of 4.2. Waste-to-energy treatment
material (scenarios 1 and 2pmpared with the reference o
situation (unsorted material collection) are presented in Ta-

ble 5. These environmental benefits are assessed supposin . o - .
PP gOﬂdItIOI"IS of incinerators, more specifically to their load

recycled materials are used instead of raw materials, Whatf ¢ dth t calorifi | f te. The treat t of
amounts to assess the non-production of raw materials. This actorand the net caloriic value ot waste. the treatment o

assessment is based on the quantification of two points: theflue gases will be then_discussed _and it will be followed by
saving of resources and the prevention of pollution. the assessment of environmental impacts.

With regard to the saving of resources, it is worth
mentioning that the sorted material collection and the 4.2.1. Working conditions
recycling may save energy, up to 1500 -®epita 1-year! The waste-to-energy facilitteunder study (see Table 2)
in the case of Scenario 1, and up to 494304Apita L-year! have a rated capacity of 12 tohs?, the suitable load fac-
in the case of Scenario 2. The detailed calculations showtor is assessed to be 85% (corresponding to a household
that saving of electric power is due mainly to aluminium Waste flux of 10.2 tona~1). If the load factor ranges from
recycling whereas most of the saving of thermal energy is 85 to 100%, the plant may be in an overload situation, if
due to paper/cardboard (66%) and plastics (22%) recycling. it is beyond 100% the plant may be in a saturation sit-

With respect to prevention of pollution, the recycling of uation. In the present case, the flow rate value of waste
glass is mainly responsible for a decrease in air toxicity, to be incinerated is 10 torts*, which accounts for 98%
especially in dust production, as compared to the use of rawof the suitable load factor, meaning that before the set-up
materials. Also, since the manufacturing of paper/cardboardof a source-separated household waste collection, waste-to-
from virgin fibres leads to aqueous streams containing energy plants are working in conditions close to overload-
high values of chemical oxygen demand, the recycling ing. This situation can be corrected through the pre-sorting
of these materials plays an important role in preventing and recycling of targeted materials since a part of waste is
water toxicity. Another result worth of mention is that the diverted from the incineration treatment. Fig. 2 shows how
acidification potential, mainly caused by nitrogen oxides material recovery can reduce the load factor of the waste-to-
and sulphur oxides, is reduced to a large extent throughenergy facilities. According to Scenario 1, the rated situation
the recycling of glass and paper/cardboard. Finally, the can be reached again, with an 72% load factor, correspond-
data related to waste are more specifically the quantitiesing to a waste flow rate value of 8.6 ton'. Scenario 2,

In this section, attention will first be given to the working

Table 5
Environmental benefits induced by material recycling
Saving of resources Prevented pollution

NRM®) Biomas$Y Watef?) Energy®) Air toxicity (2) Water toxicity?) AP(®) Wasté?)
Scenario 1 17 595 15 1500 73 26 182 5
Glass - - - 239 51 - 97 -0.1
Aluminium 35 - - 136 3 3 3 e}
Steel 35 - 03 - 11 - 4 -
Paper/cardboard - 55} 12 852 7 22 67 il
Plastics 4 - - 273 1 1 11 a
Scenario 2 63! 200 51 4943 159 83 470 8
Glass - - - 341 83 - 157 -0.2
Aluminium 117 - - 68 11 4 15 B
Steel 117 - 08 375 32 - 22 a
Paper/cardboard - 200 ) 2966 29 76 224 3
Plastics 42 - - 1193 4 3 52 D

—: not significant or nonexistent; NRM: non rendlamaterials; AP: acidification potential.
@ kg-capital.year?; @ m3.capital.year?l; ® MJ.capital.year?l; ¥ g.capitalyear?.
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which accounts for a 100% material recovery rate, leads in- recovery of glass and steel results in an increase of the house-
stead to a 40% decrease of the load factor, meaning thathold waste NCV. These materials do not actually take part in
undercapacity working conditions will be achieved. In both the global NCV, so their recovery does not affect the initial
cases, is was demonstrated that paper/cardboard and plastidseat content of waste but they reduce the total mass of house-
had the biggestimpactin the reduction of the waste flow rate. hold waste that consequently leads to an increase in the NCV
Net calorific value (NCV) of household waste can be es- value expressed in Kg—. The recovery of plastics and pa-
timated according to two types of data. First, the data col- per/cardboard, on the other hand, involves a decrease of the
lected through the energy recovered at the output of the in- global NCV due to the high contribution of these materials to
cinerator and available to the waste treatment plant, and secthe NCV of household waste. With respect to aluminium, its
ond, the information obtained through calculations based onNCV value is quite low. Its recovery, however, leads to a de-
the NCV of each type of incimated components and their ~crease of global NCV because it has a very small mass ratio
respective parts in the waste. A NCV of 9100kgi* has ~ (MRm/nw/NCVim/uw < 1). All in all, both scenarios pro-
been obtained from operators of the waste-to-energy facil- duce a slight variation of the household waste NCV value,
ities and a value of 8200 Kdy~1 has been calculated, the o it is difficult to draw any positive conclusion. However, it
difference between sources reaching 10% can be considereavould be interesting to find out in which way the recovery
as satisfactory. The rated conditions of the waste-to-energyof each material affects tigdobal NCV of household waste
facilities ae 7900 kkg~! (data obtained from operators), ~as discussed above.
so that the reference situation corresponds to a thermal over-
load operation. The evolution of the NCV resulting from the 4-2.2. Flue gases treatment
source-separated collection of household waste is assessed Besides influencing the working conditions of incin-
from the mass fractions of the recovered materials and their€rators, material recovery also influences the flue gases
respective NCV. From these calculations, it appears that Scefréatment. The lower flow rate of waste to be incinerated
nario 1 leads to a slightincrease (2.1%) of the NCV of waste, Cuses a decrease in the volume of flue gases and a re-
whereas Scenario 2 causes &%.decrease of this parame- duction in hydrochloric acid concentration, which conse-

ter as shown in Table 6. It can be deduced from this that the quently leads to a cut-down in the consumption of lime.
Without a set-up of a material recovery, the lime quantity

needed for the flue gases#atment reaches 6 kg per ton
of household waste (that is to say 2-&apita l-year?),

0 allowing the hydrochloric acid concentration to be re-
duced from 1200 méim—2 (2 kg-capitaL-year!) down

to 11 mgNm~—2 (16 gcapita 1.yeart). The flue gases vol-
umes have been calculated through the following equations
[15], deduced from [20]:

Oglass Maluminium Elsteel [Opaper/cardboard B plastics

Loading rate variation (%)
s
o

100
-25 Vairth = Z -0.0224. no,
-30
C S H Cl (o))
-35 =1060( = 4+ — 4 — - _— __ =<
" 12 322 4 4.355 32
) C S ¢ N
45 Vee=224- | —+ o=+ —— + —
! FG <12 322 355 ' 28
Scenario 1 Scenario 2 e
— 4+ 0.79) - Vyi
Fig. 2. Variation of the loading rate due to material recycling. + <100 + ) alfth
Table 6
Change in household waste NCV due to material recovery
Glass Aluminium Steel Paper/cardboard Plastics Total
Scenario 1
MRm/Hw (%) 54 0.2 0.8 81 12 157
NCVim/hw (%) 0.0 03 03 99 32 137
ANCV (%) +5.7 -0.1 +0.5 -20 -20 +21
Scenario 2
MRm/Hw (%) 9.0 0.6 25 280 51 446
NCVim/hw (%) 0 1 1 34 14 50
ANCV (%) +9.9 -04 +15 -83 —-9.4 -6.7

MRm,/Hw: mass ratio of a material m to the total household waste.
NCVm/Hw: NCV ratio of a material m to the total household waste.
ANCV: NCV variations in comparison to the reference situation.
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where Vair, is the theoretical volume of air (Niton2), 4.2.3. Environmental impacts
no, is the number of oxygen molecules necessary to a The last aspect to be discussed is the influence of the ma-
complete combustion (mole), C, S, H, Cl, O, N, are the terial recovery on environmental impacts. The prevented en-
elemental contents (%)Vec is the flue gases volume vironmental impacts are assessed on the basis of critical vol-
(Nme-ton~1), ande is the excess of air (%). umes from the substances discharged in the reference situa-
The results shown in Table 7 are based on the elemen-tion on one hand, and the withdrawal of polluting fractions
tal composition of household waste and recovered materi- belonging to collected materials on the other hand. The fi-
als. First, it is worth mentiomig that because of their com- nal results are presented in Table 8. The recovery of pa-
bustible nature, only paper/cardboard and plastics contributeper/cardboard and plastics proved to be the most influen-
to flues gases volume and HCI concentration. Materials suchtial in the reduction of toxic air pollution. These materials
as glass, steel and aluminiueme not eligible because they are combustible contrary to other materials collected. There-
are not combustible. A close look at Table 7 reveals that the fore, and according to the elemental composition of materi-
material recovery is responsible for a decrease of the flueals, diverting paper/cardboard and plastics from incineration
gases volume, reaching 16% in Scenario 1 and 57% in Sce-eads to the reduction of the emission of compounds con-
nario 2. In addition, paper/cardboard recovery plays a moretaining nitrogen, sulphur and cadmium. As far as toxic wa-
important role in reducing the flue gases volume than the ter pollution is concerned, concentrations of heavy metals
plastics due to the high carbon content of paper/cardboardlike zinc, lead, chromium, copper, nickel, arsenic, cadmium,
(39%) compared to the one found in plastics (11%). Results and mercury range from 29 to 240 rogpita L-year ! in
related to the HCI quantity in the non-treated flue gases alsothe reference situation, and can be reduced between 0 and
show that flue gases volume is also reduced through the re-4.6 mgcapita t-year! for Scenario 1, and between 0.3
covery of paper/cardboard and plastics. The same appliesand 17.1 meapita L-year ! for Scenario 2, through the re-
to the quantity of lime required to accurately treat the flue covery of paper/cardboard and plastics. From a quantitative
gases, the lime consumption being directly proportional to point of view, chlorine resulting from the flue gases treat-
the HCI concentration. In both cases, plastic recovery is the ment contributes to a large extent to water pollution in the
one contributing the most to the observed reduction now thataqueous form of chloride, and its occurrence is especially
plastics have the highest chlorine elemental content (31% oflinked to the quantity of plastics which is incinerated. When

the chlorine content of household waste). considering the acidification resulting from the incineration
Table 7
Influence of material recovery on the flue gases treatment
Scenario 1 Scenario 2

Paper/cardboard Plastics aper/cardboard Plastics
AVeg (Nm3-ton—1) —559 —129 —1849 —602
AVEG/ VEGR (%) -13 -3 —43 -14
AQuc) (kg-capitaL.yearl) —0.06 —-0.16 —-0.18 -0.72
AQncl/QHelr (%) -3 -8 -9 —36
AQjime (kg-capitaL-year-1) —0.06 —-0.16 —-0.18 -0.72
A Qiime/ Qlime g (%) -3 -8 -9 —36

Vig: volume of flue gasex)ycy: quantity of HCI in non-treated flue gase8jime: quantity of lime required; IndeX: reference situation.

Table 8
Influence of material recovery on environmental impacts

Scenario 1 Scenario 2
Toxic air pollution (1 m3.capita1-year-1)
Materials P/C:—1.3 Plastics:—0.5 Total: —1.8 P/C:—4.2 Plastics—2.1 Total: —6.3
Components N@: —0.7 SO,: —0.7 Cd: —0.4 NOy: —2.5S0G: —2.2 Cd: —1.2 HCI: —0.1 Zn, Pb, Ni, As:—0.3
Toxic water pollution (mi-capita L-year1)
Materials Plastics:-144.7 Plastics:—6255
Acidification potential (gcapitar1-year1)
Materials P/C—35 Plastics—10 Total:—45 P/C:—120 Plastics—43 Total: —163
Components N@ —26 SG: —19 HCI: —6 NO,: —91 SQ: —66

Global warming potential (kgapita L -year-1)
Material Plastics—14 Plastics—60

P/C: paper/cardboard.
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Table 9
Energy recovery: influence of extra energy supply
Energy loss Critical volume AAP AGWP

(MJ-capita1.year1) (108 m3.capita 1-year1) (g-capita 1.year1) (kg-capita L.year1)
Scenario 1
Paper/cardboard 174 r 68 a1
Plastics 41 3B 19 23
Steel 13 5 7 11
Aluminium 13 Q05 10 —
Total 241 31 104 125
Scenario 2
Paper/cardboard 580 v/ 238 303
Plastics 240 p] 93 114
Steel 21 (03] 8 17
Aluminium 21 Q3 11 11
Total 862 107 350 445

of household waste, it appears that once again, the com-Table 10
pounds called into question, that is hydrochloride, nitrogen Consequences of material recovery on solid residues

oxides and sulphur dioxide, originate from paper/cardboard Materials Part of solid residues Decrease of the bottom ashes flux
and plastics. Finally, the greenhouse effect induced by incin- affected by material (kgapita1-year1)

eration is mostly due to carbon dioxide since it is produced to recovery Scenario 1 Scenario 2

a much larger amount than nitrogen oxides or methane (Sev-paper/cardboard Combustible and fines .2 2 81

eral magnitude categories). Their contribution to the green- Plastics Combustible and fines — 05

house effect is assessed using the well-known GWP (GlobalSteel Ferrous metals A 30

Warming Potential). As it is usually done in most LCA stud- Aluminium  Non-combustible 8 11

. . L . Glass Non-combustible 10 289

ies, only the CQ of fossil origin is considered to take part .. 206 116

into the greenhouse effect. The g@oming from the bio-
mass burning is really the one supposed to be part of the car-
bon cycle. So, a reduction of the GWP is observed through greenhouse effect. Furthermore, toxic air pollution and acid-

plastics recovery. ification potential are mainly caused by N@nd SQ with a
rough contribution of 5060. Other pollutants like CO, HC,
4.3. Energy recovery HCI and dust have trifling effects.

The second solution to the energy loss problem is

The set-up of the pre-sorting and collection of household to increase the energy recovery rate of waste-to-energy
waste involves a decrease of the quantity of combustible facilities. This parameter is actually quite low, since the
materials, which in turn would lead to a decrease of energy reference situation corresponds to a value of 28%, while
production. It is necessary to make up for this energy loss a French mean value reaches 67% with a minimum of
since the energy initially produced is recovered to deliver 20% and a maximum of 80% [21]. Therefore, it would
steam for district heating and hot water, process steam forbe necessary to increase the energy recovery rate up to
industrial use, and to generate electric power. Two solutions 34% in the case of Scenario 1, and up to 60% in the case
can be considered: the first one is to seek additional boilers,of Scenario 2, in order to make up for the lost energy.
and the second is the increase of the energy recovery rateThis approach is quite interesting insofar as no additional
Both possibilities are discussed below. environmental burdens are induced, maintaining this way the

The environmental impacts induced by the use of addi- environmental benefits of energy recovery.
tional boilers are assessed by assuming 50% of coal-fired
boilers and 50% of oil-fired boilers. Table 9 shows in the 4.4. Bottom ash recycling
first place that paper/cardboard and plastics are the materials
held responsible for recovery to induce the highest loss of  Bottom ash is made of non-combustible materials, ferrous
energy if compared to the refance situation, for both col- metals that have not been recovered, and ash resulting
lection scenarios. No value about glass is reported since thisfrom the incineration of fines and combustibles materials.
material plays no significant role in energy recovery. Envi- Concerning this aspect, Table 10 shows the part taken by
ronmental impacts resulting from the replacement of energy each material targeted by the setive collection. Since the
recovery by the energy produced by boilers are then reportedmaterial recovery affects the flux of waste at the incinerator’s
for each material. The analysis of results shows the use ofinlet, it also affects the flux of bottom ash. According to
boilers involves an increase of toxic air pollution (see criti- the results given in Table 10, glass is the material that
cal volume) as well as of the acidification potential and the contributes the most to reduce bottom ash production. In the
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Table 11 the recovery of glass induces an increase of the NCV value.
Impacts of material recovery on fly ash treatment Third, the decrease of the HGbrcentration in the flue gases
Scenario1  Scenario2  due to the material recovery results in a cut-down of the lime
Flying ashes flux (%) —9% —33% consumption.
Energy consumption (Whapita 1-year-1) —4 —12 However, the main drawback of the selective collection
Water consumption (icapita-year-1) 0.3 1.0 of household waste is that it involves a decrease of the
Reagent consumption nochange  nochange energy produced by waste incineration mainly caused by
Hydraulic binder (kecapita1-year1) -0.2 —05

the recovery of paper/cardboard and plastics. Therefore the

loss of energy recovered makes it necessary to seek either

reference situation, solid residues are recovered and usedlternative energy resources or better energy recovery rate,

as embankment material, meaning that the non-produceds0 as to meet the initial energy demand.

guantity of bottom ash must be replaced by aggregate.

Thus, whereas the production of 65-&apitaL-year! of 5.2. Environmental consequences

aggregate was initially prevented, this amount falls down to

44.4 kgcapitgl.yearl in the case of Scenario 1 and to 23.4 Environmental benefits that take place out of the territory

kg-capita 1-year! in the case of Scenario 2 as a result of are obvious since material recovery prevents the extraction

material recycling. of raw materials and drastically reduces the quantity of waste
The selective collection of household waste is also intended to final disposal.

likely to induce the downgrading of bottom ash since Environmental benefits inside the territory, on the con-

a change in its elemental content may occur. Glass istrary, remain more controvees, especially because of the

the material by means of which recovery may create the use of additional boilers, which aim to make up for the loss

largest downgrading risk, as its removal from the waste flux Of energy recovered from the waste incineration. Nonethe-

involves a concentration increase of heavy metals, sulphatedess, the additional production of energy is compensated by

and chlorides in bottom ash. It can be concluded then thatenergy saving achieved through material recovery. The same

Scenario 2 is more capable of inducing a downgrading of applies for the greenhouse effect. The production of @@

bottom ash than Scenario 1. to the use of boilers is compensated by the non-combustion
of plastics that are recycled. Moreover, the selective house-
4.5. Treatment of fly ash hold waste collection allows the environmental burdens in-

volved in the incineration treatment to be partially reduced.

Fly ash is mostly due to the incineration of fines and The environmental performance of waste-to-energy facilities
combustible materials, which means that the quantity and have improved for the most part as a result of the recovery of
quality of fly ash may be affected by the removal of the combustible fraction of waste, namely paper/cardboard
paper/cardboard and plastics. In Scenario 1, the fly ashand plastics. So, a decrease of air pollution can be obtained
downgrading risk is not significant since the elemental through the recovery of these materials, which affects in par-
content variations with respect to chlorine, fluorine, sulphur ticular the amounts of NQ SO, and cadmium released into
and heavy metals are lower than 10%. In Scenario 2, the environment. In regard to the water pollution, which is
these values range between 15 and 48%, increasing thedue mostly to chlorides, its reduction is linked more specif-
downgrading risk. ically to the recovery of plastics. Finally, since the recovery

Since this study does not focus on the treatment of of paper/cardboard and particularly of plastics, leads to a re-
fly ash, details will not be provided regarding this aspect. duction of both the flue gases volume and the HCI concentra-
Nevertheless, the main results are summarised in Table 11fion in non-treated flue gases, it allows the reduction of the
which shows that the most probable recovery scenario lime consumption to take place, which reflects in resources
(Scenario 1) leads to non significant changes with respectsavings.
to the fly ash treatment.

6. Conclusion
5. Interpretation
The goal of the present study was to assess both techni-
5.1. Technical consequences cal and environmental consequences caused by the set-up of
a source-separated household waste collection with regard
As it appeared in the inventp analysis, the selective to existing waste-to-energy facilities. To this end, a life cy-
collection of household waste has some positive technical cle assessment has been conducted, with system boundaries
consequences. First, it allows the initial overload working that encompassed material reliyg, incineration treatment,
conditions to be corrected by decreasing the waste flux atenergy recovery and handling of solid residues. The tech-
the incinerator’s inlet. Seconthe qualitative changes of this  nical aspects taken into account in this study were the load
flux have an effect on waste NCV, and more specifically, factor of incinerators, the net calorific value of waste, the



S. Wenisch et al. / International Journal of Thermal Sciences 43 (2004) 519-529 529

treatment of flue gases, the recycling of bottom ash and the [4] H. Prévot, La récupération de Iénergie issue du traite-
treatment of fly ash. From the environmental point of view, ment des déchets, report, 2000, 124 p. available on www.
the studied impacts were the resource depletion, air toxicity, environnemnet.gouv.fr/telch/2003/010731-rapport-prevot-dechets-

e . energie.pdf.
the aC|d_|f|cat|on, the greenhouse effect, water pollution and [5] Directive 2001/77/EC of the European Parlament and of the Council
production of waste.

' . . ] of 27 September 2001 on the promotion of electricity produced from
Regarding the technical field, the benefits brought about renewable energy sources in the internal electricity market, Official

by the selective collection of waste were obvious, since it al- Journal L 283 (2001) 33-40. o _

lowed the improvement of the working conditions of inciner- [6] A.A. Burgess, D.J. Brennan, Application of life cycle assessment to

. . ; L . chemical processes, Chemical Engrg. Sci. 56 (2001) 2589—-2604.

ators. Environmental benefits, gspemally inside the territory, [7] CEC (Commission of the European Communities), Green paper on

were, on the contrary, less obvious due to the loss of energy -~ integrated product policy, 2001, 32 p.

recovered during the incineration of waste. As a matter of [8] ISO 14040, Environmental management—Life cycle assessment—

fact, the environmental benefits induced by waste recycling Principles and framework, European standard 1SO 14040, 1997.

were Compensated by use of additional boilers. The life cy- [9] ISO 14041, Environmental management—Life cycle assessment—

. Goal and scope definition and life cycle inventory analysis, European
cle assessment stressed that an improvement of the energy .. 121d 1S0 14041 1998

recovery rate of incinerators may be of great interest with [10] 1So 14042, Environmental management—Life cycle assessment—

the view to achieving reanvironmental benefits. Life cycle impact assessment, European standard ISO 14042, 2000.
In the light of this study, the life cycle assessment has [11] ISO 14043, Environmental management—Life cycle assessment—

proved to be an interesting and successful tool for the study ___ Lifé cycle interpretatn, European standard 14043, 2000. .
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