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The aim of this paper is the application of Life Cycle Assessment to the operation of the MBT facility of
Ano Liossia in the region of Attica in Greece. The region of Attica is home to almost half the population
of Greece and the management of its waste is a major issue. In order to explicitly analyze the operation of
the MBT plant, five scenarios were generated. Actual operation data of the MBT plant for the year 2008
were provided by the region of Attica and the LCA modeling was performed via the SimaPro 5.1 software
while impact assessment was performed utilizing the Eco-indicator'99 method.

The results of our analysis indicate that even the current operation of the MBT plant is preferable to
landfilling. Among the scenarios of MBT operation, the one with complete utilization of the MBT outputs,
i.e. compost, RDF, ferrous and non-ferrous metals, is the one that generates the most environmental
gains. Our analysis indicates that the exploitation of RDF via incineration is the key factor towards
improving the environmental performance of the MBT plant. Our findings provide a quantitative under-
standing of the MBT plant. Interpretation of results showed that proper operation of the modern waste
management systems can lead to substantial reduction of environmental impacts and savings of

resources.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Life Cycle Assessment (LCA) is a holistic approach that quanti-
fies all environmental burdens and therefore all environmental im-
pacts throughout the life cycle of products or processes (Rebitzer
et al., 2004). LCA is not an exact scientific tool, but a science-based
assessment methodology for the impacts of a product or system on
the environment (Winkler and Bilitewski, 2007). LCA has been uti-
lized for sustainable MSW management since 1995 (Giiereca et al.,
2006) and thereafter it is increasingly exploited for decision sup-
port and strategy-planning in the field. This tendency is expected
to be further strengthened by the recently adopted European
Waste Framework Directive (2008/98/EU), which requires waste
management strategies to be based on Life Cycle Thinking, an
approach less structured than LCA but based on the same holistic
principle. Recently, Cleary (2009) presented a comprehensive
review on the modeling of MSW management systems in terms
of LCA while Del Borghi et al. (2009) review different life-cycle
approaches in waste management, while a thorough review of
recent literature can be found in Abeliotis (2011).

LCA has been mainly used for assessing the impacts of inte-
grated waste management systems of cities and regions and to

* Corresponding author. Address: Department of Home Economics and Ecology,
EL Venizelou 70, 17671 Athens, Greece. Tel.: +30 2109549363.
E-mail address: kabeli@hua.gr (K. Abeliotis).

0956-053X/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.wasman.2011.09.002

compare different operating scenarios, although the “best” option
still appear to vary depending on the boundary conditions and
the modeling assumptions in spite of the significant efforts for
standardization (ISO 14040, 2006). For instance, the environmental
superiority of waste-to-energy technologies is highlighted by
Fruergaard and Astrup (2011), Chen and Christensen (2010), Khoo
(2009), Liamsanguan and Gheewala (2008), Wanichpongpan and
Gheewala (2007), and Chaya and Gheewala (2007). On the other
hand and in various local conditions, several authors demonstrate
that the recovery of materials is the preferable environmental
option (Miliuté and Staniskis, 2010; Winkler and Bilitewski,
2007; Mendes et al., 2004; Rodriguez-Iglesias et al., 2003). Where
all relevant LCA studies seem to converge is that landfilling is the
worst environmental option, among engineered disposal and/or
treatment methods (Cherubini et al., 2009; De Feo and Malvano,
2009; Buttol et al., 2007; Banar et al., 2009; Ozeler et al., 2006).

Besides the analysis of integrated waste systems, LCA can be
also used for the assessment of specific parts of the waste
management systems; for example waste collection (Iriarte et al.,
2009; Rives et al., 2010) or management of the organic fraction
(Gliereca et al., 2006; Martinez-Blanco et al., 2010) or focusing
on special solid waste streams such as electrical and electronic
waste in Switzerland (Hischier et al., 2005) or batteries in Belgium
(Briffaerts et al., 2009).

Mechanical biological treatment (MBT) of mixed streams is
becoming increasingly popular as a method for treating municipal


http://dx.doi.org/10.1016/j.wasman.2011.09.002
mailto:kabeli@hua.gr
http://dx.doi.org/10.1016/j.wasman.2011.09.002
http://www.sciencedirect.com/science/journal/0956053X
http://www.elsevier.com/locate/wasman

214 K. Abeliotis et al./ Waste Management 32 (2012) 213-219

solid waste (Farrell and Jones, 2009). The outputs of MBT plants are:
recyclable (mostly metals) and compostable materials, Refuse De-
rived Fuel (RDF) and a fraction of residuals. Over the last 15 years
MBT technologies have established their presence in Europe (Velis
et al., 2009) and their role in waste management is predicted to
grow for the foreseeable future (Farrell and Jones, 2009). Currently,
MBT is one of the technologies with interest to Greece and to other
Mediterranean countries (Economopoulos, 2010) as well as to the
New EU countries struggling to achieve the strict landfill diversion
targets of the European legislation (Lasaridi, 2009).

Based on the aforementioned analysis, the Life Cycle Assess-
ment of MBT plants operation, as a direct material and an indirect
energy recovery option is not sufficiently studied and needs further
understanding, based on actual operating data of existing plants.
Hence, the aim of this study is to quantify the environmental
trade-offs associated with the actual operation of a specific MBT
plant, based on the annual operation data for the year 2008; to
compare the operation of the MBT plant with landfilling; and to
compare four different scenarios of MBT plant operation based
on the environmental impacts generated utilizing the Life Cycle
Assessment methodology. In addition, to the best of our knowl-
edge, the present research is the first application of the LCA ap-
proach in MSW management in Greece, a country currently in
transition of its waste management paradigm, which has to rapidly
move from extensive landfilling to advanced treatment and diver-
sion options (Lasaridi, 2009). Modeling of the system took place in
SimaPro 5.1 (Pré Consultants, 2003). SimaPro is a generic LCA tool
that is flexible enough to model MSW treatment systems.

2. Description of the MBT plant

The owner and operator of the plant is the Association of Com-
munities and Municipalities of the Attica Region (ACMAR). The
plant is located right adjacent to the Western Attica sanitary land-
fill area. The MBT was designed to treat 25% of the total MSW gen-
eration of the Attica region. The MBT plant occupies an area of
52,740 m? and has a lifetime of 20 years.

The trucks enter the plant, are weighed and directed to the
available position of discharge. The MSW, after unloading, is fed
through grabs to hoppers, from where it is dosed to the mechanical
sorting plant. The dosed waste undergoes initial screening, for the
separation of the dry and wet fractions. The dry fraction undergoes
size reduction and the materials with high calorific value are
sorted, pressed and baled as high quality RDF. Along with the dry
fraction processing line, the ferrous and non-ferrous (aluminum)
metals are separated and driven to the corresponding presses for
baling. On the other hand, the wet fraction undergoes size reduc-
tion and separation for the removal of rejects. Afterwards, the or-
ganic fraction is mixed with porosity controlling organic
materials, mostly garden trimmings. The mixture is then fed to
the composting plant. The rejects generated at the various inter-
mediate stages of mechanical sorting are collected and transferred
to the adjacent sanitary landfill.

The homogenized fraction of organic waste and garden trim-
mings is fed to the composting plant. The compostable material
is spread in layers and is aerated in elongated plug-flow vessels,
where it remains and is stabilized for several weeks. The propaga-
tion and turning of the material in the vessels is accomplished uti-
lizing specially designed equipment. The produced compost
undergoes refining. Following refining, it is fed to the maturation
area where the material is stacked and remains for 4 weeks, for
the completion of the humification processes. Part of the mature
compost is packaged and distributed for sale.

In addition to the main MBT plant, pollution control units are
operating: a wastewater treatment plant, where the treatment of

leachate produced in the various MBT compartments takes place.
For the purification of the various air streams, biofilters and scrub-
bers are used. Bag filters are used for the removal of dust in the air
streams.

3. Life Cycle Assessment

There are four steps in an LCA study: the goal and scope defini-
tion, the inventory analysis, the impact assessment and the inter-
pretation (ISO 14040, 2006).

3.1. Goal of the study

There were three main objectives in this study: (a) to assess the
environmental impacts generated by the current operation of the
MBT plant in Ano Liossia, Greece; (b) to compare the operation
of the MBT plant to MSW landfilling; and finally (c) to compare
the environmental impacts generated by different scenarios of
dealing with the products of the MBT plant.

3.1.1. Functional unit

The key function of the MBT plant is the treatment of mixed
MSW and the recovery of useful materials (ferrous and non-ferrous
metals, RDF, compost). The functional unit serves as the objective
yardstick for comparison among systems (ISO 14040, 2006) to
which the inputs and outputs of the inventory are related. Cherubini
et al. (2009) claim that for waste management the functional unit
must be defined in terms of system’s input, i.e. the waste. Moreover,
Cleary (2009), in its recent review of LCAs, states that the functional
units are variants on “tonnes of MSW treated per year”. Therefore, in
this study, the functional unit is the total mixed MSW fed to the Ano
Liossia MBT plant during 2008, i.e. 251,859 tons/year.

3.1.2. System boundaries

The LCA system boundary is the interface between the waste
management system and the environment or other product systems.
Typically, the life cycle starts once a material or product becomes
waste (McDougall et al., 2001). In our case, the start of the life cycle
of the waste is the gate of the MBT plant. The end of the life cycle of
MSW is when it ceases to be waste by becoming a useful product,
residual landfill material or an emission to either air or water
(McDougall et al., 2001). Landfill, therefore, is an end of the MSW life
cycle. A time horizon of 100 years is taken into account for the calcu-
lation of all resulting emissions. The production of useful products
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Fig. 1. Boundaries of the main system studied.
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resulting from material or energy recovery is also an end of the life
cycle of MSW. The main system of the study is the MBT plant. The
boundaries of the system are represented graphically by the dotted
line in Fig. 1. The system includes (a) the main unit operations of the
MBT plant, (b) the wastewater plant for the treatment of the MBT
plantleachates, (c) the air emissions control units (strippers and bio-
filters), (d) transport of materials within the boundaries of the plant,
(e) transport of the produced RDF to a cement plant.

Inputs to the system are: mixed MSW, electricity, water, chem-
icals and transportation fuels. Outputs from the plant are: ferrous
and non-ferrous metals, RDF, compost, moisture and residues (so-
lid emissions) in addition to air and water emissions. Note that air
and water emissions are accounted for, after the engagement of the
pollution control units, i.e. air and water emissions are those that
end up in the environment.

MBT plants are multi-output plants. Thus, in order to avoid
product allocation, the approach of “system expansion” (Buttol
et al., 2007) is engaged. In other words, a useful product derived
from the waste system is followed to the point where it can be
used. In essence, system expansion implies more information to
be gathered (Miliaté and Staniskis, 2010). In our case, in certain
scenarios, we expand our system to include: the RDF utilization
in a cement manufacturing plant substitutes the use of brown coal;
the compost utilization for soil fertilization substitutes the use of
chemical fertilizers; the recycling of metals substitutes the use of
virgin raw materials.

The life cycle environmental emissions from the production of
capital equipment and infrastructure of the MBT plant, also known
as secondary environmental burdens (McDougall et al., 2001), are
not included within the present system boundary. Wittmaier
et al. (2009) state that experience has shown that for waste treat-
ment plants that have been in operation for many years, the envi-
ronmental costs of pre- and post-material processing (i.e. the
environmental costs resulting from capital equipment and infra-
structure) are of minor importance compared with the environ-
mental costs of operating the plant.

3.2. Life cycle inventory

Data for the operation of the MBT plant were provided by the
Regional Administration of Attica. The inventory data where then
assigned to entries from the SimaPro 5.1 databases.

3.2.1. MSW fed to the MBT plant

As mentioned earlier, the mixed MSW fed to the MBT plant
were 251,859 tons/year during 2008. In addition, 7556,200 kg/year
of yard trimmings were fed in order to account for porosity control.
The percentage composition of the MBT plant inputs and outputs is
presented in Table 1. De Feo and Malvano (2009) report results
from the MBT plant in Avellino, Italy. Compared to the MBT plant
in Ano Liossia, there are similar results reported for the recovery
of non ferrous metals and RDF. However the compost percentage
in Avellino was double that of the Ano Liossia plant while on the
other hand the Ano Liossia plant has double the percentage of
the residues ending up in the landfill compared to the Italian plant.

3.2.2. Electricity

In order to account for the electricity consumption of the MBT
plant, the actual bills of the Public Power Corporation (PPC) were
used. The reference year is 2008. The plant operates for 5 days
per week in three shifts, i.e. a year is accounted as 250 days of
operation. The total consumption was 10,816 MW.

The mixture of fuels utilized to generate electricity determines
the environmental impacts of electricity in each country. Based on
the PPC data, the electricity mix in Greece was the following: lig-
nite 51.52%, diesel oil 11.70%, natural gas 15.50%, hydro power

Table 1

Composition of input and output streams of the MBT plant.
Input % wlw Output % wlw
Putrescibles 23.80 RDF 39.21
Paper and carton 40.90 Compost 9.84
Leather, wood 2.10 Fe 1.92
Plastic 16.00 Al 0.03
Glass 2.90 Moisture 21.20
Metals 2.10 Residues 27.80
Textiles 3.90 Total 100.00
Inert 2.10 - -
Other and composites 0.50 - -
Fines (d < 10 mm) 5.60 - -
Total 100.00 - -

7.70%, other renewables 5.81% and imports 7.77%. Imports were
modeled as the average UCPTE electricity mix, from the SimaPro
5.1 database.

3.2.3. Water

Water is consumed in the MBT plant for the scrubbers that clean
the air from the composting plant as well as for wetting the com-
posting windrows. The underlying assumption is that all of the
water, after its utilization, is ending up in the wastewater treatment
plant. The water utilized in the MBT plant is 135,000 tons/year.

3.2.4. Chemicals

Chemicals are utilized for scrubbing the air from the compost-
ing facility and for odor removal. A 40% w/w solution of H,SO, is
utilized in addition to a 12% w/w in active chloride and 0.76%
w/w in NaOH solution of NaOCI. These data sum up to an annual
consumption of 851,250 kg of NaOCl, 23,793 kg of NaOH and
193,620 kg of H,S04.

3.2.5. Transportation fuels

The fuels utilized for the operation of the utility vehicles
(trucks, personnel buses, etc.) within the MBT plant is taken into
account. The total diesel oil consumption is 133,333 I/year. The
fuels required for the transportation of MSW to the MBT gate is
not taken into account.

3.2.6. Outputs

The outputs from the MBT plant are compost, RDF, residues and
emissions to water (measured at the exit of the wastewater treat-
ment plant).

3.2.7. Compost
The compost currently produced in the Ano Liossia MBT plant is
landfilled due to the lack of suitable markets.

3.2.8. RDF

The RDF produced from the RDF plant has a mean humidity of
27.3% and a lower heating value of 15.5 M]/kg with a chloride con-
tent of 0.4% wjw.

3.3. Impact assessment

The CML 2 baseline 2000 method was used for the life cycle im-
pact assessment. It is a well-established method in the field of
MSW LCA, utilized previously by numerous authors (Banar et al.,
2009; Hischier et al., 2005; Iriarte et al., 2009; Rives et al., 2010).
The six impact categories considered are: abiotic depletion poten-
tial (ADP), global warming potential in 100 years horizon
(GWP100), acidification potential (AP), eutrophication potential
(EP), human toxicity potential (HTP), and photochemical oxidation
potential (POP). These are reported to be among the most relevant
to MSW management (Cleary, 2009).
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4. Scenario development and assumptions

The aim of this paper is to compare on an environmental basis,
four different scenarios of the operation of the MBT plant utilizing
the LCA methodology. In order to compare the four scenarios in
terms of their environmental impacts, a series of qualitative and
quantitative data were collected for each scenario. Landfilling is
considered as the baseline scenario. Therefore, the analysis of the
system is based on a total of five alternative scenarios:

4.1. Baseline scenario (landfilling without any biogas recovery)

The baseline scenario (SO) describes the landfilling of the total
MSW without biogas recovery and any prior MSW treatment. In
order to quantify the impacts of this scenario, the assumption is
that 120 m>® of biogas (60% v/v CH,) are produced per ton of
MSW landfilled (Obersteiner et al., 2007). The density of CH, is ta-
ken as 0.68 kg/m?> (at 15 °C). The land use is estimated based on a
density of 1 ton/m> of MSW (Obersteiner et al., 2007) in the landfill
and a height of 2.5 m. Thus, for 251,859 tons/year an approximate
area of 100,000 m? is required annually for landfilling. The CO,
emissions from the landfill are not taken into account since they
are biogenic, i.e. they do not derive from fossil fuels. According to
Cherubini et al. (2009), in addition to CH,4, other gases released
from the landfill are CO, HCl, and HF (emission factors: 13, 65
and 13 mg/m> of biogas released). The leachates resulting from
the landfill are not taken into account. The baseline scenario is uti-
lized just for the sake of a quick and dirty comparison between
landfilling and the operation of the MBT plant.

4.2. Scenario No. 1 (current MBT plant operation)

The first scenario (S1) describes the current operation of the
MBT plant. The assessment is based on operational data taken from
ACMAR. The data cover a whole year of plant operation, namely
year 2008. The land occupation by the MBT plant for scenarios
1-4 is estimated by calculating the amount of materials that end
up in the landfill. The rest of the underlying assumptions for sce-
nario 1 are:

e Utilization of 40% of the produced compost for soil fertilization.
The utilization of the compost substitutes the use of chemical
nitrogen (N) and phosphorus (P) fertilizers.

Full utilization of the recovered ferrous material (100%). Metal
scrap is the material most commonly recovered from material
recovery (Consonni et al., 2005). The recovery of iron substi-
tutes the production of new steel. The substitution rate was cal-
culated based on the fact that the production of 1 ton of steel
requires 1.19 ton of metal scrap, as reported by Consonni
et al. (2005).

Utilization of the recovered aluminum (85%). The recovery of
aluminum substitutes the production of new aluminum.

Both the produced RDF and the remaining compost are sent to
the nearby landfill. Obersteiner et al. (2007) report that after
MBT treatment, the biogas generation is 15.6 m>/ton landfilled
and the bulk density of the landfilled material 1.4 ton/m°.

4.3. Scenario No. 2 (current MBT plant operation + utilization of 100%
of the compost)

The second scenario (S2) is based on the current operation of the
MBT plant (S1). However, the assumption here is that the whole
quantity (100%) of the produced compost is used for soil fertiliza-
tion. Thus, the material that ends up for landfilling is less, compared
to scenario 1. Again, the assumptions for MBT treated material that

is landfilled reported by Obersteiner et al. (2007) are utilized. The
likelihood of this scenario is quite low due to the fact that an estab-
lished compost market does not exist in Greece.

4.4. Scenario No. 3 (current MBT plant operation + 55% incineration of
the produced RDF in a cement plant)

The third scenario (S3) is also based on the current operation of
the MBT plant (S1). However, the alternative here is that part (55%)
of the produced RDF is incinerated in a cement plant. The utiliza-
tion of RDF as a substitute fuel to cement manufacturing plants
is well established (Genon and Brizio, 2008; Mokrzycki and
Uliasz-Bochenchyk, 2003; Rotter et al., 2004; Rovira et al., 2010).
Since currently no dedicated mixed MSW or RDF incineration facil-
ity exists in Greece, the likelihood of this scenario to be imple-
mented in the future is quite high since thermal exploitation of
RDF in a cement factory was planed to be the usual mode of oper-
ation of the MBT plant in its feasibility study. RDF was supposed to
be incinerated in the cement plant in Aliveri, a town approximately
140 km away from Ano Liossia. However, this option was never
realized due to the opposition of the local residents. Based on the
LHV of the produced RDF presented earlier, the use of the 55% w/
w of the RDF substitutes 4821 GJ of coal. The RDF is transported
to Aliveri via 28t trucks, which return empty to the MBT plant.
The environmental impacts resulting from the transport of RDF
are taken into account. However, the emissions resulting from
the incineration of RDF in the cement plant are not included in this
study since Genon and Brizio (2008) state that it is not easy to dis-
tinguish between the contribution of the clinker production pro-
cess and the contribution of RDF. However, the use of RDF
instead of traditional fuels in a cement kiln should not be taken
for granted since it could be dangerous in terms of the presence
of larger amounts of heavy metals in the waste gas; thus, the qual-
ity and the quantity of RDF to be burned should be analyzed in
depth (Genon and Brizio, 2008).

4.5. Scenario No. 4 (complete utilization of Fe, Al, compost and RDF)

The fourth and final scenario (S4) describes the complete utili-
zation of the MBT plant products, i.e. 100% utilization of compost
as soil fertilizer and 100% incineration of the RDF in Aliveri. Again,
the emissions resulting from the cement plant are not taken into
account. In terms of product recovery, this scenario is the ideal
one, because all MBT products are exploited.

Table 2 sums up the substitution of resources due to the recov-
ery of useful materials from the MBT plant.

5. Results and discussion

This section consists of two parts: at first the input and output
flow inventories of the five scenarios are presented; the compari-
son of the impact assessments follows.

5.1. Main input and output flows

The major input and output flows for the five scenarios are
summarized in Table 3. The inputs to the MBT plant are common

Table 2
Substitution of raw materials from recovered MBT materials.

Material recovered from MBT plant Raw material substituted

RDF Coal

Compost Fertilizer (N and P)
Ferrous metals Steel

Aluminum Aluminum
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for all scenarios but the baseline. In the avoided products section of
Table 3, the quantities for the recovered ferrous and non-ferrous
metals are identical throughout all four scenarios. The quantities
for the recovered compost and RDF shown in Table 3 are based
on the respective recovery rates. The emissions to the air are vari-
able among the scenarios due to the different amounts of material
landfilled in each one of the scenarios.

5.2. Environmental impact assessment

The current operation of the MBT plant is assessed first; then
the operation of the MBT plant is compared to landfilling; finally,
the five scenarios are compared in terms of their environmental
impact. Table 4 presents the characterization results of the five sce-
narios in each one of the six impact categories considered. The re-
sults in Table 4 are reported on a “per kg of MSW treated” base.

5.2.1. Impact assessment of the current operation of the MBT plant

Fig. 2 presents the characterization results of the current oper-
ation of the MBT plant. Percentages above the x-axis refer to envi-
ronmental burdens, while those with negative values refer to
environmental gains. The major contributors to the environmental
impacts generated by the plant, in order of importance, are the
electricity used for the operation of the plant, the diesel consumed
for the plant vehicles and the chemicals (sulfuric acid and chlorine)
utilized in the air pollution control units of the MBT plant. Electric-
ity consumption contributes to all of the impact categories but
eutrophication, while diesel consumption contributes mainly to
the eutrophication.

217

However, the operation of the MBT plant generates also positive
environmental outcomes (shown in Fig. 2 as negative numbers be-
low the x-axis): the major environmental gains by the operation of
the MBT plant result from the recovery of ferrous metals and
aluminum, which has a positive impact on all six categories. More
specifically the major contribution of ferrous metals recovery is on
the reduction of the photochemical oxidation potential while the
major contribution of aluminum recovery is on the reduction of
the human toxicity potential. The use of compost as P fertilizer
contributes positively to the reduction of the eutrophication poten-
tial. This finding, i.e. that the recovery of materials improves the
environmental performance of an MSW management system, is
supported by the findings of other authors too (Banar et al.,
2009; Beigl and Salhofer, 2004; Buttol et al., 2007; Giiereca et al.,
2006; Hischier et al., 2005).

5.2.2. Impact assessment of the operation of the MBT plant vs.
landfilling

The next task was to assess the possible environmental benefits
that the operation of the MBT plant offers compared to landfilling.
Fig. 3 presents the relative characterization results of the operation
of the MBT plant vs. landfilling. Again, percentages above the x-axis
refer to environmental burdens, while those with negative values
refer to environmental gains. The three impact categories that
the two options can be compared are the global warming potential,
the human toxicity potential and the photochemical oxidation
potential. In the remaining impact categories, the relative contri-
bution of landfilling is extremely small due to our modeling
assumptions. The figure reveals that the operation of the MBT plant

Table 3
Life cycle inventories for the five scenarios.
Flow Units Scenario 1 Scenario 2 Scenario 3 Scenario 4 Baseline scenario
Inputs
Treated MSW ton 251,859 251,859
Water ton 135,000
Sulfuric acid kg 193,620
NAOH kg 23,793
Chlorine kg 102,150
Diesel GJ 4821
Electricity MW 10,816
Transport for RDF tkm 0 0 7,604,051 13,825,548
Outputs
Avoided products
Steel kg 3,074,400
Aluminum kg 99,479
Fertilizer-N ton 214 534 214 534
Fertilizer-P ton 35 87 35 87
Coal GJ 0 0 837,536 1522,792
Emissions to air
CH4 ton 1509 1414 1163 786 12,331
co kg 48 45 37 25 393
HCl kg 240 225 185 125 1965
HF kg 48 45 37 25 393
Emissions to water
Dissolved solids kg 98 91.9 75.5 51.0
Suspended solids kg 11 103 8.5 5.7
BOD kg 5 4.7 3.9 2.6
COoD kg 51 47.8 39.3 26.6
N organically bound kg 15 14.1 11.6 7.8
Emissions to soil
Cd ton 8 21 8 21
Cr ton 538 1344 538 1344
Cu ton 2601 6503 2601 6503
Mn ton 1441 3602 1441 3602
Pb ton 671 1677 671 1677
Zn ton 4909 12,273 4909 12,273
Ni ton 786 1964 786 1964
Non-material emission
Landfill area occupation m? 67,727 63,479 52,209 35,263 100,744
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Table 4
Life cycle characterization results.
Impact Indicator Baseline S1 S2 S3 S4
Abiotic depletion kg Sb eq. 0 1.51E-4 1.35E-4 2.39E-3 4.48E-3
Acidification kg SO, eq. 0 1.66E-4 1.61E-4 —2.31E-3 —4.35E-3
Eutrophication ke PO3~ eq. 0 —8.61E-6 —2.28E-5 —1.15E-4 —2.16E-4
Global warming 100 years kg CO,, eq. 1.03 0.15 0.14 -0.214 -0.521
Human toxicity kg 1,4-DB eq. 4.53E-3 -0.0125 -0.0126 4.26E-4 -0.303
Photochemical oxidation kg C,H, 2.94E-4 3.19E-5 2.94E-5 —7.85E-5 —1.71E-4
80%
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Fig. 2. Characterization results of the current operation of the MBT plant in Attica (% refer to the contribution of each inventory material to the respective impact category, i.e.
ADP: abiotic depletion, AP: acidification, EP: eutrophication, GWP100: global warming in a 100 years horizon, HTP: human toxicity, POP: photochemical oxidation).
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Fig. 3. Characterization results: MBT plant operation vs. landfilling (% refer to the
contribution of each scenario to the respective impact category, i.e. GWP100: global
warming in a 100years horizon, HTP: human toxicity, POP: photochemical
oxidation).

has a relative positive environmental impact in the human toxicity
potential. The operation of the MBT plants is also preferable to
landfilling even if we compare its relative impact on global warm-
ing potential and photochemical oxidation potential. Landfills are
reported to be the worst options when compared to other MSW
management systems (Cherubini et al., 2009; Mendes et al., 2004).

5.2.3. Comparison of impact assessments for all five scenarios

The final comparison will be among all five alternative scenar-
ios, i.e. landfilling, the current MBT plant operation, and its three
enhancements. Table 4 presents the characterization results of
the five scenarios in each one of the six impact categories of con-
sidered in our study. The comparative results are analyzed per im-
pact category:

5.2.3.1. Abiotic depletion. Each one of the four scenarios involving
the MBT plant has an impact on abiotic depletion. S4 and S3 have
the highest impacts on ADP due to consumption of fossil fuels for
the transport of RDF to the cement plant. The environmental

burdens of transporting the RDF prove to be higher than the credits
from the substitution of coal in the cement plant.

5.2.3.2. Acidification. S1 and S2 have the highest impact on acidifi-
cation due to reduction in the AP achieved by the substitution of
coal by the RDF in S4 and S3. The higher the amount of coal substi-
tuted, the higher the gains in terms of AP reduction. S2 is better
than S1 because of its higher percentage of compost utilization
as fertilizer.

5.2.3.3. Eutrophication. It is noteworthy that all four scenarios
involving the MBT plant have a positive impact on EP. S4 is the best
option, due to the higher substitution of coal by RDF. The burdens
set by the RDF transport cannot negate the environmental credits
by the coal substitution.

5.2.3.4. Global warming. Landfilling has the highest impact on glo-
bal warming. The operation of the MBT plant (S1) lowers the
GWP100 to almost 15% of the landfill scenario respective value.
Moreover, the increase in the percentage of RDF utilized at the ce-
ment plant, creates a positive impact on the global warming poten-
tial. S4 is the best option in this impact category.

5.2.3.5. Human toxicity. The operation of the MBT plant (S1) lowers
the human toxicity potential. Again, the best result is achieved by
the S4, i.e. the scenario with the highest utilization of RDF in the
cement plant.

5.2.3.6. Photochemical oxidation. Landfilling has the most adverse
impact on POP. The operation of the MBT plant (S1) improves the
situation. However, the best result is achieved, once more, by S4.

Based on the aforementioned results, the critical factor for the
improvement of the environmental performance is the percentage
of RDF that is utilized in the cement plant. Exploitation of MSW for
energy generation has been found to be a good way to improve the
environmental performance of MSW management systems by var-
ious other authors, too (Buttol et al., 2007; Cherubini et al., 2009;
Papageorgiou et al., 2009; Riber et al., 2008; Rodriguez-Iglesias
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et al., 2003; Wanichpongpan and Gheewala, 2007; Wittmaier et al.,
2009). However, in our modeling we didn’t consider the effect of
the use of RDF on the cement plant waste gas stream. Genon and
Brizio (2008) clearly state that the use of RDF instead of traditional
fuels in a cement kiln could be dangerous in terms of the presence
of larger amounts of heavy metals in the waste gas. As Rotter et al.
(2004) report, quality of the RDF, in terms of its chemical charac-
teristics, is the key issue towards the future success of RDF markets
in Europe.

6. Conclusions

The environmental impact of a specific MBT plant has been
studied using LCA, based on actual operating data. Five waste treat-
ment scenarios for the residual MSW in the region of Attica, Greece
were analyzed. Four of them involved the various alternatives of
the utilization of the MBT plant products. The other, the baseline
scenario, dealt with the GHG emission impacts generated by land-
filling. Taking into account the assumptions and limitations of the
study, results indicate that even the current operation of the MBT
plant (S1) is preferable to landfilling. Among the scenarios of MBT
operation, the one with complete utilization of the MBT material
outputs (54), i.e. compost, RDF, ferrous and non-ferrous metals, is
the one that generates the most environmental gains. Moreover,
our analysis indicates that the exploitation of RDF in a cement
plant is the key factor towards improving the environmental per-
formance of the MBT plant. On the other hand, a key limitation
of this study is that a potential emission source (i.e. the cement
plant) has not been included due to lack of actual data.

Overall, the findings of the present study clearly demonstrate
the environmental benefits that an MBT plant offers compared to
landfilling. These environmental benefits result from both the
material recovery and the thermal exploitation of the generated
RDF. These benefits are strengthened provided that there is an
established market for the MBT plant products, which is not the
case for the present status of MSW management in Greece. To bet-
ter benchmark the findings of the current study further work on
other specific MBT plants, utilizing different technology options
from the wide MBT family would be useful. Moreover, the develop-
ment of LCA impact indicators better adapted to the Mediterranean
conditions (e.g. water scarcity, desertification) could provide a bet-
ter insight of the life cycle impact of MBT.
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