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Abstract

:

To address the problem of fossil-based pollution, bio-plastics have risen in use in a wide range of applications. The current waste management system still has some weakness for bio-plastics waste (BPW) treatment, and quantitative data is lacking. This study combines environmental and economic assessments in order to indicate the most sustainable and suitable BPW management treatment between organic, plastic and mixed wastes. For the scope, the carbon footprint of each scenario was calculated by life cycle assessment (LCA), while the total cost of the waste management system was used as an economic parameter. The economic evaluation revealed that the organic, plastic and mixed waste treatment routes reached a total cost of 120.35, 112.21 and 109.43 EUR, respectively. The LCA results showed that the incomplete degradation of BPW during anaerobic digestion and composting led to the disposal of the compost produced, creating an environmental burden of 324.64 kgCO2-Eq. for the organic waste treatment route, while the mixed and plastic treatment routes obtained a benefit of −87.16 and −89.17 kgCO2-Eq. respectively. This study showed that, although the current amount of BPW does not affect the treatment process of organic, plastic and mixed wastes, it can strongly affect the quality of the output, compromising its further reuse. Therefore, specific improvement of waste treatment should be pursued, particularly with regard to the anaerobic digestion of organic waste, which remains a promising technology for BPW treatment.
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1. Introduction


Due to its properties, wide range of application and low-cost production, conventional fossil plastic has reached a production of 57.9 million tons in Europe alone over the past centuries [1]. In the recent decades, Europe has addressed the high amount of waste from massive plastic production with material and energy recovery. However, the amount of plastic waste that is disposed in landfill is nowadays still 24.9% of the collected post-consumer plastic waste [2]. In addition, waste management remains inadequate or non-existent in many locations, resulting in the release of plastic waste into the environment. Once plastics reach the environment, their resistance and durability allow them to persist for hundreds of years, leading to the high possibility of interaction, ingestion and hazardous effects across food webs [3]. One possible solution to overcome the problem of plastic pollution is bio-plastics. Bio-plastics are a wide range of materials with different properties and applications. Based on the source (natural or fossil) and biodegradability, bio-plastics can be (i) bio-based and biodegradable, (ii) bio-based and non-biodegradable and (iii) fossil-based and biodegradable. In 2020, the global production of bioplastics was about 2.11 million tons (about 1% of the plastic produced annually), but the market for bio-plastics is continuously growing in terms of the quantity and diversification of possible applications [4]. Packaging, especially flexible packaging, remains the largest market for bioplastics, with 47% of the total bioplastics market in 2020 [5].



At end-of-life, bio-plastics waste (BPW) is not collected in a separate stream and can generally be collected with other municipal solid waste (MSW) fractions [6]. Generally, if the compostability standard (UNI EN 13432) is achieved, BPW can be treated with the organic fraction of MSW through industrial anaerobic digestion and/or composting [7]. In several studies, it has been shown that BPW does not affect anaerobic and composting treatment [8,9], as well as the effect on the soil of the produced compost [10]. On the other hand, the conditions of industrial composting and anaerobic digestion (e.g., temperature, retention time) may differ greatly from those that occurred during the compostability test. Thus, large amounts of non-degraded bioplastics remain at the end of the process, resulting in the contamination of the digestate and/or compost [11]. Italian legislation admits only 0.5 % w/w of inert materials such as glass, metals and plastics, without any distinction between biodegradable and conventional [12]. In fact, plastics, and even bio-plastics, are mechanically separated before biological processes and are often disposed of in landfills [13].



The spread of the amount and type of BPW is opening a re-thinking of its collection with organic waste. Therefore, the collection of BPW with plastics and mixed waste could be a suitable option for their treatment.



Nowadays, a comprehensive evaluation of different types of waste management from BPW is still missing. Most works have focused on anaerobic digestion and/or composting treatment of BPW, evaluating the suitability of different types of bio-plastics in this process [14,15]. BPW management with municipal plastic waste has rarely been investigated. Only the recycling process of conventional plastics has been evaluated, showing how even 5% w/w of BPW in a homogeneous plastic waste stream affects the quality of recycled polymers in terms of mechanical and thermal properties [16,17]. However, the influence of BPW on mixed waste processing is, to the best of our knowledge, lacking in the scientific literature. Only in Muenmee et al. [18] was the degradation of plastics after several different pretreatments with mixed waste in a semi-aerobic landfill environment. This lack is due to the still-low amount of BPW compared to other waste fractions. For this reason, the influence of BPW in the current MSW management system is still unclear but, neglecting clear consumer education and coordination of waste collection and treatment, BPW could influence the performance of the MSW management system [19].



Quantitative results are necessary for good planning of sustainable BPW management. Therefore, a combined environmental and economic impact assessment can be used to analyze the sustainability and suitability of the waste management system [20].



In this context, the present study aims to evaluate the sustainability and suitability of different waste treatment for BPW from an environmental and economic perspective. To this end, three waste treatment routes were assumed through the collection of BPW with organic, plastic and mixed waste streams. Then, in line with the current waste management system, the relative waste treatments were studied by combining a life cycle assessment (LCA) approach with an economic analysis.




2. Materials and Methods


2.1. Framework


Both economic and environmental factor are complementary in the decision-making process and have to be consider together. Economic assessment provided a expense–revenue analysis of different solutions, while their performance from an environmental perspective was carried out through LCA. LCA was carried out with the WRATE (Waste and Resource Assessment Tool for Environment) software, provided by Golder. Due to its user-friendly view and its wide database, WRATE is the software suggested by the Italian Ministry of Ecological Transition for regional waste management planning. The use of WRATE in this study strengthened the application of the results for the BPW management planning. Economic and environmental assessment were based on the same system boundaries and assumptions. This analysis has been carried out from the waste-management-administration point of view: it has been hypothesized that the waste manager owned all of the waste treatment plants (except the landfill).




2.2. Goal and Scope Definition


The aim of this assessment was to identify the most suitable waste treatment route for BPW management, from a combined economic and environmental point of view. In this context, the BPW management has been assessed in the current waste management system, assuming their collection with the organic, plastic and mixed waste fractions of MSW, respectively. The assessment has been carried out on the waste management system as described in Figure 1.



The treatment for organic waste was composed by a combined anaerobic and composting process. During anaerobic digestion, thermal and electric energy are recovered through a combined heat and power (CHP) system. The output from anaerobic digestion is sent to composting in order to obtain compost for use in agriculture, if in compliant with the Italian quality standard [12]. If the quality is not ensured by a higher presence of contaminant BPW residues (>0.5%), the compost is disposed in a landfill, as it is not dangerous waste. The treatment of plastic waste consisted in a first sorting in a material recovery facility (MRF), wherein the plastic waste is sorted into two main streams: one for mechanical recycling and the other composed of a mix of non-recyclable plastics (PLASMIX), for energy recovery. Mixed waste was pre-treated with a mechanical–biological treatment (MBT), the aim of which is to increase the stability of waste through aerobic biostabilization. The biostabilite is then sorted into two main streams: a refuse-derived fuel (RDF) composed of dry waste as plastic, paper and textiles used for energy recovery; a stabilized organic fraction (SOF) that is disposed in a landfill. RDF and PLASMIX are treated together in an incinerator for thermal and electric energy recovery through a CHP system. In this system, three different routes have been identified by collecting BPW with each waste fraction. Thus, organic, plastic and mixed waste treatment scenarios have been proposed by assessing the collection of BPW in the organic, plastic and mixed waste streams, respectively.



In order to ensure the comparison of the different waste treatment routes, a consistent functional unit of 1 ton of MSW has been considered. The assessment boundaries comprised the transportation, treatment and disposal of waste (collection of waste has been neglected). Any environmental burdens for energy and material costs arising during the manufacture or use of the waste were excluded in this study (zero burdens approach) [21].




2.3. Inventory


With the inventory step, the determination of mass flows and the collection of all the data within the system boundaries are determined. LCA data included both materials and energy inputs and outputs (emissions into water and soil, residual waste amount and recovered materials), while economic data included expenses and revenues. For the first, the WRATE database Ecoinvent 2.1 and background data have been used. Instead, the economic assessment was based on data reported in scientific literature.



In line with the current amount of waste produced in Italy, BPW was 1.88% of the functional unit, while the organic, plastic and residual fraction of waste was 35.38%, 7.98% and 54.76%, respectively [22]. The amount of BPW in the MSW was calculated by summing the amount of bio-plastics in each waste stream assessed. In particular, 4.0% [13,23] and 1.1% [16] of organic and plastic waste, respectively, is made of bio-plastics. In addition, for the quantification of bio-plastics in a mixed waste stream, a specific analysis was performed in Italy [24], which revealed how bio-plastics are 0.58% of mixed waste. In life cycle analysis, the BPW properties considered were provided by the WRATE database.



To be consistent with the current Italian situation, the electricity mix has been assumed equal to the “Medium carbon mix” available in WRATE, in which fossil fuels and natural gas represented the main primary energy sources.



Concerning waste transportation, the assumed properties were described in D’Onza [25]. This stage has not been considered in the environmental analysis, since it was the same in all the scenarios.



The biological treatment has been modeled as a combined anaerobic digestion and composting process. After the pre-sorting of extraneous waste with a rotary drum, the waste is anaerobically digested at mesophilic temperature for 3 weeks. It resulted in a methane yield of 575 and 519 LCH4/kgVS for organic waste and BPW, respectively [8]. The energy from anaerobic digestion has been calculated considering a low heating value (LHV) of biogas of 35.2 MJ/m3 and an electrical and thermal efficiency of CHP system of 35% and 50%, respectively [26]. At the end of the anaerobic digestion stage, the waste is dewatered through a press and the pressed digestate is composted for 3 weeks with intensive aeration and for two months in piles at ambient temperature (curing). It was assumed that the plant has an air-emission treatment process, and the wastewater produced is treated before release. The final degradation of organic waste and BPW was equal to 73.50% and 73.82% of the incoming waste, respectively [8].



The materials recovery facility (MRF) was modeled according to the current sorting plant for plastic waste in Italy. The sorting process adopted consists of a semi-automatic procedure including optical sensors, magnetic separators, eddy separators and manual sorting [27]. After sorting, the valuable materials recovered are recycled and non-recyclable waste (PLASMIX) are sent to incineration for energy recovery, 47.26% and 52.74% of the input, respectively. The whole amount of BPW was considered collected in the PLASMIX stream, since it is mainly flexible packaging [5].



Aerobic MBT consists of a metal-separation step first, using magnetic sorting, and the subsequent aerobic biostabilization for 10–14 days; the result was that 23.8% and 22.55% of the incoming mixed waste and BPW were biodegraded respectively [18]. Exhausted hot air from active waste is re-circulated into the waste to ensure a high temperature. Finally, a screening allowed the separation of dry high calorific fractions used as RDF in incineration and low calorific fractions (SOF), which were sent to landfill (32.6% and 42.6% of the input, respectively) [28].



Concerning incineration, the grate furnace technology was considered in this study. Energy is recovered through a CHP system from flue gases, leaving the furnaces using a water-tube boiler and finned tube economizer. The gross energy generated during the incineration process was calculated from the LHV of the waste in the input. The LHV of RDF, PLASMIX, virgin and processed BPW from MBT were 21,123, 38,416, 18,932 and 18,316 kJ/kg, respectively [29,30]. The CHP efficiencies were 15% and 37.1% for electrical and heat recovery, respectively [31]. Fly and bottom ashes (consisting of 3% of the input [32]) were recovered and disposed in a landfill; CO and NOx abatement was performed with an Ecotube system.



A sanitary landfill was chosen for waste final disposal. The surface of the landfill area is covered progressively with inert materials. No gas recovery process has been selected.




2.4. Impact Assessment


2.4.1. Environmental


The adopted Life Cycle Impact Assessment (LCIA) methodology was IPCC-Fifth Assessment Report, using the Global Warming Potential (GWP) with a 100-year horizon [33] as characterization factor. The impact category indicator used is CO2 equivalent emissions (kg CO2-Eq), estimated as the weighted average of the emissions of each GHG and their corresponding GWP. The levels of carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) has been evaluated, as these are the main direct GHGs regulated by the Kyoto Protocol and produced by various waste types through treatment plants [34].




2.4.2. Economic


The economic analysis has been carried out estimating the expenses and revenues of the waste management system in each scenario (Table 1). Then, by subtracting the revenues from the expenses, the specific cost of each scenario has been calculated.



The only expenses considered were related to plant operation, waste transportation and disposal. The waste-treatment tariff was not considered because of the assumption that the waste treatment facilities are owned by the waste management administration.



In addition to that presented in Table 1, revenue from the waste management system was also evaluated, as presented in the framework. For organic waste treatment, revenue came from the energy production during anaerobic digestion. For plastic waste treatment, the revenue from plastic waste sorting (for recycling and energy recovery has been) was considered. The revenue related to mixed waste treatment came from the energy from the incineration of the stabilized mixed waste and the sorted plastic waste, used for energy recovery. The prices for the selling of electric and thermal energy has been treated as equal to 0.2 and 0.045 EUR/kWh respectively [35].






3. Results


3.1. Mass and Energy Inventory


Figure 2 shows the waste-management-system mass streams for organic, plastic and mixed routes for BPW treatments. In Table 2, the mass and energy flows involved are summarized.



Concerning the organic waste treatment route, the collection of BPW with the organic fraction of MSW led to significant variation in the system. The conversion of BPW during the anaerobic digestion stage increased the amount of methane by about 18% compared to the one generated in the other two scenarios. Despite this increase of methane and then energy produced during the anaerobic digestion stage, the overall degradation of BPW was not suitable for compost quality standards, leading to the disposal of the produced compost in landfill (Figure 2a). Thus, that waste management system resulted in the largest amount of waste for disposal, despite the incineration generating the smallest amount of ashes.



In the plastic waste treatment route (Figure 2b), the input of MRF increased for the addition of BPW. This led to a higher amount of PLASMIX due to the shape of bio-plastics, easily comparable to non-recyclable plastic film. Compared to the organic route, the high amount of PLASMIX in input to incineration increased the energy recovered during this stage, generating a small amount of ashes. The use of pure organic waste in the biological treatment allowed the achievement of high-quality compost, which could be used in agriculture as fertilizer. This recovery resulted in a significant reduction (about 28%) of waste landfilled: from 333.50 kg in the organic scenario to about 240 kg in the other ones.



Finally, the mixed waste treatment route (Figure 2c) showed a rise in RDF produced during the MBT. The degradation occurred during this stage reduced the amount of BPW in the further incineration process but, since the LHV was comparable to the non-processed one, the final amount of the produced energy during this step was comparable with the one obtained in the plastic waste treatment route. However, compost recovery maintained the amount of waste landfilled below 300 kg. Importantly, this system generated the smallest amount of energy compared to the previous two scenarios.




3.2. Economic Results


The total cost of the waste management system for each BPW treatment route was used as the economic result. Table 3 provides each expense and revenue for the organic, plastic and mixed waste treatment routes for each treatment in the system.



First, the combined anaerobic digestion and composting process achieved the highest cost in each scenario, accounting for between 49.4% and 44.1% of the total expenses. Most of the expenses come from transportation (around 27%), while the expenses of the whole treatment did not exceed 17%. Instead, the landfilling cost for this treatment was present in the organic waste treatment route, because the low quality of compost required its disposal. Due to the large amount of waste processed, the second process with the highest expenses was the mixed waste one, composed by the MBT and incineration. However, transportation had a strong influence on expenses, constituting 17.3% to 19.1% of the total, but had fewer expenses than the biological treatment. Concerning the treatment process, the MBT achieved higher expenses (17.14–17.73€) than the incineration method (6.73–7.31€). Due to the high amount of SOF and also ashes post-incineration, the cost of landfilling was up to 28.83 EUR. Plastic sorting and the recycling process achieved a relatively low cost in the waste management system: 38.23 (12.3%) and 30.93 EUR (15.9%). The reason could be the well-established process in Italian society but also the lower amount of waste in the input. On the other hand, the MRF process revealed a cost comparable that of the MBT, although the amount of waste processed was nearly 15% of that treated by MBT. Overall, it can be seen that the collection of BPW in each waste stream has obviously increased the expenses of each specific treatment process.



Concerning revenues, the highest values were obtained from the mixed waste treatment during incineration. Although the efficiency of energy production is higher in the treatment of organic waste during biogas combustion, the highest waste input into the mixed waste system allowed for more energy and thus, more revenues. In fact, more than 90% of revenues were from the sale of energy; the remaining part came from the sorting of plastic waste.



Finally, all the scenarios achieved a positive cost, revealing how the expenses calculated exceeded the revenues. It is important to note that revenues from the tariff paid by users of the waste management system were not considered, as this assessment focused only on treatment. The BPW treatment cost revealed how the highest cost was achieved by the organic scenario (120.35 EUR), followed by the plastic (112.21 EUR) and mixed one (109.43 EUR).



The contribution of each process in the calculation of the total cost is shown in Figure 3. With the exception of landfilling, all of the process achieved a similar contribution. The overall treatment (anaerobic digestion and composting, MBT, MRF and incineration) was slightly over 20%. These values indicate how focusing on treatment alone would have led to an incorrect result. Waste transport accounted for the highest contribution in the economic evaluation, as this stage has a great influence in the waste management system [40]. Regarding energy generation, the results revealed that the collection of BPW in different waste streams did not significantly change the system. The same considerations can be highlighted for sorting revenues obtained in MRFs. The significant difference was found in landfilling. Considering that the amount of ash at the end of incineration is very similar in all scenarios, the key difference is based on the use of compost: the incomplete degradation of BPW reduces the quality of compost that has to be disposed of in the landfill. Thus, the contribution of landfilling in the organic waste treatment route increased from about 7% to 10.65%. Although BPW showed no significant effect on each waste treatment, its presence might strongly influence the quality of the output and thus its further use.




3.3. Environmental Results


The carbon footprint (CF) in terms of kgCO2-Eq. was used in this study in order to quantify the environmental impact of each scenario: CF results are shown in Table 4 and Figure 4.



The organic waste treatment route achieved the highest CF (324.64 kgCO2-Eq.) among the three scenarios, followed by mixed and plastic waste treatment routes (−87.16 and −89.17 kgCO2-Eq. respectively). The first main finding is that only two scenarios (plastic and mixed) showed a negative value, revealing how these systems generated an environmental benefit. Instead, the organic one achieved a positive CF, which signifies an environmental burden on the system. Indeed, a negative CF value means an environmental benefit/credit, whereas a positive value indicates an environmental burden [41]. With this concept, it is easy to note that the environmental credit in every scenario has been given from the combined anaerobic digestion and composting process and from the recycling of waste (plastics, compost, etc.). In fact, energy production during anaerobic digestion and the reuse of materials instead of virgin ones have reduced the GHG emissions in the systems. On the other hand, MRF, MBT, incineration and, especially, landfilling achieved a positive CF value. MRF and MBT are processes that require energy and generate GHG. In each of them, the introduction of BPW in plastic and mixed waste, respectively, (slightly) increased the CF values of about 0.3 kgCO2-Eq. Actually, the MRF in the waste management system had a negligible effect from an environmental point of view, since the contribution in the CF calculation was lower than 1%. Furthermore, incineration resulted in a positive value: the highest impact was the one obtained in the organic waste treatment route, wherein the energy production was the lowest. Indeed, despite incineration allowing the recovery of energy, it is known that this process is a source of GHG in the form of CO2, CO and N2O [42]. Finally, the highest environmental burden was achieved in every scenario by landfilling. In the plastic and mixed waste treatment routes, the CF value was 54.3 and 56 kgCO2-Eq., and the value was almost 10 times higher (454 kgCO2-Eq.) in the organic route. Indeed, the highest amount of waste landfilled, composed mainly of organic materials in the form of compost, increased the GHG emission produced during this stage. The degradation of compost in a semi-aerobic environment of landfill also generated CH4, with a GWP 21–23 times higher than CO2 [43]. This amount was not recovered by the plant and increased the CF value, resulting in 67.78% of the total CF value (Figure 4b).



On the overall, the contribution of each process in the CF calculation remained unchanged for mixed and plastic waste treatment routes. However, the collection of the current amount of BPW did not result in any significant variation on the environmental impact of the system. Landfilling maintained its 20% of the impact, while recycling constituted almost 49% (in a beneficial way). Anaerobic digestion and composting, incineration and MBT resulted in about 17%, 8% and 4% of the CF, respectively. On the other hand, the disposal of compost at the end of organic treatment diverged due to this tendency: all the other processes, except landfilling, showed a lower contribution, because disposal was predominant.





4. Discussion and Conclusions


The reduction of conventional fossil-based polymers has increased the use of bio-plastics, which is growing as a component of MSW. This study combined economic and environmental assessment to evaluate the impact of these wastes in the current waste management system, opening up other potential strategies. Three scenarios were then assumed, varying the collection of BPW with organic, plastic and mixed waste streams.



The economic evaluation revealed that the cost of the waste management system reached a positive value in each scenario. The highest was achieved by the organic waste treatment route, followed by plastic and mixed waste, respectively. In this evaluation, transportation had a significant cost, while the revenue was mainly driven by energy production during the anaerobic digestion and incineration stages. The incomplete degradation of BPW in the organic waste treatment route did not allow for the use of compost, which was landfilled. In fact, landfilling was the process that resulted in the cost difference.



The environmental assessment showed that the organic waste treatment route resulted in an environmental burden, while the plastic and mixed waste treatment routes resulted in an environmental benefit. This result was again due to compost disposal: the recycling benefit (which accounted for nearly half of the CF) was not sufficient to mitigate this impact. Anaerobic digestion produced an environmental benefit. Incineration and the other waste treatment (MRF and MBT) also contributed to the environmental burden.



This study showed that the current amount of BPW in the waste management system is still low and highlighted significant variation in each treatment process (anaerobic digestion, composting, MRF, MBT and incineration). On the other hand, even a small amount of BPW could strongly influence the quality of waste treatment process output, generating significant impact both economically and environmentally. Therefore, new management strategies should be pursued to achieve the adequate efficiency of the current waste management system. In addition, waste treatment (especially the organic route) needs to be improved by focusing on waste-to-energy strategies. Indeed, anaerobic digestion has remained a suitable method for treating organic waste as BPW but needs to be improved by adopting a higher temperature (thermophilic) or retention time. The specific treatment of bio-plastics in appropriate facilities could also help avoid contamination of outputs.
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Figure 1. Scheme of the waste management system and waste treatment routes hypothesized. 
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Figure 2. Mass inventory of organic (a), plastic (b) and mixed (c) waste treatment routes. 
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Figure 3. Contribution of each process in the economic assessment of organic, plastic and mixed waste treatment routes. 
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Figure 4. Carbon footprint results (a) and process contribution in the CF value (b) of organic, plastic and mixed waste treatment routes. 
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Table 1. Specific expenses and revenues in terms of EUR/ton used in the economic analysis.
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Waste Treatment

	
Expense/Revenue

	

	
Ref.






	
Organic

	
Anaerobic digestion plant operational cost

	
105

	
[35]




	
Anaerobic digestion plant operational cost

	
13

	
[36]




	
Organic waste transportation cost

	
183

	
[25]




	
Plastic

	
Waste sorting revenue (recycling)

	
210

	
[27]




	
Waste sorting revenue (PLASMIX)

	
75

	
[27]




	
Fines for waste contamination

	
4.25

	
[27]




	
MRF operational cost

	
159

	
[27]




	
Plastic waste transportation cost

	
224

	
[25]




	
Mixed

	
MBT operational cost

	
31

	
[37]




	
Incineration plant operational cost

	
31

	
[38]




	
Mixed waste transportation cost

	
79

	
[25]




	
Disposal in landfill tariff

	
120

	
[39]
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Table 2. Mass and energy inventory of organic, plastic and mixed waste treatment routes for every treatment.
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Treatment

	
Stream

	
Organic

	
Plastic

	
Mixed






	
AD + composting

	
Input [kg]

	
372.66

	
353.82

	
353.82




	
Compost [kg]

	
98.71

	
93.78

	
93.78




	
% BPW in compost [%]

	
5.00

	
0.00

	
0.00




	
Biogas produced [m3CH4]

	
54.87

	
46.61

	
46.61




	
Electric energy [kWh]

	
187.78

	
159.51

	
159.51




	
Thermal energy [kWh]

	
268.25

	
222.87

	
222.87




	
MRF

	
Input [kg]

	
79.77

	
98.61

	
79.77




	
Recycled [kg]

	
37.77

	
37.77

	
37.77




	
PLASMIX [kg]

	
42.07

	
60.91

	
42.07




	
MBT

	
Input [kg]

	
547.57

	
547.57

	
566.41




	
RDF [kg]

	
178.51

	
178.51

	
193.10




	
SOF [kg]

	
233.10

	
233.10

	
233.10




	
Incineration

	
Input [kg]

	
220.58

	
239.42

	
235.17




	
Electric energy [kWh]

	
224.45

	
239.31

	
235.59




	
Thermal energy [kWh]

	
555.13

	
591.90

	
582.69




	
Ashes [kg]

	
6.62

	
7.18

	
7.06




	
Total

	
Waste landfilled [kg]

	
333.50

	
240.28

	
240.16




	
Electric energy [kWh]

	
412.23

	
398.82

	
395.09




	
Thermal energy [kWh]

	
823.39

	
819.77

	
810.55











[image: Table] 





Table 3. Waste management system expenses, revenues and costs of the organic, plastic and mixed waste treatment routes’ values and contribution (%).
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Organic

	
Plastic

	
Mixed




	

	
EUR

	
%

	
EUR

	
%

	
EUR

	
%






	
EXPENSES

	
250.93

	

	
241.36

	

	
236.01

	




	
Organic

	
123.92

	
49.4%

	
106.41

	
44.1%

	
106.41

	
45.1%




	
Treatment

	
43.97

	
17.5%

	
41.75

	
17.3%

	
41.75

	
17.7%




	
Landfill

	
11.85

	
4.7%

	
0.00

	
0.0%

	
0.00

	
0.0%




	
Transportation

	
68.10

	
27.2%

	
64.66

	
26.8%

	
64.66

	
27.4%




	
Plastic

	
30.93

	
12.3%

	
38.23

	
15.9%

	
30.93

	
13.1%




	
Fines

	
0.34

	
0.1%

	
0.42

	
0.2%

	
0.34

	
0.1%




	
Treatment

	
12.69

	
5.1%

	
15.68

	
6.5%

	
12.69

	
5.4%




	
Transportation

	
17.90

	
7.1%

	
22.13

	
9.2%

	
17.90

	
7.6%




	
Mixed

	
96.08

	
38.3%

	
96.72

	
40.0%

	
98.67

	
41.8%




	
Treatment (MBT)

	
17.14

	
6.8%

	
17.14

	
7.1%

	
17.73

	
7.5%




	
Treatment (Inc.)

	
6.73

	
2.7%

	
7.31

	
3.0%

	
7.18

	
3.0%




	
Landfill

	
28.77

	
11.5%

	
28.83

	
11.9%

	
28.82

	
12.2%




	
Transportation

	
43.44

	
17.3%

	
43.44

	
18.0%

	
44.94

	
19.1%




	
REVENUES

	
130.58

	

	
129.15

	

	
126.58

	




	
Organic

	
49.63

	
38.0%

	
42.16

	
32.6%

	
42.16

	
33.3%




	
Energy

	
49.63

	
38.0%

	
42.16

	
32.6%

	
42.16

	
33.3%




	
Plastic

	
11.08

	
8.5%

	
12.49

	
9.7%

	
11.08

	
8.7%




	
Recycling

	
7.92

	
6.1%

	
7.92

	
6.1%

	
7.92

	
6.3%




	
PLASMIX

	
3.16

	
2.4%

	
4.57

	
3.6%

	
3.16

	
2.5%




	
Mixed

	
69.87

	
53.5%

	
74.50

	
57.7%

	
73.34

	
58.0%




	
Energy

	
69.87

	
53.5%

	
74.50

	
57.7%

	
73.34

	
58.0%




	
COST

	
120.35

	
112.21

	
109.43
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Table 4. Carbon footprint (CF) in terms of kgCO2-Eq. of the whole waste management system and for each treatment for organic, plastic and mixed waste treatment routes.
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	Treatment
	Organic
	Plastic
	Mixed





	MRF
	1.24
	1.53
	1.24



	AD + composting
	−54.6
	−47.2
	−47.2



	MBT
	11.4
	11.4
	11.8



	Incineration
	30.6
	21.8
	22



	Landfill
	454
	54.3
	56



	Recycling
	−118
	−131
	−131



	Total
	324.64
	−89.17
	−87.16
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