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Abstract

:

Featured Application


The life cycle inventory of a composting facility is expected to predict the fate of individual waste fragments and compost quality.




Abstract


Mechanical composting is a popular treatment method for the mechanically separated organic fraction of municipal solid wastes to stabilize the waste material and reduce its environmental impacts. The model and life cycle inventory database are created based on the existing centralized mechanical composting facility located in Chania (Crete, Greece). This study aims to assess all stages of the composting process, wherein input-output flows are comprehensively analyzed based on specific waste fragments. The transfer coefficients are calculated for each waste fragment throughout the processes. The degradation rate is measured as kg of C and N released per Mg of the treated material. The results show that process degradation rates are independent of the initial fragmental composition. This is the first study that accurately models the fate of distinctive waste fragments in a composting plant, while the developed life cycle inventory (with regard to mass and energy balances) can be applied to estimate the environmental impacts regarding mechanical composting the organic fraction of municipal solid wastes.
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1. Introduction


Biowaste (BW) represents a major fraction of municipal solid waste (MSW), which is consisted of food and kitchen waste from households, HORECA (hotels, restaurants, caterers), and green waste from gardens and parks [1]. It comprises the most significant waste fraction generated by households reaching up to 44% of total household waste globally [2,3]. Recently, biowaste has received considerable attention owing to its environmental, economic, and social impacts. Future trends have shown that municipal solid biowaste (MSBW) will most likely increase due to population growth and rising consumption patterns [4].



According to data from the EU, 86 million Mg of biowaste were generated in 2017, while approximately 40% (up to 100% in some member states) were disposed of in dumpsites and landfills, with a negative impact on the environment [5]. Biowaste recovery and utilization started in the 90s with Directive 1999/31/EC [6]. This directive obliges the member states of the EU to reduce the amount of biodegradable municipal waste and aims for 65% of all MSW produced to be recycled before 2030 (while only 10% should be disposed of in landfills). A feasible approach used for the past 20 years is recovering the organic fraction of municipal solid wastes (OFMSW) from unsorted waste and used in biological processes such as composting and anaerobic treatment. Anaerobic treatment has been studied in several cases since biogas can be produced for energy recovery [7,8]. The research in mechanical closed composting systems has focused on source segregated OFMSW processes. The mechanical sorting systems vary from simple installation such as shredder, trommel, and magnet, to medium or high complexity OFMSW sorting systems to deliver various quality and purity materials [9].



Diverting OFMSW from landfills and using it as composting material has many environmental benefits (e.g., reducing greenhouse gas emissions [10]), while it can be easily integrated with material recovery facilities (MRFs). It involves the biological aerobic degradation of organic matter under controlled conditions [11], resulting in a nutrient-rich product. The process produces gas emissions composed primarily of CO2, trace amounts of methane, non-methane organic compounds (NMOC), nitrogen, and ammonia [12]. The resulting product when OFMSW originated from unsorted mixed waste is called compost-like output (CLO) [13], and its quality is related to the purity of the initial materials and the pretreatment method [14]. The compost can significantly enhance the fertility of the soil environment by increasing the soil organic carbon (SOC), total N (TN), and soil microbial biomass (SMB). At the same time, it has a positive effect on the activity of enzymes involved in the C, N, and P cycles [15]. However, the impurities and contaminants that are usually released from CLO require increased attention [10]. CLO is considered one of the primary sources of microplastics (MPs) in the agricultural environment, negatively influencing soil microbial processes or plant growth [16]. Therefore, the use of CLO in land applications is limited and regulated to restore quarries, dumping sites, or road slopes [10,13,17].



Societies have started transitioning towards a model based on source segregation of biowaste that can produce higher-quality compost with environmental impacts which are significantly reduced. At the same time, the existing facilities are adapted to accept source segregated biowaste. The evaluation of the composting systems is complicated, with many variables which must be considered. It involves numerous calculations and requires accurate data to model better the variables of each system. The use of life cycle assessment (LCA) is based on the guidelines of ISO 14040 and 14044 [18], and can provide a much-improved viewpoint on waste management by connecting materials, resources, and waste flows with potential environmental impacts. Every LCA study incorporates several available local information and data sets called the life cycle inventory (LCI). In particular, the LCI is a compilation of all mass flows and emissions associated with the activities within the waste management system as well as upstream and downstream activities linked to the management of the waste. It relies on recent, representative, and accurate data such as waste types and their individual material fractions, detailed physicochemical composition, mass balances for all relevant material fractions, energy balances for all processes and technologies, records of the emissions, and inventories of all relevant upstream and downstream processes [19]. The LCI covers all consumptions and emissions of environmental importance [18]. However, it is difficult to find case-specific data or LCI that include waste composition, energy and resource inputs, and material substitution in an LCA implementation study [20]. Establishing a relevant and high-accurate LCI is often demanding but crucial since it is the technical basis for assessing the waste management system. Existing models and software offer some assistance and databases in setting up the LCI, but it is always important to ensure relevance and consistency in the technical data of the specific study. LCA methodologies and advanced software such as EASETECH (developed by DTU) are based on fragmentation analysis to follow elemental balances throughout the processes.



Inventories on existing facilities managing the OFMSW from unsorted mixed waste are scarce [21]. In most cases, the treatment of such materials is held by private facilities, and the available data concerning full-size treatment are not published. Although several composting technologies have been studied in European countries, a few have developed LCI for composting systems treating segregated biowaste [22]. The available information about the materials of OFMSW and nutrient flows are inconsistent, making it difficult to develop alternative scenarios during urban planning [23]. Therefore, there is an increasing need for predictive models to support environmental policy and decision-making. Few studies have investigated composting of mechanically sorted OFMSW obtained at MBT plants. Thus, this research is urgently needed [24]



This study aims to create a life cycle inventory (LCI) based on the mechanical recycling and composting facility in Chania (Crete, Greece). The objectives are to model the composting unit by mapping the fragmental mass balance between its sub-processes, to monitor the release of C and N as emissions to the environment, and to record the water, electricity, and fuel consumption for the treatment of one Mg of OFMSW introduced in the facility. Two-year waste sampling and data collection are comprehensively analyzed. The outcomes from this study can be used as a tool for the waste management practitioners to foresee the outputs and cost of treating OFMSW and source segregated biowaste.




2. Methodology


The LCI model is developed using actual and local data from two-year monitoring study of the composting unit. Material flow analysis (MFA) software STAN is utilized to fill in missing and not-accessible data, while the LCA software EASETECH is used as a tool for the elemental pathway of C and N in the process. The case study facility is in Chania on the island of Crete (Greece). The composting unit is part of the integrated “Mechanical Recycling and Composting Facility—Landfill” of Chania. It serves 156,585 inhabitants [25] and annually treats approximately 91,500 Mg of urban solid waste [26]. The OFMSW is collected from the mechanical recycling facility, and the process is classified as a simplified pretreatment method [27]. Briefly, the comingled waste is fed in the mechanical sorting system, passing throw a bag opener and an automatic rotary sieve (trommel) with a 70 mm diameter mess. A conveyor then drops the undersized material to a magnet for ferrous metals removal, and the remaining is obtained as OFMSW. The oversized material exited from the trommel is driven for recyclables recovery in the facility, while the rejects are disposed of in the nearby landfill.



The system boundary for this study is shown in Figure 1. It includes the composting subsystems (aerobic composting tank, refinery unit, open windrows-maturation), which act as the operational processes after the wastes are delivered to the composting plant. The methodology is based on an in-depth analysis of all of the consisting fragments of OFMSW. The waste fragments are comprehensively characterized throughout the subprocesses until their degradation to greenhouse gas (GHG) emissions released to the environment, rejects disposed of to the landfill, or CLO production. Initially, every subprocess and flow are recognized and recorded, while the monitoring period is two years (2018–2019).



The greenhouse gases (GHG) are also considered and studied as C and N transformations along with the main waste flows. The energy is calculated in the form of electricity, fuel in diesel consumed, and the water consumed in the subprocesses. The green waste (GW) consists of tree branches collected from the municipality bulky collection system. It is shredded in the facility and used as a bulking agent in a ratio of 1:4 by volume. The functional unit is 1 Mg of wet mass OFMSW mixed with green waste entering to the composting unit.



2.1. Composting Units


The composting process is divided into three sub-units: (1) the aerobic composting tank (ACT), which is a continuous flow reactor; (2) the refinery unit (RFU); and (3) the open windrows (OPW) for compost maturation. Table 1 provides the main information about the composting conditions. The primary composting process in the ACT sustains aerobic conditions with bottom-up aeration and a leachate draining system. A deodorization system with a biofilter is connected to the air exhaust system of the ACT. The turning, water addition, and movement of the material inside the reactor are controlled by an overhead-suspended bridge system with four screw-shaped turners. A fifth screw turner at the end of the reactor transfers the composted materials to conveyor belts towards the RFU. The RFU comprises flip-flop sieves and gravimetric separators to remove bulky and non-compostable materials. The rejects are diverted for landfilling (landfill cover), and the refined material is sent for secondary composting and maturation at OPW. A hook lift truck, a backhoe loader, a wheel loader, and a compost turner handle the transportation and mixing of rejects and maturation windrows. All above vehicles are considered to use diesel (Euro 5 emission standard engines). The unit employs one (1) senior engineer as operation manager, one (1) heavy machinery operator, and two (2) workers daily, while one (1) truck driver and two maintenance technicians (electrician and mechanic) from the nearby MRF are also involved part-time.




2.2. Sample Collection and Characterization


Sampling was carried out for two consecutive years (2018–2019) and represented the average composition of each material. The samples were collected from the inputs and outputs of each sub-process, and the sampling points are shown in Figure 1. Each sample was then reduced in size using the ‘coning and quartering’ method at approximately 100 kg and subjected to fragmentation analysis in a nearby area. The samples were sorted into four major categories (biodegradable, plastics, metals, and others-not compostable) and 17 sub-categories based on the research [28] and the recovery potential at the MRF: biowaste, paper, dirty paper, cardboard, garden waste, soft plastic, hard plastic, non-recyclable plastic, aluminum foil and containers, batteries and electronic devices, food cans (tinplate/steel), rubber, leather, textiles, processed wood, glass, and other inert.



Each sample was analyzed for water content and total solids after drying at 105 °C for 24 h (CSN EN 12048), ash content, volatile solids by igniting the dried sample at 550 °C until steady weight (CSN EN 13039), and Kjeldahl Nitrogen in the dried samples using the Kjeldahl method (CSN EN 13654.01).




2.3. Life Cycle Inventory (LCI) Modeling


Material flow analysis is used to fill in the missing information. The processed weighting data are fed to the sophisticated software STAN v2.6 (Substance flow Analysis, 2.6), which is developed by the Technical University of Wien [29,30] to complete the missing stream flows and convert them in accordance with the functional unit of the study [31]. The results are fed to the EASETECH model (Environmental Assessment System for Environmental TECHnologies, v2.4.5) to calculate for each fraction the degradation factors and transfer coefficients. EASETECH is a waste-LCA model focusing on managing complex waste streams [19], and it can handle the flow of complex heterogeneous fractions in various bioprocess systems. The framework and calculation structure have been described in detail by [32]. In EASETECH software, the degradation is defined as the reduction of organic dry mass during the composting process. The degradation factor of the fragment ‘α’ for the process Df(α) is defined as the % reduction of the total mass of vs. ascribed to biogenic carbon reduction. In comparison, the transfer coefficient of fragment ‘α’ is considered the reduction of the total wet mass due to mechanical separation Tf(α).




2.4. GHG Emissions


GHG emissions related to the processes can be defined to direct emissions, indirect upstream emissions, and indirect downstream emissions. Direct emissions are linked to the composting site and its activities, including waste degradation and emissions from machinery used on the site (fuel consumption). The indirect upstream emissions are related to activities for fuel production, provision of electricity used in the site, and the construction of infrastructure and machinery. Indirect downstream avoided emissions are considered from peat substitution for fertilizer production and the carbon sequestration in the soil when compost is applied to land [12,33]. The indirect emissions related to fuel and electricity production were selected after an extensive literature review to reflect the local fuel and energy mixture. Table 2 shows the emission factors (Efs) used in this study [34,35]. Mass flow analysis was employed to calculate the gases released during the degradation of the materials for the direct and indirect downstream emission, while EASETECH software native database provided machinery emission factors based on the engine euro standard.




2.5. Site-Specific Data


Valuable data from the facility operation are also collected. They concern the primary input and output of each composting unit for the monitoring period, which include weighing data from the daily treated materials, rejects and outputs of the refinery process, daily routes, working hours, annual diesel fuel consumption (L) of every vehicle involved in the composting process, daily electricity consumption from the composting unit (kWh), and daily water consumption (L) in the composting process.



The weighting data are annually averaged for every flow and diverted to the appropriate functional unit and sub-process. The annual electricity consumption is attributed, respectively, to each sub-process and divided by the annual wet mass of the treated material of the specific sub-process. The vehicle diesel consumption is calculated by dividing the annual fuel consumption by attributing working hours and routes for the needs of the composting process. Water is attributed to each subprocess and divided by the mass of the treated materials.




2.6. Life Cycle Inventory Boundaries


The LCI boundaries assume a zero-burden approach [36,37] for the received materials at the entrance of the composting facility. Therefore, the facility environmental footprint is not included in the calculations. This excluded component includes emissions from the construction of the facility, equipment, vehicles, and post-processing of the initial material. Also, this study does not consider the environmental impacts associated with the construction of windrow composting facility (equipment and infrastructure).




2.7. Sensitivity Analysis


Sensitivity analysis is conducted to examine sensitive inputs and analyze whether the assumptions made in the model influence the results [21]. For this reason, this study uses perturbation analysis, and uncertainty propagation methodology [38,39].



Perturbation analysis identifies the most sensitive parameters of the model. The method calculates each parameter sensitivity ratio (SR) and observes the effect of low but countable changes in the results. Every parameter of the studied system is raised, one at a time by 10% (Δ parameter), the new calculated net result is referred as (Δ result). The SR is the ratio between the relative change of the result and the relative change in the parameter. It is calculated as:


   SR =      Δ   result     initial   result         Δ   parameter     initial   parmeter            NRS  i  =     RS  i    max  |    RS  i   |      











To compare the different SRs in various outputs of the model, the concept of the normalized sensitivity ratio (NSR) has been developed and calculated for each SR. NSR is defined as the ratio of one parameter in one system output divided with the maximum absolute value among all of the SRs in the same output. The concept is a modified adaptation of the methodology of NSRs introduced by [39].



Uncertainty propagation consists in propagating input uncertainties to calculate the result uncertainty. Before propagating them, the practitioner chooses a representation for these input uncertainties. The probability theory was adopted in this case study, and the sampling propagation method of Monte Carlo analysis was selected [40].





3. Results


3.1. Waste Composition


Table 3 presents the material fraction distribution of the mechanically separated organic fraction of municipal solid wastes (MS-OFMSW) and green waste received for composting. Water constitutes 52.5% of the total wet mass which is higher than MS-OFMSW in other studies [41,42]. The main compostable fragments can be categorized as biowaste (76.5%), paper-like materials (paper, dirty paper, cardboard) (12.9%), and green waste (4.64%). Since mechanical sorting is based on sizing and gravimetric properties, the presence of foreign non-biodegradable materials is justified. According to [43], paper waste and cardboard in various proportions consist of 12–27% of the dry mass of MS-OFMSW treated in similar composting facilities in Spain. Carbon content and its origins, biogenic or fossil, are taken from [44]. These estimates consider that some foreign material may be present in each fragment as suggested by the IPCC 2006 Guidelines [45]. The main greenhouse gases that contribute to global warming are CH4 and N2O, and their release depends on the technology, the waste input, and the management of the process. The above carbon origin is of immense importance in most LCA methodologies since biogenic carbon, when released in the form of CO2 to the environment, is not counted in the impacts, in contrast, when the same portion of the carbon is released in the form of methane in a landfill, for example, it is counted [46,47]. In summary, the initial material chemical composition without the green waste has a TS of 47.16%, vs. 77.03% of TS, ash content of 22.97, biogenic C of 43.82%, and TN of 2.48%. Although the above values vary compared to literature, they are within the same order [10,13]




3.2. Material Flow Analysis


The overall process with flow dynamics and mass balance is presented in Figure 2. The estimations of C and N flows are displayed in Figure 3 and Figure 4, respectively, assuming that carbon is 99% oxidized to CO2 while nitrogen is released to the air as NH3 at the ACT process [12]. The modeling of the composting system follows all fractions throughout the processes based on two assumptions: (1) the mass can be transferred between processes, and (2) the carbon of biogenic origin in biodegradable materials is biologically degraded to gases with dominant carbon dioxide. The above transfers and transformations are expressed as degradation factors and transfer coefficients.



The primary process occurs in the continuous-flow aerobic composting tank (ACT), where the materials enter daily, are mechanically mixed, and transferred across the tank. Controlled conditions are provided with aeration, water adjustment, and temperature management. The processed material that exits daily continues to the refinery unit for separation. The calculated retention time of the materials in the composting tank is four to five weeks. Several studies follow a general approach when modeling a composting system and consider the treated materials as a single homogenous mixture appointing one degradation factor [9,48]. That is justified since most studies refer to source-segregated OFMSW [9,49,50,51] and only a few to mechanical sorted OFMSW [27]. This research considers the individuality of each of the consisting fragments and its different degradation rates. The degradation factors are calculated utilizing MFA methodology with data of the ash content and mass loss of each fragment in the input and output at the ACT.



In Table 4, the degradation factors are referred to the biodegradable materials. Paper-like materials present the higher degradation factor with printed paper (61%), cardboard (51%), and dirty paper (43.3%). These materials present high VS, and they consist primarily of cellulose and lignin, organic polymers difficult to decompose. However, the high decompositions are justified by the screening, mixing and the elevated temperatures found during the thermophilic phase of composting process that contribute to the rapid degradation of lignocellulose [52]. Similar high degradation rates have been observed elsewhere [43] concerning various paper-like materials present in OFMSW composting. It is also stated that if the paper-like materials do not exceed 27% of OFMSW, degradations of 36–65% are feasible in controlled conditions with a retention time of 45 days. Concerning biowaste, the degradation factor has an average 48%, while the green waste 15%.



The above results suggest that the retention time in the ACT is not sufficient for the complete decomposition of the biodegradable materials of biowaste. Green waste serves as a bulking agent and is shredded to medium-sized particles presenting a low degradation factor [53]. Physical characteristics such as bulk density, particle size, and porosity are important factors for fragment decomposition level. The structure of green waste (containing lignocellulosic materials) appears difficult decomposition and requires specific lignocellulosic microorganisms (and enzymes) to improve it degradation and retention time more than 12 weeks [54,55]. In order to produce mature compost, [12] stated that degradations of 40–83% of the carbon contained in the biowaste are required, while [56] reported 62–66% and 66–77% degradation of carbon for garden waste and food waste, respectively.



Plastic materials present close to zero degradation for this process; only LDPE abandoned in the form of shopping bags can be accounted to have a 10% degradation. Although LDPE films have presented some degradation only in the harsh environment of the composting process [55], and the degraded portion is meager. The mechanical processes employ throughout the composting process, such as turning mixing and screening, can result in polymers being sheared into smaller fragments during the conventional composting process and could explain the above degradation factor, as it is often apparent in household and commercial organic waste [57,58]. An additional issue that must be considered is the rapid increase in biodegradable plastic materials that have started to replace the traditional PE film. Their biodegradability is dependent on the composting conditions and the chemical composition of each material [59].



The second sub-process (refinery unit-RFU) is a mechanical separation stage based on sizing the material using a ‘flip-flop’ sieve with 10 by 10 mm mesh holes, followed by a gravimetric air separator in line with a gravimetric air cyclone to collect the lightweight material. Table 5 presents the transfer coefficients for each material. Bulky and heavy materials are mainly rejected into residue. Water content is critical in this step since it adds excess weight if not adjusted correctly in the previous process, leading to discarding compostable materials as residue. The fact that the exiting material is collected by its size and gravimetric properties and not its chemical characteristics is advantageous. It provides optimal mechanical characteristics on the collected materials, although it does not prevent the infiltration of unwanted dissolved chemicals such as heavy metals. The collected materials have TS (75.03%), vs. (75.4) of TS, and 19.3% TS carbon of biogenic origin. The rejected material of the process consists of bulky and non-compostable materials. The same principle is followed for the transfer coefficients of the refinery process, and the above assumptions allow experimentation with variations of composition with the same system, providing a handy tool for further research.



The material that continues to the final composting/maturation stage has a homogenous texture; the origin fractions are hard to recognize, only some paper-like remains, and some wood fraction with particle size lower than 10 mm are notable. The total vs. is high (69%). The material is accounted as concentrated biodegradable fraction, which justifies the intense composting stage, followed by a prolonged maturation state (composting windrows). It must be stated that open-windrow composting can be challenging owing to variable weather conditions that advance or delay the composting process. Intensive mechanical mixing and constant windrow temperature monitoring which occurs once a week during this process minimize the number of anaerobic pockets in the composting mass. However, it is reasonable to assume that an inevitable release of CH4 occurs. Hence, adopting the lowest emissions values, 0.8–2.5% of degraded C is released as CH4, which seems reasonable [11]. Concerning nitrogen-based GHG, [60] stated that there is no production of N2O during the thermophilic phase since autotrophic nitrifier activity ceases above 40 °C. Since the maturation phase is considered a continuation of the primary composting process, GHG production is only scarce at the final stages of the process. For this reason, 0.1–0.7% of degrading N is accounted to transform to Ν2O. Mixing and water addition ensure a partially controlled maturation elongating to six or nine months until the desired physicochemical characteristics are reached.



The quality of MSW compost is dependent on many parameters, including the composting facility design, feedstock source and proportions used, composting procedure, and duration of maturation [61]. The maturation typically requires minor active management. It is a crucial final stage that facilitates the conversion of potentially toxic NH4 to NO3, allows the loss of phytotoxic volatile compounds, and stabilizes the microbial community. At this state, mesophilic fungi and actinomycetes colonize the compost, which is thought to be responsible for the breakdown and transformation of humic substances and lignin. Although, maturation is a vital stage frequently given insufficient time, or is even missed out altogether, to save space and increase the throughput of composting plants. In this case study, the corresponding sub-process can be chronically adjusted depending on the aiming physicochemical characteristics of the final product. The average decomposition rate is calculated to be 75% of the total volatile solids of the initial material. The resulting CLO has 37% water content, vs. of 57%, while the C and N contents are calculated to 56% and 1.9%, respectively. Carabassa et al. (2020) [13] presented CLO with similar physicochemical characteristics ranging from 65 to 70% TS, 44.5 to 64% VS, and 1.4 to 2.17% N, while [1] produced CLO with similar characteristics.




3.3. Mass Balance


Material and substance flow analyses are performed based on mass balances. The composting unit is then built graphically and displayed as Sankey plots. Figure 2 presents the mass flows of wet waste throughout the processes and the loss of material and compounds to the atmosphere (in kg). The water content is significant for the proper accounting of the total mass balance. Since it is added during composting and maturation and accounts for 200 L per Mg of treated materials in the ACT and 90 L per Mg of treated materials during maturation, the quantities are not insignificant (while its use is threefold). It provides temperature control by reducing heat due to its evaporation, it acts as a medium for the dilution and exchange of elements. Finally, it regulates the aerobic conditions in the composting mass. During the aerobic process, the evaporated water and mass loss is calculated to 766.3 kg per Mg w/w, plus 164.5 kg for the maturation state, while an amount of 279.5 kg is rejected. The resulting CLO material is calculated to be 79.73 kg.



The carbon balance is presented in Figure 3. During the two sub-processes where organic matter degradation occurs, 64.96% of the initial carbon is released into the environment. The primary composting process releases 46.14% of the initial carbon in gaseous form. A significant portion of the initial carbon (31.52%) is diverted to the landfill and contributes to carbon sequestration [62,63]. Finally, 3.52% is included in the CLO destined for land use. Several studies have investigated the degradation of organic matter and C fate during composting. Production of mature compost requires degradation of 40–83% of the carbon contained in the compost [12]. Most of this carbon is emitted as biogenic CO2, and a relatively small portion is emitted as CH4 created in anaerobic pockets in the composting mass.



The total nitrogen loss during the main composting process (ACT) is 64.99% (Figure 4). A portion (19.68%) of the initial nitrogen is landfilled, and 5.3% is bound to the CLO produced mass. The rest is released in gas form during the maturation phase. The controlled conditions in the ACT provide a stable temperature profile of 45–65 °C, favoring the thermophiles phase. The above conditions inhibit the nitrification of produced ammonium to NO2 while the dissociation constant (pKa) of NH4+ decreases with increasing temperature, meaning that higher temperatures favor evaporation of NH3. Eventually, ammonia is the most emitted form of N [64,65]. However, other by-products have not been investigated (i.e., for ammonia the oxidized forms NO and N2O are not considered, although aerobic microorganisms may form them). These gases potentially impact the environment. NO may result in ozone depletion in the stratosphere, and N2O is an effective greenhouse gas [66].




3.4. Estimation of Resources Consumed


3.4.1. Electricity


Aeration, deodorization, mixing, transfer, and refining of compost are the main electricity-consuming processes in the ACT and RFU resulting in a 34.56 kWh electricity consumption per Mg of the wet treated material (Table 6). This number is the average electricity consumption for every sub-process for a given volume of the treated material. According to [12], electricity consumption depends mainly on technology use and is higher on closed composting systems, especially reactor technologies, ranging between 9 and 65 kWh/Mg w/w versus 0.023–19.7 kWh/Mg w/w for open technologies. The research by [67] attributes a fourfold electricity consumption to reactor technology than windrow composting, stating that the benefit of reactor composting is covered from N loss by preventing organic contaminants, higher degradation rates, and lower composting periods. Another research in large-scale bioconversion systems based on the aerobic treatment of organic waste implies that the reduction of the produced leachate due to controlled air supply is reduced by 75–99% [68].




3.4.2. Fuel


The transportation of the residue to the landfill and the refined material to the maturation area employs a hook-lift truck consuming 0.311 L per Mg of the transferred material. For the management and treatment of the maturing windrows, two wheel-loaders, and one compost turner are involved (Table 6). The fuel consumption for each vehicle is calculated to be 2.201, 1.096, and 0.098 L of diesel consumed, respectively, per Mg of maturing material. Τhe engine technology for all of the vehicles follows the standard of Euro 5 as it has been classified from the European emission standards for heavy-duty diesel engines. The conversion of fuel consumption to the initial wet mass of MS-OFMSW is 0.658 L of diesel per Mg, while the literature review presents a range of 0.4–0.5 L per Mg for similar processes [12].




3.4.3. Water


Water consumption is 200 L per Mg for the ACT and 90 L per Mg of refined material during windrow composting. In many LCA methodologies, water consumption is not included [11]. During the aerobic tank composting, the water addition is constant to substitute the water loses of high composting rates and prevent the compost from overheating, while the only water source is the embedded irrigation system. On the other hand, open composting is exposed to weather conditions and precipitation contributes to the windrows irrigation system.





3.5. Sensitivity Analysis


Sensitivity analysis is performed to check the model’s robustness and assess overall uncertainty [69]. The parameters tested in the perturbation analysis include the degradation factors for aerobic composting and the transfer coefficients. All parameters are raised, one at a time, by 10% and the resulting change in the three key outputs of the system: the two exits of the refinery process (rejects and refined materials) and the at the end of maturation phase (produced CLO) are recorded as the quantity of wet mass in contrast to the initial quantities. The results as NSRs are presented in Table 7. The resulting NSRs reveal the sensitivity of the model to the degradation rate of biowaste and the maturating CLO.



The second part of the sensitivity analysis is performed regarding the overall uncertainty propagation for the system outputs. Monde Carlo simulation (MCS) is initialized to generate pseudo-random numbers from the set of the studied parameters. The model degradation parameters and transfer coefficients are attributed with uncertainties of 10% in the form of normal distribution, and the MCS iteration value is set to 10,000 times to obtain the sample distribution of the output parameter [31,69,70,71]. The results are 6.1% variation for the rejects output, 9.4% for the refinery output, and 15% for the compost output.





4. Discussion


This study identifies the dynamics of recovering significant quantities of biogenic carbon and benefitting from the produced compost-like output as a soil conditioner. Although the quality of the produced CLO has several uncertainties due to the origin of the materials, a significant amount of the initial materials is discarded as rejects and usually ends up in landfills. Considering the circular economy perspective, the sustainable treatment of OFMSW requires it to be separated from residual waste at the source to eliminate contaminants remaining in the initial materials [5]. In Spain, samples of produced CLO from 10 MBT plants in Castile and Leon showed heavy metal concentrations below the limits set by the national legislation. However, the percentage of inert impurities, such as plastic or glass, was excessively high, exceeding in some cases the legal limit [72,73]. The same issues were concerned for the CLO produced from the MBT of Attica [1]. The elimination of reject based on the absence of the contaminants mentioned above increases the produced quantities since, in other cases, rejects could be further processed. The restrictions applied to CLO uses do not apply for source segregated biowaste produced compost. The use of the produced material to agriculture, soil improvement, and fertilizer substitution should not be overlooked.



In early 2017, Europe had about 570 active MBT plants with a treatment capacity of 55 million tons [74]. According to the 2020 report from the European Environment Agency (EEA) concerning bio-waste treatment in Europe, the most common treatment methods for biowaste, in line with circular economy principles, were composting and anaerobic digestion. The second was the most preferable in some cases due to benefits from the recovery of material and energy. However, the 22 EU countries average favor composting, with Greece utilizing only composting [5]. In the highest biowaste treatment capacities ranking, Sweden and Croatia present more than 370 kg/capita, followed by Austria, Slovenia, and France near 300 kg/person, while Greece shows the lowest capacities. In the same ranking, comparing source segregation (versus not separately collected biowaste), Greece mainly applies the collection of mixed waste. At the same time, Austria leads the trends with close to 200 kg/capita on separate biowaste collection. Concerning Greece until 2020, six MBT facilities had been constructed and in operation, and ten more are under construction [75].



The LCA study performed by Abeliotis [76] for the MBT of west Attica was based on data provided from the regional administration of Attica, and the native database of the LCA software was used to calculate the produced emissions. In a global LCA review [21] until 2014 (222 case studies), the dominant monitored waste stream was household mixed waste, 70% of the studies concern cases in European countries. Most of the inventory data sources were taken from the literature without addressing the appropriateness of the data used, such as representativeness in time or space of the extracted data compared to the studied system. Composting was the most favorable among the biological treatment methods used in 74 of the above studies. In contrast, anaerobic digestion was used in 53 cases.



In more recent studies, the life cycle inventory analysis is the most time and resource-demanding for the LCA partitioners [72]. The evolution of advanced LCA software with ready-made modules for the composting process may save time and resources. However, it may lead to fault results making mandatory an evaluation step of the primary LCI data.



The goals for a more circular economy in EU by the new revised Waste Framework Directive introduced a new requirement for bio-waste separation. By 31 December 2023, bio-waste must either be separated and recycled at the source or collected separately and not mixed with other types of waste [73]. In addition, as of 2027, compost derived from mixed municipal waste will no longer count towards achieving compliance with the recycling targets for municipal waste. From an LCA perspective, the impacts of a transition from mechanical sorting to source segregated biowaste collection has not yet been studied.




5. Conclusions


Most investigations in mechanical composting focus on open composting processes (e.g., windrows or static piles) or laboratory scale enclosed systems due to the difficulty in sampling commercial systems and the heterogeneous nature of MSW. In most cases, the private sector operates the facilities, and scarce data are available. In this paper, a life-cycle inventory (LCI) is created for the first time using primary data collected from an existing mechanical composting facility in Greece. This study uses comprehensive data to systematically model material and substance flows. The results indicate that significant decomposition occurs during the composting and maturation phases with significant conversion of the carbon content into carbon dioxide. It also proves that industrial-scale composting as a set of fragment flows throughout the different sub-processes provides flexibility, robustness, and profound usability to the designed model. The LCI can stand as a platform for environmental assessment. The practitioners can adjust the parameters accordingly to simulate alternative scenarios, providing a holistic view of specific situations and alternative disposal routes.
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Figure 1. Sankey’s graphic representation of the system and its boundary includes the composting process and inputs/outputs. The subprocesses (aerobic composting tank, refinery unit, open windrows-maturation) are presented. Colored lines represent the different fractions of MS-OFMSW, while the thickness of the lines is proportional to the mass of each fragment. The resources used (electricity, fuel, and water) are shown with yellow and orange arrows, and the emissions to the atmosphere are shown with dark gray arrows. Water addition and evaporation are shown with light blue arrows. The red arrows indicate the sampling points. 
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Figure 2. Sankey diagram of mass balance for OFMSW + green waste treatment in kg (wet waste) (the lines are proportional to the mass of each flux). 






Figure 2. Sankey diagram of mass balance for OFMSW + green waste treatment in kg (wet waste) (the lines are proportional to the mass of each flux).



[image: Applsci 12 02047 g002]







[image: Applsci 12 02047 g003 550] 





Figure 3. Sankey diagram for carbon mass balance in kg for OFMSW + green waste composting processing. The lines are proportional to the mass of each flux. 
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Figure 4. Sankey diagram for nitrogen mass balance in kg for OFMSW + green waste composting processing (the lines are proportional to the mass of each flux). 
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Table 1. Composting conditions and involved personnel for CLO production from mechanically separated OFMSW and green waste.
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Composting Conditions

	
Value—Factor




	
 Mixing ratio by volume (OFMSW:GW)

	
1:4




	
 Retention time in the composting tank

	
4 weeks




	
 Refinery unit

	
Yes




	
 Residue after treatment

	
Used for landfill cover




	
 Maturation time

	
6–9 months




	
Personel

	
Number of People

	
Involvement




	
 Operation manager (senior engineer)

	
1

	
Full-time




	
 Front line stuff (workers)

	
2

	
Full-time




	
 Heavy machinery operator

	
1

	
Full-time




	
 Mentainence mechanic

	
1

	
Part-time




	
 Mentainence electrician

	
1

	
Part-time




	
 Truck driver

	
1

	
Part-time
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Table 2. Emission factors (Efs) relevant to GHG during composting.
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	Type of Process/Emission
	Emission Factor
	Reference





	Provision of diesel oil
	0.306 kg CO2-eq/L diesel
	[33]



	Combustion of diesel oil
	2.7 kg CO2-eq/L diesel
	[32]



	Provision of electricity
	0.810 kg CO2-eq/kWh
	[33]
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Table 3. Fragmentation composition of OFMSW and green waste, proximate and ultimate analysis for each fraction, and carbon content (divided to biogenic and fossil origin).
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	Fraction
	OFMWS

Composition (%)
	OFMSW

Water Content (%)
	TS (%)
	VS (%)
	Ash (%)
	C Bio (%)
	C Fossil (%)
	N(%)





	Biodegradable
	
	
	
	
	
	
	
	



	 Biowaste
	76.49 ± 10.55
	56.04
	37.40
	90.00
	10.00
	54.60
	0.60
	3.72



	 Paper
	11.40 ± 10.91
	33.29
	87.00
	72.30
	27.70
	37.60
	0.20
	0.18



	 Dirty paper
	0.29 ± 0.63
	53.30
	75.50
	91.10
	8.90
	44.60
	0.91
	0.30



	 Cardboard
	1.24 ± 17.06
	39.33
	89.50
	84.90
	15.10
	41.10
	0.30
	0.24



	 Green waste
	4.64 ± 1.62
	47.00
	53.00
	93.00
	7.00
	43.02
	0.00
	0.15



	Plastics *
	
	
	
	
	
	
	
	



	 Soft plastic (PE)
	0.30 ± 2.90
	28.25
	85.89
	95.60
	4.40
	0.41
	81.60
	0.20



	 Hard plastic (PP)
	0.29 ± 2.05
	22.83
	96.80
	97.80
	2.20
	0.40
	79.50
	5.50



	 Non-recyclable plastic
	0.30 ± 3.90
	0.00
	92.90
	94.50
	5.50
	0.36
	70.60
	0.50



	Metals
	
	
	
	
	
	
	
	



	 Aluminum foil and containers
	0.14 ± 0.47
	24.95
	81.20
	23.90
	76.10
	13.70
	1.52
	0.40



	 Batteries and electronic devices
	0.14 ± 0.93
	9.72
	91.10
	14.20
	85.80
	4.35
	4.35
	0.10



	 Food cans (tinplate/steel)
	0.15 ± 1.57
	7.03
	86.82
	0.00
	100.00
	0.00
	0.00
	0.00



	Other materials
	
	
	
	
	
	
	
	



	 Rubber
	0.11 ± 3.58
	34.42
	92.30
	90.30
	9.70
	52.30
	13.10
	0.60



	 Leather
	0.11 ± 3.58
	34.42
	93.30
	87.40
	12.60
	30.70
	30.70
	0.30



	 Textile
	0.11 ± 3.58
	34.42
	94.00
	96.40
	3.60
	39.10
	13.00
	3.20



	 Processed wood
	0.11 ± 3.58
	34.42
	84.60
	96.30
	3.70
	49.40
	0.00
	0.00



	 Glass
	3.17 ± 2.05
	2.23
	99.70
	1.20
	98.80
	0.00
	0.00
	0.10



	 Other Inert
	1.81 ± 2.87
	34.71
	63.40
	2.30
	97.70
	0.65
	0.65
	0.00







* PET and Tetra pack packaging were monitored but not found.
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Table 4. Degradation factors (%w/w) for the volatile solids of waste fractions in the aerobic composting tank process.
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	Fraction
	Degradation Factor (%)





	Biowaste
	48



	Paper
	61



	Dirty paper
	43.3



	Cardboard
	51



	Green waste
	15



	Soft plastic (PE)
	10



	Other inert
	5



	Other materials
	0
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Table 5. Refinery process transfer coefficients total mass (%w/w) for open windrow composting and maturation.
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	Fraction
	Transfer Coefficients (%)





	Biowaste
	45



	Paper
	60



	Cardboard
	100



	Green waste
	5



	Soft plastic (PE)
	2



	Hard plastic (PP)
	1



	Non-recyclable plastic
	1



	Other materials
	0
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Table 6. Heavy machinery involved in the composting process (fuel consumption), electricity, and water consumption.
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	Row Labels
	
	Process Attributed
	Unit/Mg of Material Treated

in the Corresponding Process Material





	Backhoe loader (L of diesel)
	MIDI wheel loader (L/Mg)
	Maturation
	2.201



	Wheel loader (L of diesel)
	Wheel loader (L/Mg)
	Maturation
	1.096



	Other tractor (L of diesel)
	Hook lift (L/Mg)
	Maturation
	0.311



	Other drivable machines (L of diesel)
	Compost turner (L/Mg)
	Maturation
	0.098



	Marginal Electricity Consumption (kWh)
	Electricity (kWh/Mg)
	Aerobic composting Tank and Refinery
	34.56



	Water consumption for composting process in aerobic composting tank
	L/Mg entering main composting
	Aerobic composting Tank and Refinery
	200.0



	Water consumption for maturation state in open windrows
	L/Mg material in windrows
	Maturation
	583.7
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Table 7. Perturbation analysis of NRSs for the main parameters of the model.
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Refinery Output

	
Rejects Output

	
Final CLO






	
Degradation Factor




	
 Aerobic composting tank




	
 Biowaste

	
0.8

	
0.9

	
0.2




	
 Paper

	
0.2

	
0.1

	
0.1




	
 Dirty paper

	
0.0

	
0.0

	
0.0




	
 Cardboard

	
0.0

	
0.0

	
0.0




	
 Green waste

	
0.0

	
0.0

	
0.0




	
 Soft plastic (PE)

	
0.0

	
0.0

	
0.0




	
 Other Inert

	
0.0

	
0.0

	
0.0




	
Transfer coefficient




	
 Refinery process




	
 Biowaste

	
0.0

	
0.0

	
0.0




	
 Paper

	
1.0

	
1.0

	
0.5




	
 Dirty paper

	
0.3

	
0.3

	
0.2




	
 Cardboard

	
0.0

	
0.0

	
0.0




	
 Green waste

	
0.0

	
0.0

	
0.0




	
 Soft plastic (PE)

	
0.0

	
0.0

	
0.0




	
Degradation Factor




	
 Open windrows




	
 Degradation Factor

	
-

	
-

	
1.0
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