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Abstract

:

A waste reform was recently introduced in Russia to divert waste from landfills. To help advance the reform, this paper presents a life cycle assessment of the municipal solid waste management system in Russia’s second largest city—Saint Petersburg—and its neighboring Leningrad region. Five scenarios were evaluated: the current state of the system (S0), its expected post-reform state in 2024 (S1), and its state improved by increased landfill gas collection (S2), by increased waste incineration (S3), and by separate collection of waste (S4). The environmental impact was assessed in terms of climate change, acidification, eutrophication, and abiotic resource depletion (fossil fuels). The results showed an overall reduction in the environmental impact of the waste management system across all impact categories and all scenarios studied. The largest reduction in all impact categories (except abiotic resource depletion) was achieved through source separation of municipal solid waste. Particularly, global warming potential was reduced from 0.328 kg CO2-eq./kg waste generated in S0 to 0.010 kg CO2-eq./kg waste in S4. Regarding abiotic resource depletion potential (fossil fuels), the incineration scenario is the most beneficial, since it reduces the impact by 573%.
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1. Introduction


As the global population grows and increases its consumption of resources, municipal solid waste (MSW) management poses a challenge worldwide. The main goal of MSW management is the disposal of waste under techno-economic constraints in order to avoid harmful effects to humans and the environment. Additionally, present-day challenges in MSW management are not limited to preserving public health and protecting the environment, but also include efficient resource management and further reduction of environmental impact. The MSW management sector is associated with 3% of global greenhouse gas emissions [1]. It is also a sink of secondary resources that can be recovered [2]. Therefore, there is significant potential to improve MSW management towards achieving sustainability and circularity [1,3].



While some countries have already made significant progress in tackling waste management issues, others are only starting their development towards sustainable waste management. The latter situation applies to Russia, where the current state of waste management is in pressing need of improvement. The existing MSW management system in Russia fails to effectively handle rapidly growing amounts of waste. Landfilling remains the primary means of MSW treatment in Russia [4], available landfill capacities are approaching their limits in many regions [5], and the extent of unauthorized landfilling has become alarming.



An especially demanding situation has emerged in Saint Petersburg, the second-largest city in Russia, and in the surrounding Leningrad region. Most of the MSW generated in Saint Petersburg is transported to the Leningrad region for disposal. In 2018, the cumulative annual generation of MSW in the city and surrounding region reached 3076 Gg [6,7]; this was for a combined population of 7.1 million permanent residents [8,9]. However, ongoing waste management reform in the area aims to build a more sustainable waste management system for the city and surrounding region.



Reduction of environmental impact from waste management system is one of the most important goals in waste system development. From previous studies [10,11,12,13,14], it is evident that the application of a life cycle assessment (LCA) helps to identify local solutions for waste management, which can reduce the environmental impact. Generally, LCA has several applications in the waste sector, which include understanding existing waste management and how it can be improved [15]. In essence, the LCA method allows environmental impact to be examined for different impact categories, taking into account all stages of the waste life cycle. The effects of various waste treatment methods can be assessed and compared through the building of scenarios. Since the 1990s, LCA studies on waste management have been conducted in many parts of the world, with the most intensive use of this methodology being in Western Europe and the USA [16].



A considerable number of LCA studies have been dedicated to the MSW management systems of an entire city or region from the perspective of system improvement [17,18,19,20]. In 2020, Banias et al. [10] compared several MSW management options in the region of Central Macedonia, Greece. Here, the researchers analyzed the MSW system with regards to global warming potential (GWP), acidification (AP), eutrophication (EP), and abiotic depletion potential (ADP), among other impact categories. The environmental performances of landfilling, incineration, and recycling processes were compared to identify an optimal solution for the region. Similarly, the MSW management system of the Cluj County of Romania was studied to assess its impact on GWP, AP, EP, energy net, and other indicators [21]. The study in Cluj County aimed to identify which waste treatment scenarios are the most favorable for the environment, and the landfilling-based scenario was improved by adding composting, recycling, and incineration processes step-by-step. In this case, the last and most improved waste management scenario showed the best performance and proved the benefit of an integrated waste management system from an environmental perspective. In another study, the MSW management system in Delhi, India, was analyzed concerning GWP only [22]. The authors compared the baseline scenario to various alternatives in which waste was diverted from landfills via composting, biomethanation, pelletization, mass incineration, and combustion of refuse-derived fuel. They found that the scenario of maximum diversion from landfills showed the largest benefit for the environment.



Thus far, the environmental assessment of the MSW management system in Saint Petersburg and the surrounding Leningrad region has been limited. For example, the mathematical modeling of the MSW management system in Saint Petersburg and the Leningrad region was used by Shmelev [23] to optimize waste management from environmental and economic perspectives. In their study, the overall impact of the system was described through equivalents of CO2 emissions following the methodology for determining prevented environmental damage developed by Vershkova et al. [24]. Based on the obtained results, Shmelev [23] made recommendations for the system reform. In another article, the environmental performance of the waste management system in Saint Petersburg, alongside economical and energy performance, was studied by Rodionov and Nakata [25] using mathematical modeling. Only CO2 emissions were considered in their analysis of environmental performance. Both Schmelev’s and Rodionov and Nakata’s studies use life cycle thinking in their environmental evaluation. However, no LCA has been conducted for Saint Petersburg and the Leningrad region. Given the sparse use of LCA methodology in Russia in general, LCA studies on waste management systems are rather limited. Nevertheless, a few LCAs have been published for other Russian cities [26,27,28,29] including a recent LCA study on Moscow [30].



Thus, until recently, there has been little quantitative analysis of the environmental impact of waste management in Russia, particularly in Saint Petersburg and the Leningrad region, where research has been limited to consideration of CO2 emissions and energy generation in the waste management system. To close this gap, this paper seeks to provide a thorough analysis of the MSW management system in Saint Petersburg and the Leningrad region from an environmental perspective using LCA.



First, this paper aims to assess the environmental impact of MSW management in Saint Petersburg and the Leningrad region. This paper also analyzes the efficiency of waste treatment practices in reducing the environmental burden of MSW management in the studied area. Furthermore, this study identifies waste fractions for which treatment should be prioritized to minimize the environmental impact of waste management. Finally, it provides important insights for further development of the system and may support the process of building a more sustainable MSW management system in the studied area. The results of this study can provide the insights to MSW management development options for other regions in Russia and abroad, where similar waste characteristics and MSW management practices are relevant.




2. Materials and Methods


2.1. Life Cycle Assessment


This study employs LCA to estimate the environmental impact of the waste management system in Saint Petersburg and the Leningrad region. The LCA method is widely used for such purposes [16]. This study follows ISO 14040 [31] and ISO 14044 [32] standards. The modeling was performed in GaBi software (database version 2020.2) (Sphera Solutions GmbH, Leinfelden-Echterdingen, Germany) with the integrated ecoinvent database (version 3.7) using the “allocation, cut-off by classification” system model provided by default with the software. The analysis is mostly based on secondary data obtained from scientific literature and life cycle inventory (LCI) databases; the use of primary data is limited. Where relevant, the treatment of inventory data is reported in Supplementary Materials. MSW generated in the area is regarded as zero-burden. To deal with the multifunctionality of the studied system (i.e., its multiple product outputs), the avoided burden approach is applied. However, this study cannot be regarded as being a fully consequential LCA study, as it is limited to consideration of average effects rather than marginal effects.




2.2. Goal and Scope


The functional unit used in this study is the mass of MSW generated in Saint Petersburg and the Leningrad region annually, which was 3076 Gg of MSW in 2018 [6,7]. Geographically, the analysis covers the MSW management of two federal subjects of Russia: the Leningrad region and the federal city of Saint Petersburg. The studied system boundaries include processes which reflect the situation in the studied area, however, the infrastructure can be different depending on various factors, such as the level of investment available. Regarding the period covered, unless stated otherwise, the data used to represent the current state of the system relates to the year 2018, which was chosen because it is the year for which the most detailed statistics were available. The first alternative scenario considers changes planned for 2024, while the other scenarios are assumed to take place in the more distant future. The MSW management system is assessed in terms of GWP over a 100-year time horizon (also referred to as “Climate change” as a midpoint impact category), AP, EP, and abiotic resource depletion potential (fossil fuels) (ADPf). CML 2001 [33] is used as an impact assessment method.




2.3. System Boundary


This study’s analysis covers the entire life cycle of waste, i.e., bin-to-grave. Therefore, the system boundary includes processes for waste handling (i.e., collection and transportation, sorting, composting, anaerobic digestion (AD), refuse-derived fuel (RDF) combustion, mixed MSW combustion, recycling, and landfilling) and avoided processes (primary production of energy and materials) as a part of the system expansion approach. An illustration of the system boundary for this study can be found in Figure 1.




2.4. Scenarios


2.4.1. Scenario 0 (S0)—Baseline Scenario


The baseline scenario represents the current state of MSW management in the area and uses waste quantity and infrastructure data from 2018. In the baseline scenario, no separate collection of recyclable waste fractions of MSW is considered because MSW is normally collected using a one-bin system. However, 18% of MSW (553 Gg) undergoes separation at sorting stations [6,7]. Recyclables separated from the mixed waste (38.3 Gg) are sent to recycling, and an organic fraction (133.3 Gg) is composted. RDF production (25 Gg) occurs at one of the sorting facilities [34], and incineration is used for 0.2% of generated MSW (6.4 Gg/year) [35]. Meanwhile, MSW that is not separated for recycling or treated thermally is disposed of in landfills (93.4% of MSW). A landfill gas (LFG) collection system is implemented at one of the operating landfills, where 900 Gg of the MSW generated in the studied system is landfilled [36]. The rest of the MSW is landfilled without LFG collection. A waste flow diagram for this scenario and the other studied scenarios is presented in Figure 2.




2.4.2. Scenario 1 (S1)—Development Facilitated by the Reform


S1 represents MSW management in 2024 following current plans for waste reform in the area. The development of the system is represented by additional sorting capacity planned in the Leningrad region. More detailed information about the reform can be found in Section 1 of the Supplementary Materials. The new sorting facilities, the Gatchina plant and the Kingisepp plant, will have capacities of 500 Gg/year (at the first construction stage) and 300 Gg/year, respectively [35]. According to the available information, mechanical sorting, which includes separation of organic waste for composting and separation of other materials for recycling, followed by RDF production, is planned at the Gatchina plant [37]. At the Kingisepp plant, the mechanical separation of organic waste for composting and manual separation of other recyclable fractions are planned [38].




2.4.3. Scenario 2 (S2)—Extended Landfill Gas Collection


Scenario 2 doubles the amount of waste landfilled with LFG collection (to 1800 Gg of MSW) compared to the baseline scenario (S0) and Scenario 1 (S1). No other changes to the studied system were modeled.




2.4.4. Scenario 3 (S3)—Increased Incineration


Mass incineration of MSW is modelled in addition to the increased LFG collection. The additional amount of MSW sent to incineration is 850 Gg/year (200 Gg/year generated in the Leningrad region and 650 Gg/year generated in Saint Petersburg). Using these values, the total amount of incinerated MSW approaches the 2015 European average [39], which is equal to 27% of MSW. Incineration is applied to the MSW stream, which, in other scenarios, is sent directly to landfills; it includes all waste that does not undergo LFG recovery and part of the waste that does. In S3, recycling of metals is also increased due to metals recovery from incineration.




2.4.5. Scenarios 4.1 (S4.1) and 4.2 (S4.2)—Source Separation Scenarios


In Scenarios 4.1 and 4.2, increased waste incineration is replaced by source separation of paper and cardboard, metal, plastic, glass, and biowaste. Certain shares of the source-separated materials end up in landfills (Figure 2), as additional separation at sorting plants is considered to remove contaminants. In S4.1, all separated biowaste is composted. However, in S4.2, AD is used to treat a part of the biowaste instead of composting it. AD is only applied to organic waste that is separated at new sorting plants introduces in S1 and to separately collected biowaste, leaving the baseline state of biowaste treatment intact.





2.5. Inventory Data


2.5.1. Waste Data


The MSW generation values used in the study are 2235 Gg/year in Saint Peterburg and 841 Gg/year in the Leningrad region, as reported for the two areas in 2018 [6,7]. The latest available MSW composition data from Saint Petersburg and the Leningrad region (Table 1) were used [34,40]. Changes in waste generation and composition over time are not considered in the study.



In this study, the non-ferrous metal fraction is assumed to be comprised of aluminum, while the ferrous metal fraction is comprised of steel. It is assumed that the stream of recovered plastic waste is composed of polyethylene terephthalate (PET) and high-density polyethylene (HDPE). Based on the content of PET and HDPE in the waste composition of Saint Petersburg [34], PET is assumed to constitute 75% of the flow, with the rest being HDPE.




2.5.2. Waste Collection and Transportation


Waste collection and transportation are modeled based on information from regional waste management plans [35,41]. Since regional waste management plans do not contain information on transfer stations, reloading of MSW onto larger vehicles is assumed to be done next to sorting facilities. Approximate distances are calculated based on location of waste treatment and disposal sites operating in 2018 and planned for 2024. It was assumed that AD plants (S4.2) are located next to sorting facilities. Incineration of additional amounts of MSW (S3) is assumed to happen at the same site where waste is incinerated in the baseline scenario (S0). MSW collection in Saint Petersburg is modeled using trucks with a small payload capacity, while larger trucks are assumed to be used for further waste transportation from transfer stations in the city as well as waste collection and transportation in the Leningrad region. More detailed information on processes used in modeling and distances can be seen from the Supplementary Materials, Section 2.1.




2.5.3. Landfilling


To assess the impact of waste decomposition in landfills on climate change, methane emissions are calculated. Methane generation potential is calculated based on the IPCC default model [42] for paper, wood, food, and textile fractions. The parameters of the LFG generation model are assumed based on data from Lee et al. [43] and IPCC [42]. Diesel uses for landfill operations and emissions from diesel combustion are also considered. The estimation of leaching process parameters is challenging mainly due to limited site-specific data. Therefore, leaching is modeled based on studies conducted by Liikanen et al. [44] and Havukainen et al. [45]. According to the available design documentation for landfills in the studied region, no treatment of leachate takes place [46,47]. LFG collection occurs for a part of the disposed MSW, which is defined by the scenarios. In this study, the LFG collection rate is assumed to reach 53% [48], while emissions from LFG combustion and flaring are assumed to be identical to those presented by Bacchi et al. [49]. According to data from the Novyy Svet EKO landfill in the Leningrad region, energy recovered from LFG combustion displaces primary electricity production. The landfilling processes were modeled by authors because the existing databases unit processes were not available for the specific waste composition and the landfill technology. A detailed inventory of the landfilling process can be found in the Supplementary Materials, Section 2.2.




2.5.4. Mixed Waste Sorting


Waste sorting plants are modeled using data from regional waste management plans and Rospotrebnadzor databases [35,41,50]. In the model, the sorting of mixed MSW is performed in two ways. The first option for the sorting process is the use of manual sorting to recover paper and cardboard, glass, plastic, and aluminum, which is combined with mechanical separation of ferrous metals and, possibly, the sorting of organic waste via a screen. Recovery rates for manual sorting of recyclables are adopted from data gathered by Il’inykh et al. [51]. The overall recovery rate for recyclables, excluding separated organics, is estimated to be as low as 3% of MSW input flow. This low value is dictated by the generally low recovery rates found in manual sorting [52] and is particularly relevant for manual separation in the MPBO-2 plant [53]. The second option for the sorting of mixed MSW is mechanical sorting (with some additional manual sorting), which is implemented to separate ferrous metal, aluminum, plastic, paper and cardboard, and the organic fraction. RDF is produced after recyclables are recovered. The mass balance of this process is based on data presented in the design documentation of a mechanical sorting plant in Saint Petersburg [46]. Based on information from OOO “KOSMOS” [46], the glass fraction is rejected in this case. Sorting facilities, their capacities, and recovered fractions are listed in detail in the Supplementary Materials, Section 2.3, while the inventory of sorting processes is given in Supplementary Materials, Section 2.4.




2.5.5. Composting of the Organic Fraction


Windrow composting is applied to screening reject (in all scenarios) and separately collected biowaste (only in S4). The composition of the screening reject is based on data from design documentation of a mechanical sorting plant in Saint Petersburg [46]. Process parameters are modeled based on data from Boldrin et al. [54], Grzesik and Malinowski [55], Lima et al. [56], AO “DAR/VODGEO” [40], and LIPASTO [57]. Leachate is assumed to be collected for moisturizing the waste in windrows so no leachate enters the environment. Additionally, for the MPBO-2 sorting plant in Saint Petersburg, composting in a rotating drum is modeled prior to further maturation in windrows. Direct emissions from waste treated in this way are assumed to be identical to those used for windrow composting. Due to the low quality of the compost produced from screening reject, it is used as a landfill cover, and it is therefore assumed to substitute soil. Soil excavation is modeled via the GaBi unit process “EU-28: Excavated soil with digger (EN15804 A5)”. Compost which is produced from separately collected biowaste is assumed to be of good quality and to substitute mineral fertilizers on the market. Detailed data on modeling can be found in the Supplementary Materials, Section 2.5.




2.5.6. Anaerobic Digestion of Organic Fraction


Emissions from AD are modeled based on the data for thermophile single stage digestion process from the ecoinvent database (3.7). The unit process applied in modeling is “RoW: treatment of biowaste by anaerobic digestion”. Power and heat production are modeled as a result of biogas combustion using unit process “RoW: heat and power co-generation, biogas, gas engine”, from ecoinvent. Efficiencies of heat and electricity production used in this process are 53% and 43%, respectively. The AD process used in the model includes dewatering of digestate for subsequent composting of the dried fraction. The composting of dewatered digestate is modeled by authors using the data for windrow composting from Section 2.5 in the Supplementary Materials. More details about modeling of AD are given in the Supplementary Materials, Section 2.6.




2.5.7. Recycling Processes


In all scenarios, recycling processes for HDPE, PET, steel, aluminum, glass, and paper and cardboard waste are modeled. For PET, HDPE, and paper, unit processes from the ecoinvent 3.7 database are used in the modeling of recycled and virgin production. It is assumed that the most probable use of waste paper is the production of tissue paper [58]. The impact of steel and aluminum recycling is estimated using processes from the GaBi database (version 2020.2). The glass recycling process is modeled based on the data for container glass obtained from Greene [59] and Landi et al. [60], while avoided production is based on data from ecoinvent 3.7. All data taken from the ecoinvent database refer to the “allocation, cut-off by classification” system model. The impact of fossil fuel consumption was modeled using the cumulative energy demand (CED) impact category for processes, which was retrieved from ecoinvent. Substitution ratios and other more detailed information on modeling are given in the Supplementary Materials, Section 2.7.




2.5.8. Incineration of Mixed MSW and RDF


Incineration is modeled using unit processes from the GaBi database that correspond to specific waste fractions. In all scenarios, incineration is assumed to occur with both electricity and heat recovery. Additionally, according to Bushikhin et al. [61], RDF produced in Saint Petersburg (S0) is utilized in a cement kiln and replaces the use of coal. It is assumed that additional RDF produced after the reform (S1) is combusted via a mono-combustion process in a boiler, resulting in electricity production. In this case, the efficiency of electricity production equals 22%, which is the average efficiency for mono-combustion of RDF in Europe [62]. No heat is recovered. The lower heating value of RDF amounts to 15.9 MJ/kg of RDF as received [61]. Detailed data on the modeling of mixed waste and RDF incineration is given in the Supplementary Materials, Sections 2.8 and 2.9.




2.5.9. Source Separation of MSW


In S4, the average EU-28 capture rates are used for source separation of MSW (i.e., 16% for biowaste, 44% for glass, 16% for metal, 12% for plastic, and 36% for paper and cardboard) [63]. The contamination rate is assumed to reach 30% of the source-separated waste flow. As described by Pressley et al. [64], negative manual sorting is applied to source-separated waste streams to remove contaminants. The inventory of this process is given in the Supplementary Materials, Section 2.4.




2.5.10. Energy Generation


In this study, current average data is used to model energy supply. Russian electricity generation is largely based on the use of natural gas as an energy source, with some electricity supplied by nuclear, hydro, and coal-fired units. In 2018, the share of natural gas in electricity generation amounted to 47%, while the total share of fossil energy sources equaled 64% [65]. Heat production in Saint Petersburg and the Leningrad region mostly relies on natural gas [66]. Natural gas is therefore assumed to be the source of thermal energy. GaBi unit processes “RU: Electricity grid mix 1 kV–60 kV” and “RU: Process steam from natural gas 90%” are applied to model the energy supply for processes and to avoid energy production. Diesel supplies for processes are modeled using the unit process “RU: Diesel mix at filling station (100% fossil)”.





2.6. Sensitivity Analysis


Sensitivity analysis is performed in three parts. The first step is a contribution analysis in which the overall result is subdivided into processes to identify those that have the greatest impact. Then, process parameters are studied in a perturbation analysis to find parameters, changes of which influence the results of this study the most. The impact of modeling choices is also studied to test the robustness of the results of the choices made.



In the perturbation analysis, sensitivity ratios (SR) are calculated according to Clavreul et al. [67]. The value of each parameter is changed by 10%, and SR is derived using the equation:


  S R =     Δ   r e s u l t   i n i t i a l   r e s u l t       Δ   p a r a m e t e r   i n i t i a l   p a r a m e t e r      



(1)







When an SR value equals 2, the result is increased by 20% due to a 10% change in the parameter value. To avoid situations where the changes in a result with small absolute values produce high SR scores (due to large relative changes in the result), normalization of SRs is applied. Further details on perturbation analysis are found in the Supplementary Materials, Section 3.1.





3. Results


Figure 3 presents the impact assessment results for GWP, EP, AP, and ADPf of the studied scenarios. All impact categories show an overall decrease across the scenarios. GWP is reduced from 0.334 kg CO2-eq./kg MSW generated in S0 to −0.002 kg CO2-eq./kg MSW in S4.2. Meanwhile, ADPf is negative across all scenarios (demonstrating that impact has been avoided), which was achieved through the substitution of conventional products and energy. Similarly, due to the emissions avoided by the utilization of RDF, the AP of the studied system in the baseline scenario, S0, is negative (−0.01 g SO2 eq./kg MSW). EP of MSW management system equals 0.01 g PO43− eq./kg MSW in S0.



According to the results of this study, the increase of mixed waste sorting with RDF production that is planned to be achieved by 2024 (S1) can reduce GWP by 22% (to 0.261 kg CO2-eq./kg MSW generated) and ADPf by 213% (from −0.285 MJ/kg MSW generated to −0.892 MJ/kg MSW), while also slightly increasing EP and AP due to increased composting. Doubling of the amount of waste disposed of in landfills with LFG collection (S2) is estimated to cut GWP by 43% (to 0.189 kg CO2-eq./kg MSW generated) compared to the baseline scenario; other impact categories do not change significantly with this advancement. When mixed MSW incineration is added (S3), GWP can be expected to drop by 76% (to 0.082 kg CO2-eq./kg MSW) compared to S0. In this scenario, a sharp reduction of ADPf occurs due to the substitution of conventional energy production (by 768% (or to −2.476 MJ/kg MSW generated) from S0), and AP declines substantially. Waste separation at source (S4.1) is estimated to approach nearly zero GWP and to reduce EP and AP sharply, though a smaller reduction of ADPf is achieved (by only 584% (to −1.953 MJ/kg MSW generated) from S0). In this scenario, GWP could be further reduced if biowaste were treated in AD (S4.2); the overall reduction of GWP would then reach 101% instead of 95% (to −0.002 kg CO2-eq. instead of 0.018 kg CO2-eq. per each kg of generated MSW).



3.1. Contribution Analysis


Figure 3 also shows the environmental impact of individual processes of the MSW management system for each impact category. The categories in the results represent the processes as described in the LCI section of this study in the corresponding amounts of waste, as reported in Figure 2. The impact from steel recycling is the only one shown without subdivision into direct and avoided impacts; this is due to the use of a single unit process in the modeling of steel recycling, which includes avoided impacts. The graph shows that landfilling, paper and cardboard recycling, and incineration of mixed MSW and RDF make the largest contribution to direct and avoided environmental impact of the system. To further explore these results, specific net impact potentials were calculated for the studied processes. For of the baseline scenario (S0), the results are given in Table 2 (GWP and ADPf). Specific net impact potentials of the processes in each scenario and all impact categories can be found from the Supplementary Materials, Section 4.3.



Landfill disposal makes a considerable contribution to GWP when applied to a corresponding amount of MSW. In the baseline scenario, landfilling results in 0.37 kg CO2-eq emitted per kg of MSW landfilled. Then, when all waste is landfilled with LFG collection (S3), 0.19 kg CO2-eq are emitted per kg of MSW (see the Supplementary Materials, Section 4.3). In other studies, landfilling with the collection of LFG has been found to emit from −0.07 to 0.16 kg of CO2-eq/kg [68] and 0.25–0.45 kg CO2-eq/kg [56]. The differences in the results are explained by variations in the parameters of LFG collection used in modeling and the different shares of organic waste in disposed MSW. Particularly, the LFG collection rate ranges from 50% to 80% in the study by Manfredi et al. [68] and 45% to 95% in the study by Lima et al. [56], while it reaches only 53% in this LCA for Saint Petersburg and the Leningrad region. Additionally, the share of biowaste was almost twice in the study conducted by Lima et al. [56] compared to this LCA; it constituted 55% and 27%, respectively.



The recycling of paper and cardboard makes a rather large contribution to both direct and avoided impacts in all impact categories, but especially in GWP. In this study, the emission factor of the paper recycling process equals 1.90 kg CO2-eq/kg recycled paper produced. In turn, virgin paper production has a GWP of 3.90 kg CO2-eq/kg paper produced. Both values are significantly larger than those reported in other studies on tissue paper production. For example, Gemechu et al. [69] report that the GWP of tissue paper production in Spain is 1.31 and 1.88 kg CO2-eq per kg of recycled and virgin paper, respectively. Ta Thi and Thi Anh [70] estimated that the GWP of recycled and virgin tissue paper in Vietnam is 0.75 and 1.06 kg CO2-eq per kg of tissue paper [70]. Several environmental product declarations (EPD) [71,72,73,74,75] indicate that the GWP of virgin tissue production is at the level of 1.28–1.86 kg CO2-eq/kg. However, the technology and energy sources used for paper production were found to be crucial to LCA results [76]. As global and rest-of-world data on paper production were used in this study to model production in Russia, high emission factors are at least partly caused by higher energy consumption and a more greenhouse gas-intensive energy mix. Merrild et al. [76] estimated that the GWP of paper recycling ranges from 0.5 to 1.5 kg CO2-eq per kg of waste paper when the substitution of virgin paper is not considered and from −1.3 to 0.4 kg CO2-eq per kg of waste paper with virgin replacement. In this study, the net emission factor of paper recycling amounts to −1.14 kg CO2-eq/kg of wastepaper. Furthermore, tissue paper production processes contribute crucially to EP and AP. In the case of primary production, the net emission factors used in this study are 0.03 kg SO2-eq and 0.01 kg PO43−-eq per kg of paper. The values are close to or are in the range of values reported in EPDs on tissue paper of 0.1–0.2 kg SO2-eq and 0.002–0.011 kg PO43-eq [71,72,73,74,75].



Incineration of mixed MSW has a significant impact on the total result in S3. Replacement of electricity from the national grid and natural gas-based heat results in considerable savings in the ADPf impact category: each kilogram of waste incinerated results in avoided extraction of 5.56 MJ of fossil fuels in S3 (see the Supplementary Materials, Section 4.3). The total ADPf reduction is substantially larger in the incineration scenario compared to the recycling-focused scenario (S4). Firstly, this is because there is almost no energy consumption during incineration, unlike in recycling processes. Secondly, this is because the ADPf category only accounts for fuels and not resources, so the benefits of recycling are not fully represented. Due to the higher energy content of RDF, even higher net specific savings of fossil resources are obtained by RDF incineration. When RDF is utilized in a cement kiln only (S0), the savings are 20.7 MJ/kg of RDF (Table 2). In other scenarios, the additional RDF combustion in boilers results in resource savings in overall RDF utilization that are roughly half of those found in S0. This is because a major part of the RDF is used to produce electricity, which has 22% energy conversion efficiency. Similar to ADPf, the GWP drops when RDF utilization in boilers is added. Calculated for each specific technology, the GWP of 1 kg of RDF equals −0.92 kg CO2-eq when RDF is used instead of coal in cement kilns, and 0.36 kg CO2-eq when it is incinerated in boilers. Incineration of both mixed MSW and RDF also contributes significantly to the reduction of AP. RDF utilization causes low AP primarily due to the avoided combustion of coal, while the considerable reduction in AP is explained by the large quantity of MSW in mass incineration.




3.2. Enviromental Impact of Recycling of Different Waste Fractions


Among the different waste fractions, the recycling of paper and cardboard waste achieves the most significant reduction in environmental impact, particularly in GWP, EP, and AP; this can be seen from Figure 4, which shows normalized values (0–1 range) of impact scores for recycling and biowaste treatment processes in each impact category. An important reason for this significant reduction in environmental impact is the relatively large share of paper and cardboard contained in MSW, combined with its high potential for source separation and consequent recycling. Coupled with relatively low net specific impact potentials (Table 2, Section 4.3 of the Supplementary Materials), these parameters make recycling of paper and cardboard fraction the most beneficial for environmental impact reduction. Plastic recycling, on the contrary, reduces ADPf the most, which is due to its fossil origin. Plastic recycling also substantially contributes to the mitigation of climate change. Glass recycling appeared to be the second-best option to reduce the EP and AP of the system. Although net specific impact potentials of aluminum recycling are by far the most favorable for reducing the environmental impact than those of other waste fractions, the insignificant amount of aluminum recovered makes the total impact of the process the least noticeable for MSW management system. It is important to understand that MSW composition, sorting efficiencies, and capture rates of recyclables affect the potential to reduce the environmental impact in a given area. Therefore, the conclusions of this study are particularly dependent on the assumptions for recovery efficiencies of recyclable fractions.



In comparison to other waste fractions, and despite the high share of organics in MSW, treatment of organics is found to have relatively low importance for minimization of GWP, ADPf, EP, AP. However, in all impact categories, AD results in a negative impact, while the impact of composting is positive (see the results in Sections 4.3 and 4.4 of Supplementary Materials). The better performance of AD compared to composting is also demonstrated in other studies with regards to GWP, AP, and energy use [77,78]. It should also be noted that the net impact of composting is lower when the compost is used to substitute fertilizers, but not soil. Thus, achieving a higher quality of compost through the use of separately collected biowaste could improve the benefits of composting.




3.3. Sensitivity Analysis


In this study, perturbation analysis was performed, and the results are presented in the Supplementary Materials in Sections 4.1 and 4.2. Then, the impact on the results of modeling choices made in this study were investigated, which is depicted in Figure 5. The modeling choices considered are the composition of MSW, source-separation efficiency, and the source of heat in energy generation.



3.3.1. MSW Composition Change


Alternative data have been considered only for the Leningrad region. In the initial data, almost 30% of the MSW is referred to as “other waste”, and the share of biowaste is exceptionally low. Although the “other waste” fraction could contain more biodegradable material than usual, it was considered inert waste in modeling landfills. MSW composition with a lower share of “other waste” used in this analysis is given in Supplementary Materials, Section 3.2. As a result of the change in MSW composition, a substantial increase in GWP occurs. This change in GWP is due to higher shares of food, paper, and cardboard waste in the alternative data, which increased from 15% to 28% for food waste and from 8% to 20% for paper and cardboard. Generally, changes originating from MSW composition can be multidirectional, as the share of recyclable materials also influences total results through the impact of recycling. Even though the direction of these changes is largely uncertain, the results are quite sensitive to waste composition. However, the ranking of scenarios does not change when the alternative MSW composition is used.




3.3.2. Efficiency of Source Separation


Capture rates in source separation can be expected to be lower during the first years of the separate collection of recyclable material. To assess the environmental impact of the MSW management system on the earlier stages of source separation implementation, capture rates two times lower are assumed: 8% for organic fraction, 8% for metals, 6% for plastics, 18% for paper and cardboard, and 22% for glass. The performance of the MSW management system changes significantly as EP, AP, and ADPf increases by 56%, 49%, and 25%, respectively (S4.1). The ranking of the scenarios for GWP changes, and the waste incineration scenario (S3) becomes the most favorable.




3.3.3. Choice of the Source of Heat Production


Instead of natural gas, heat produced from MSW can displace coal-based heat, as coal is a minor energy source that is currently being superseded. This assumption is tested using the GaBi unit process “RU: Process steam from hard coal 90%”. The change is applied to the heat supply in glass recycling, heat substitution by mixed MSW incineration, and biogas combustion. The largest changes are observed in S3, in which GWP and AP change drastically. Due to the difference in the sulfur content of the fuels, the AP of the MSW management system drops by 423%. When coal-based thermal energy is displaced, S3 becomes the most beneficial in terms of AP.






4. Discussion


The results of this study generally indicate that diverting waste from landfills to be recycled and incinerated decreases the environmental impact of MSW management. At first, the reduction is achieved due to avoided impact from landfilling; this is seen by the large reduction in the direct emissions of greenhouse gases when moving away from S0. Second, the reduction is achieved through substitution of production of primary materials and energy by utilization of waste; this is mostly seen in the ADPf category, which has a negative value across all scenarios, and the benefits increase further as more waste is sent to incineration and recycling. A similar trend is also seen for the EP and AP.



This study further supports the claim that the diversion of waste from landfills benefits the environment, which is a finding similar to the results of other studies, e.g., Bohra et al. [22], Kaazke et al. [28], and Starostina et al. [27]. Furthermore, this study indicates that systematic changes aimed at the implementation of MSW source separation (including their consequent recycling) and incineration have greater potential for the reduction of environmental impact compared to incremental improvements of existing MSW management systems through increased sorting of mixed waste and introduction of LFG collection. As shown by Song et al. [79], source separation and incineration of MSW are also considered more environmentally benign than other treatment methods. Furthermore, scenarios focused on source separation are seen as an optimal way to improve the environmental performance of the MSW sector, which is shown in case studies conducted by Özeler et al. [80], Zhao et al. [81], and Banias et al. [10]. In general, when compared to the incineration of MSW with energy recovery, the recycling of source-separated waste has smaller impacts on GWP, EP, AP, and other impact categories [82]. Yet, in some studies, increased MSW incineration has shown better results than recycling focused MSW management systems. Emery et al. [18] found that total incineration of MSW causes a larger reduction of GWP and EP than a scenario of increased recycling. Finally, the literature suggests that hybrid scenarios in which significant waste amounts are sent to both recycling and incineration facilities are the most favorable for the environment [12,21]. It should also be noted that, due to the various approaches to scenario building and different underlying data in other LCAs, an accurate comparison of our results with other cases is challenging.



As the results of this study reveal, in the case of Saint Petersburg and the Leningrad region, source separation of MSW could provide the largest reduction in the environmental impact if capture rates reach the average EU levels. In this scenario, all four impact categories considered in this study exhibit a significant reduction. When compared to the recycling-focused scenario, the benefits of waste incineration appear to be smaller in magnitude for GWP, EP, and AP. However, one advantage that the incineration of mixed waste has over the recycling of source-separated waste is that it can be implanted relatively quickly; it can take approximately 5–8 years from planning to operation of the plant. Due to the substitution of fossil-based energy production in the studied area, this option can still substantially reduce GWP, EP, AP, and ADPf—even in a short-term perspective. However, due to the significant cost of incineration plants, their construction leads to a lock-in in which MSW would need to be supplied there for several decades to ensure the plants’ economic profitability. This will, however, undermine the development of the MSW system towards recycling. On the other hand, though it takes longer to implement than incineration, the recycling of source-separated waste can be more favorable in the long term. For example, despite being well-known for a rapid increase in recycling rates, the Slovenian city of Ljubljana only managed to collect 16% of biowaste after 9 years of system development [63]. If the MSW management situation requires a quick response, a combination of source separation and thermal treatment can be used in ways similar to many cases in Europe. However, there is debate over the coexistence of waste incineration and recycling in the development of MSW management [83,84]. Because of this, the path to more environmentally sustainable MSW management should be planned carefully.




5. Conclusions


This LCA study contributes to research on the most environmentally sustainable diversion of MSW from landfill using the case of Saint Petersburg and the Leningrad region, Russia, where this challenge is currently being addressed. The results of the study show that the current MSW management system has significant potential to improve and even fully compensate for its environmental impact. The landfilling of MSW is especially detrimental to climate change. However, each of the modeled scenarios results in a substantial reduction in GWP. At the baseline situation (S0), MSW management is estimated to produce a little over 1 Tg (1 × 109 kg) of CO2-eq (or 0.334 kg CO2-eq per 1 kg of MSW generated), while AP and ADPf are negative. If the average EU capture rates of recyclables are achieved, enhanced recycling practices provide the largest potential for reduction in overall environmental impact. MSW incineration can also reduce environmental impact significantly, especially if coal is replaced as an energy source. Among the waste fractions, paper and cardboard recycling is estimated to have the largest potential to decrease environmental impact. However, it is important to remember that the separation efficiencies (including capture rates) used in this LCA may influence the results significantly.



Although detailed data on local waste flows were applied to the model, the limitations of this study include the use of secondary data for modeling the disposal, recycling, and incineration processes. More accurate results could be obtained through the application of data specific to local technologies wherever possible. Besides, since the model built in GaBi software had to be complemented by ecoinvent data, the study would benefit from higher consistency of LCI data. The sensitivity analysis identified changes in scenario ranking for certain impact categories only, which do not change the conclusion drawn from the results. The results give a clear direction for future actions to reduce the environmental impact of MSW management in Saint Petersburg and the Leningrad region. With due caution, some of the results can be useful for regions with similar waste composition, MSW management practices, and energy mix, including other regions of Russia and countries in the east and south-east of Europe.
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Figure 1. System boundaries of the study. 
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Figure 2. MSW flows in scenarios. Numbers indicate flow masses in Gg. 
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Figure 3. Global Warming Potential (GWP) (a), Abiotic Depletion Potential (ADPf), (b), Eutrophication Potential (EP) (c), and Acidification Potential (AP) (d) of the MSW management system for the scenarios studied: S0—the current situation, S1—planned development by 2024, S2—LFG collection doubled, S3—incineration of mixed MSW added, S4—source separation added (S4.1—composting of organic waste, S4.2—anaerobic digestion of organic waste). 
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Figure 4. Relative impact reduction (0–1 range) by recycling processes and anaerobic treatment of biowaste. 
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Figure 5. Impact of modeling choices on life cycle impact assessment results. 






Figure 5. Impact of modeling choices on life cycle impact assessment results.



[image: Recycling 07 00019 g005]







[image: Table] 





Table 1. MSW composition in Saint Petersburg and the Leningrad region.
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Waste Fraction

	
Composition (%)




	
Saint Petersburg

	
Leningrad Region






	
Biowaste

	
31.1

	
15.5




	
Plastics

	
13.7

	
10.0




	
Paper and cardboard

	
11.6

	
8.0




	
Glass

	
11.1

	
16.0




	
Textile

	
6.1

	
2.0




	
Inert materials

	
3.7

	
1.5




	
Wood

	
3.2

	
0.5




	
Ferrous metals

	
1.3

	
8.0




	
Leather and rubber

	
0.8

	
8.0




	
Non-ferrous metals

	
0.2

	
0.7




	
Other materials

	
17.2

	
29.8




	
Total

	
100.0

	
100.0








Source: [34,40].













[image: Table] 





Table 2. Specific net GWP and ADPf of different processes in the baseline scenario S0 (a sum of direct and, if relevant, avoided emissions divided by the amount of waste handled or treated in a referenced process).
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	Processes
	GWP,

kg CO2-eq/

kg Waste Treated
	ADPf,

MJ/

kg Waste Treated





	Collection, transportation
	0.01
	0.09



	Waste sorting
	0.01
	0.21



	Landfilling
	0.37
	−0.07



	Steel recycling
	−1.62
	−15.5



	Aluminum recycling
	−10.4
	−97.1



	Plastic recycling
	−1.69
	−35.0



	Glass recycling
	−0.42
	−2.00



	Paper and cardboard recycling
	−1.14
	−9.46



	Composting
	0.06
	0.31



	Anaerobic digestion
	-
	-



	RDF combustion
	−0.92
	−20.7



	Incineration
	−0.09
	−6.71
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