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Abstract

The goal of this study was to assess the impact of the introduction of various waste management methods on the amount of
greenhouse gas emissions from these activities. The assessment was carried out on the example of the Russian waste man-
agement sector. For this purpose, three scenarios had been elaborated for the development of the Russian waste management
sector: Basic scenario, Reactive scenario and Innovative scenario. For each of the scenarios, the amount of greenhouse gas
emissions generated during waste management was calculated. The calculation was based on the 2006 Intergovernmental
Panel on Climate Change Guidelines for National Greenhouse Gas Inventories. The results of the greenhouse gas net emis-
sions calculation are as follows: 64 Mt CO,-eq./a for the basic scenario, 12.8 Mt CO,-eq./a for the reactive scenario, and
3.7 Mt CO,-eq./a for the innovative scenario. An assessment was made of the impact of the introduction of various waste
treatment technologies on the amounts of greenhouse gas emissions generated in the waste management sector. An important
factor influencing the reduction in greenhouse gas emissions from landfills is the recovery and thermal utilization of 60% of
the generated landfill gas. The introduction of a separate collection system that allows to separately collect 20% of the total
amount of generated municipal solid waste along with twofold increase in the share of incinerated waste leads to a more than
threefold reduction in total greenhouse gas emissions from the waste management sector.

Keywords Climate change - Greenhouse gases - Russian Federation - Incineration - Recycling - Separate collection of
waste - Material recovery - Waste composition

Introduction

Population growth, urbanization and changing life style
have resulted in increased amounts of generated solid waste,
which poses serious challenges for many cities and authori-
ties around the world (Abu Qdais et al. 2019; Chen 2018;
Dedinec et al. 2015). In 2011, world cities generated about
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1.3 Gt of solid waste; this amount is expected to increase to
2.2 Gt by 2025 (Hoornweg and Bhada-Tata 2012). Unless
properly managed on a national level, solid waste causes
several environmental and public health problems, which is
adversely reflected on the economic development of a coun-
try (Abu Qdais 2007; Kaza et al. 2018).

One of the important environmental impact of the
waste management sector are the generated greenhouse
gas (GHG) emissions. These emissions come mostly from
the release of methane from organic waste decomposition
in landfills (Wuensch and Kocina 2019). The waste man-
agement sector is responsible for 1.6 Gt carbon dioxide
equivalents (CO,-eq.) of the global GHG direct anthropo-
genic emissions per year (Fischedick et al. 2014), which
accounts for approx. 4% of the global GHG emissions
(Papageorgiou et al. 2009; Vergara and Tchobanoglous
2012). The disposal of municipal solid waste (MSW)
contributes to 0.67 Gt CO,-eq./a worldwide (Fischedick
et al. 2014), which is approx. 1.4% of the global GHG
emissions. Per capita emissions in developed countries
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are estimated to be about 500 kg CO,-eq./a (Wuensch
and Kocina 2019), while in the developing and emerging
countries, it is around 100 kg CO,-eq./a per person. This
low contribution of waste management sector comparing
to other sectors of the economy, such as energy and trans-
portation, might be the reason for the small amount of
research that aims to study GHG emissions from the waste
management sector (Chung et al. 2018).

However, it is important to consider that the mitigation of
GHG emissions from waste management sector is relatively
simple and cost-effective as compared to other sectors of the
economy. Several studies proved that separate waste collec-
tion and composting of biowaste as well as landfilling with
landfill gas recovery is currently found to be one of the most
effective and economically sound GHG emissions mitigation
options (Chen 2018; EI-Fadel and Sbayti 2000; Yedla and
Sindhu 2016; Yilmaz and Abdulvahitoglu 2019). Metz et al.
2001 estimated that 75% of the savings of methane recovered
from landfills can be achieved at net negative direct cost, and
25% at cost of about 20 US$/Mg CO,-eq./a. In any country
of the world, the potential of the waste management sec-
tor is not yet fully utilized; the implementation of relatively
simple and inexpensive waste treatment technologies might
contribute to national GHG mitigation goals and convert the
sector from a net emitter into a net reducer of GHG emis-
sions (Crawford et al. 2009; Voigt et al. 2015; Wuensch and
Simon 2017).

While there are many well-established solutions and tech-
nologies for the reduction in GHG emitted from the waste
sector, there is no universal set of options that suits all the
countries. When thinking to adapt certain solutions of GHG
mitigation, it is important to take into account local circum-
stances such as waste quantities and composition, available
infrastructure, economic resources and climate (Crawford
et al. 2009).

It is expedient to assess how the introduction of mod-
ern waste management methods affects the amount of GHG
emissions from the waste management process by the exam-
ple of those countries in which the waste management sector
is undergoing reform. These countries include the Russian
Federation, where the values of targets for the waste man-
agement industry until 2030 are legally established (Gov-
ernment of the Russian Federation 2018). In addition, on
February 8, 2021, Russia issued a Presidential Decree “On
Measures to Implement State Scientific and Technical Policy
in the Field of Ecology and Climate,” which prescribes the
creation of a Federal Program for the Creation and Imple-
mentation of Science-Intensive Technologies to Reduce
Greenhouse Gas Emissions (Decree of the President of the
Russian Federation 2021).

The goal of this study was to quantify the impact of the
introduction of various modern waste treatment methods on
the volume of GHG emissions from the waste management
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sector using the example of Russia. To achieve this goal, the
following objectives were set and solved:

1. Elaborate scenarios for the development of the waste
management industry, based on the established Industry
Development Strategy for the period up to 2030 (Gov-
ernment of the Russian Federation 2018)

2. Determine the weighted average morphological compo-
sition of MSW;

3. Select emission factors for various waste treatment
methods;

4. Calculate GHG emissions under each scenario and ana-
lyze the calculation results.

The study was conducted from November 2019 to May
2020; the text was updated in March 2021 in connection with
the changed situation, as climate change issues began to play
an important role on the agenda in Russia. The study and
its calculations are theoretical in nature and did not involve
experimental research. It was carried out by the authors at
their place of work—in Germany (Technische Universitét
Dresden, Merseburg University of Applied Sciences) and
in Russia (Perm National Research Polytechnic University).

Greenhouse gas emissions related
to municipal solid waste management sector
in Russia

According to the State Report on the Status of Environmen-
tal Protection of the Russian Federation of 2018 (Ministry
of Natural Resources and Ecology of the Russian Federation
2019), the volume of generated MSW has increased by 17%
from 235.4 to 275.4 m> (49.9 to 58.4 Mt) during the time
period 2010 to 2018. With approx. 147 million inhabitants,
the annual per capita generation rate is about 400 kg. Until
now, MSW management in Russia has been disposal driven.
More than 90% of MSW generated is transported to land-
fills and open dump sites; 30% of the landfills do not meet
sanitary requirements (Korobova et al. 2014; Tulokhonova
and Ulanova 2013). According to the State Register of the
Waste Disposal Facilities in Russia, there were 1,038 MSW
landfills and 2,275 unregistered dump sites at the end of
2018 (Rosprirodnadzor 2019). Such waste management
practices are neither safe nor sustainable (Fedotkina et al.
2019), as they pose high public health and environmental
risks and lead to the loss of valuable recyclable materials
such as paper, glass, metals and plastics which account for
an annual amount of about 15 Mt (Korobova et al. 2014).
According to the United Nations Framework Convention
on Climate Change (UNFCCC) requirements, the signatory
parties of the convention need to prepare and submit national
communication reports that document GHG emissions and
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sinks in each country by conducting an inventory based on
Intergovernmental Panel on Climate Change (IPCC) guide-
lines (UNFCCC 2006). Being the fourth biggest global emit-
ter of GHG emissions, Russia submitted its latest National
Inventory Report (NIR) to UNFCCC in April 2019. The
report documents national GHG emissions by source and
removals by sink (Russian Federation 2019). The total
emissions had been decreased from 3.2 Gt in 1990 to about
2.2 Gt of CO,-eq. in 2017, which implies 30% reduction over
a period of 27 years. At the same time, the emissions from
the disposal of solid waste increased from 33 Mt in 1990
by more than 100% to 69 Mt CO,-eq. in 2017. In terms of
methane emissions, Russian solid waste disposal sector is
the second largest emitter in the country and accounts for
18.1% of the total emitted methane mostly in the form of
landfill gas, while the energy sector is responsible for 61.2%
of methane emissions (Russian Federation 2019).

Landfill gas recovery from MSW landfills is not widely
practiced in the Russian Federation. According to the statis-
tics of the Russian Ministry of Natural Resources and Ecol-
ogy, the share of landfill gas energy in the total renewable
energy produced in Russia was 8.61%, 5.43%, 2.77% and
2.59% in 2011, 2012, 2013 and 2014, respectively (Arkharov
et al. 2016). Different studies show that the potential of
recovering energy from landfill gas in the Russian Federa-
tion is high (Arkharov et al. 2016; Sliusar and Armisheva
2013; Starostina et al. 2018; Volynkina et al. 2009).

Waste-to-energy technology is still in its infancy in Rus-
sia; the country is lagging in this area (Tugov 2013). Despite
that, there is a great interest among the public as well as the
private sector in the possibilities of the recovery of energy
from MSW. In April 2014, the State Program “Energy Effi-
ciency and Energy Development” was approved, which
includes a subprogram on the development of renewable
energy sources in the Russian Federation (Government of
the Russian Federation 2014). In this program, MSW was
considered as a source of renewable energy. Until the year
2017, there were only four waste incineration plants in Mos-
cow region processing 655,000 Mg MSW per year, with
only one incinerator recovering energy in form of heat and
electricity (Dashieva 2017). In the nearest future, the con-
struction of four additional incinerators in Moscow region
and one in the city of Kazan is planned. The annual total
combined capacity of the four new plants in Moscow will
be about 2.8 Mt (Bioenergy International 2019). In the
Kazan incinerator, 0.55 Mt of MSW will be treated annually,
which eventually will allow ceasing of landfilling of solid
waste in the Republic of Tatarstan (Bioenergy International
2019; Regnum 2017). The construction of these five new
incineration plants is part of the Comprehensive Municipal
Solid Waste Strategy adopted by the Russian government in
2013 (Plastinina et al. 2019). The focus of this strategy is
the reduction in the amount of landfilled waste by creating

an integrated management system and industrial recycling
of waste.

Separate collection of MSW and the recycling of different
waste fractions at the moment plays only a negligible role in
the Russian Federation.

Materials and methods

Scenarios of the development of municipal solid
waste management system

To assess the current situation and the potential for reducing
GHG emissions from the MSW management industry, three
scenarios of the development of the Russian waste manage-
ment system had been elaborated. The developed scenarios
are based on the official statistics data on the amount of
waste generated and treated, and also on the adopted leg-
islative acts that determine the development directions of
the Russian waste management system and set targets in
these areas (Council for Strategic Development and National
Projects 2018). That is why the developed scenarios include
such measures to improve the waste management system
as elimination of unauthorized dump sites, introduction of
landfill gas collection and utilization systems at the landfills,
incineration of waste with energy recovery, separate collec-
tion of waste, and recycling of utilizable waste fractions,
and do not include other waste-to-energy technologies and
waste treatment strategies contributing to climate change
mitigation. Separate collection and treatment of biowaste is
not applied in the national waste management strategy of the
Russian Federation (Government of the Russian Federation
2018) and therefore was beyond the scope of the elaborated
scenarios. For the purpose of the current study, three sce-
narios had been developed.

Scenario 1: BASIC (business as usual)

This scenario is based on the current waste management
practices, under which 90% of the generated mixed MSW
is disposed of on landfills and dump sites. According to the
6th National Communication Report of the Russian Federa-
tion to UNFCCC, the total MSW generated that found its
way to managed landfills' was 49.209 Mt in 2009, while
the amount of MSW disposed in unmanaged disposal sites
(dumps) was 5.067 Mt. In 2017, the amount of MSW gener-
ated was 58.4 Mt with 10% being diverted from landfills: 3%

! Hereinafter, managed landfills are understood as engineer-
ing infrastructure facilities intended for the disposal of MSW, not
equipped with systems for collection and utilization of landfill gas,
collection, removal and treatment of leachate.
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incinerated and 7% recycled (Ministry of Natural Resources
and Ecology of the Russian Federation 2019). According to
Russian Federation 2019, landfill gas recovery is not taking
place at Russian landfills. This scenario implies the closure
of unorganized dump sites, with all the waste to be disposed
of on managed dump sites or landfills only.

Scenario 2: REACTIVE (moderate development)

The reactive scenario implies a moderate development of
the waste management sector, based on the construction of
several large incinerators, a small increase in the share of
waste to be recycled and the disposal of remaining waste at
sanitary landfills,? with the closure of all the existing unor-
ganized dump sites. In this scenario, all Russian regions
were divided into two clusters: the first cluster included the
city of Moscow and the Republic of Tatarstan, where new
waste incinerators are being built, and the second cluster
which includes — all the other cities and regions.

Moscow and the Republic of Tatarstan In Moscow and
Tatarstan together, 8.586 Mt of mixed MSW is generated
annually (Cabinet of Ministers of the Republic of Tatarstan
2018; Department of Housing and Communal Services of
the city of Moscow 2019). In an attempt to introduce the
waste-to-energy technology in Russia, an international con-
sortium that consists of Swiss, Japanese and Russian firms is
currently involved in constructing five state-of-the-art incin-
eration plants in these two areas. Four incinerators are to be
built in the Moscow region and one in Kazan, the capital of
the Republic of Tatarstan. The annual combined capacity of
the four plants in Moscow will be about 2.8 Mt of MSW, and
the one of Kazan 0.55 Mt (Bioenergy International 2019;
Regnum 2017). In this scenario, it is assumed that compared
to the basic scenario, the share of waste undergone recy-
cling is increased to 10%, i.e., 0.859 Mt annually. Further-
more, these 10% would be transferred to recycling plants to
recover secondary raw materials. The remaining 4.377 Mt
of mixed MSW would be disposed of in sanitary landfills.

Other cities and regions In the other cities and regions
of Russia, in accordance with the Development Strategy
of Waste Recycling Industry until 2030 (Government of
the Russian Federation 2018), over two hundred new eco-
techno parks (i.e., waste recycling complexes) will be built.
These facilities will receive mixed MSW that will be sorted
there for recycling purposes. Under this scenario, it is also

2 Hereinafter, sanitary landfills are understood engineering infra-
structure facilities intended for the disposal of MSW, equipped with
systems for collection and utilization of landfill gas, collection,
removal and treatment of leachate, with intermediate insulating layers
and top capping.
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assumed that compared to the basic scenario, the share of
waste undergone recycling is increased to 10%, thus trans-
ferring 4.982 Mt annually of the mixed MSW to recycling
plants. The remaining 44.932 Mt of MSW are disposed of
in sanitary landfills.

Scenario 3: INNOVATIVE (active development)

This scenario is based on the legally established priority
areas for the development of the industry (Council for Stra-
tegic Development and National Projects 2018; Government
of the Russian Federation 2018). The scenario implies deep
changes in the industry with the introduction of technolo-
gies for incineration, separate collection and recycling of
waste. In this scenario, the regions of Russia are divided
into three clusters, in accordance with the possibilities of
improving the infrastructure for waste management and the
need for secondary resources and energy received during the
processing of waste. When determining the share of waste to
which this or that treatment method is applied, federal tar-
gets (Council for Strategic Development and National Pro-
jects 2018; Government of the Russian Federation 2018) and
estimates made by the World Bank (Korobova et al. 2014)
were used.

Moscow and the Republic of Tatarstan The first cluster
includes two huge, densely populated urban agglomera-
tions in which large incineration plants are under construc-
tion: Moscow and Tatarstan. With the construction of new
waste incinerators, 3.35 Mt of mixed MSW will be inciner-
ated annually. It is assumed that some 10% of mixed MSW
(0.859 Mt) generated in these two regions is to be transferred
to eco-techno parks for secondary raw material recovery.
Some 20% of the MSW (1.712 Mt) is to be recovered from
separately collected waste, and the rest of 2.66 Mt (31%) to
be disposed of in sanitary landfills.

Cities with more than 0.5 million inhabitants This cluster
includes large urban agglomerations with developed indus-
try and high demand for materials and energy resources. In
this cluster, approx. 28 Mt of MSW is generated annually
(Korobova et al. 2014). Under this scenario, it is assumed
that waste incineration plants are also built in some larger
cities, besides Moscow and Kazan. However, the exact
quantity and capacity of these plants is yet unknown; it was
assumed that in comparison with the basic scenario, in this
scenario, the share of incinerated waste increased to 10%,
the share of recycled waste to 15%, and a separate waste
collection system is partially implemented. Hereby, 10% of
the generated mixed MSW (2.79 Mt) is undergoing incin-
eration, 15% (4.185 Mt) is transferred to sorting facilities
for secondary raw material recovery, some 20% of the MSW
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Basic scenario

Moscow and Cities > 500.000 Cities < 500.000 Moscow and Cities > 500.000
Tatarstan inhabitants inhabitants and rural Tatarstan inhabitants
(14,7%) (12,9%) areas (72,4%) (14,7%) (12,9%)
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Innovative scenario
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Fig. 1 MSW management scenarios with model inputs and outputs

Table 1 Parameters used for the recovery of secondary raw materials
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Waste type Recovery rate from plant input in material Recovery rate in case of separate waste collection (Scenario
recovery facilities (all scenarios) 3 for Moscow and Tatarstan/cities > 0.5 mln inhab./cit-
ies <0.5 mln inhab.)
Paper/cardboard 0.4 0.5/0.4/0.25
Glass 0.2 0.5/0.4/0.25
Metals 0.7 0
Plastic 0.5 0.22/0.33/0.2

(5.58 M) is recovered from separately collected waste and
the rest 55% (15.345 Mt) is disposed of in sanitary landfills.

Smaller cities with less than 0.5 million inhabitants and rural
areas This cluster includes smaller cities and towns with
some industrial enterprises, as well as rural areas. The
amount of waste generated annually in this group of settle-
ments is 21.914 Mt. It is assumed that no waste is inciner-
ated, 15% of the mixed MSW (3.287 Mt) is transferred to
sorting facilities for secondary raw material recovery, 10%
(2.191 M) is recovered from separately collected waste, and
the rest 75% (16.435 Mt) is disposed of in sanitary landfills.

Waste flow diagrams corresponding to the three scenarios
with their input and output flows are shown in Fig. 1.

In all the three scenarios, mixed MSW is transferred to
sorting facilities where the recovery of valuable materials
by mostly hand sorting takes place. Detailed accounts of
process efficiency for material recovery facilities, in terms of
recovery rates and quality of recovered materials, are scarce
in the published literature (Cimpan et al. 2015). In the study
of Cimpan et al., 2015, at least three data sets were evalu-
ated with the result that 13-45% of paper, 3—49% of glass,
35-84% of metals and 1-73% of plastics were recovered
from the plant input of these materials. Two other stud-
ies report similar recovery rates between 60 and 95% for

paper, glass, plastic and aluminum for hand and automatic
sorting test trials (CalRecovery, Inc and PEER Consult-
ants 1993; Hryb 2015). Based on this data and the results
of the authors’ own experimental studies on manual waste
sorting in Russia, the recovery rates for the most valuable
waste fractions, including paper/cardboard, glass, metals and
plastics had been calculated (Table 1). In the Scenario 3,
separate collection of paper/cardboard, glass and plastic is
introduced. Recovery rates related to the input of the cor-
responding waste type into each waste management cluster
(see Table 1) for Moscow and Tatarstan as well as for the
cities with more than 0.5 million inhabitants are considered
to be higher than for the settlements with less than 0.5 mil-
lion inhabitants.

For the comparison of GHG emissions of the three elabo-
rated scenarios, a specific assessment model was elaborated.

Model structure

The calculation of the amounts of released and avoided GHG
emissions for the different considered waste treatment tech-
nologies are based on the 2006 IPCC Guidelines for National
Greenhouse Gas Inventories. The IPCC methodology is sci-
entifically widely recognized and used internationally, which

% @ Springer
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Fig.2 Conceptual framework of the model showing upstream and
downstream processes along with the system boundaries [derived
from Abu Qdais et al. (2019)]

makes the results easy comprehensible and easier to com-
pare with other studies.

For the elaboration of the model that would allow cal-
culating the GHG balance emissions, the upstream-oper-
ating-downstream (UOD) framework (Gentil et al. 2009)
was used, where direct emissions from waste management
procedures and indirect emissions from upstream and
downstream activities are differentiated. On the upstream
side, the indirect GHG emissions, like those related to fuel
and material extraction, processing and transport as well as
plant construction and commissioning, are excluded from
the consideration. Indirect emissions from infrastructure

Table2 Waste composition of different clusters derived from Cabi-
net of Ministers of the Republic of Tatarstan (2018), Department
of Housing and Communal Services of the city of Moscow (2019),
Government of Nizhny Novgorod Region (2019), Government of
Orenburg Region (2018), Government of Saint-Petersburg (2016),
Government of Sakhalin Region, Ilinykh et al. (2013), Manokhin
and Manokhin (2014), Ministry of Energy, Housing and Communal

from the system boundaries since they are negligible com-
paring to the direct emissions from the waste processing/
treatment (Weitz et al. 2002; Wuensch and Simon 2017).
Since indirect GHG emissions avoided due to energy and
material substitution, as well as carbon sequestration in the
downstream processes is significant, they are included into
the model. The conceptual framework of the model and its
boundaries are shown in Fig. 2.

The inputs to the model are waste (its quantity, compo-
sition, carbon content fixed in biomass and no-biomass),
as well as energy and fuel that are used in the waste treat-
ment processes (see Table 2 and Figs. 1, 2 and 3). The
outputs include generated and delivered electricity, recov-
ered secondary materials and sequestrated carbon.

The analysis of MSW composition is not regularly
done in Russia, and only a limited number of studies on
this subject are published. Since waste composition is
the basis for the determination of direct GHG emissions
from waste management activities, accurate data is desir-
able. The Russian Federation is a huge country with both
densely populated urban areas and sparsely populated
rural areas. Due to the different settlement structures, the
waste compositions also differ a lot. It is not expedient

Services of Samara Region (2018), Ministry of Energy, Housing and
Communal Services of Sverdlovsk Region (2020), Ministry of Natu-
ral Resources and Ecology of Irkutsk Region (2017), Ministry of
Natural Resources and Ecology of Omsk Region (2016), Privalenko
(2001), Schwetje and Kaazke (2012), Sotnezov et al. (2015), Tresh-
nikov and Gomonitskaya (2014), Vakhitov et al. (2012), Zaytsev and
Sotnezov (2015) and Zilenina and Ulanova (2017)

Waste fractions Composition of waste fractions, %

Carbon content in Mg Share of biogenic/

Moscow and Tatarstan Cities

Cities

C/Mg wet waste (Kost fossil carbon (Kost

. . . . 2001) 2001)
with>0.5 mln inhab- with <0.5 mln inhab-
itants itants, rural areas
Food waste 244 31.3 304 0.16 1/0
Paper, cardboard 19.8 28.1 18.1 0.37 1/0
Polymers 18.7 12.8 16.3 0.68 0/1
Glass 12.2 6.7 8.7 0
Metals 1.2 2.7 2.3 0
Textile 2.1 34 2.6 0.39 0.56/0.44
Wood 2.0 1.3 1.7 0.38 1/0
Leather, rubber 0.9 14 1.3 0.43 0.49/0.51
Other waste 8.4 7.0 12.6 0.21 0.53/0.47
Fine fraction 10.3 53 5.9 0.13 0.65/0.35
(size of parti-
cles < 16 mm)
Total 100 100 100 0.27 0.66/0.33
(8.568.149 Mg/a) (27.900.000 Mg/a) (21.913.851 Mg/a)
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system boundary
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Fig.3 Compensatory system for the substitution of primary materials
and energy [derived from Abu Qdais et al. (2019)]

to assume an average composition for the entire country.
Therefore, hereinafter three clusters had been considered
to define waste compositions. The first cluster includes
Moscow and the Republic of Tatarstan, since in these
regions, a larger amount of mixed MSW is/will be incin-
erated in the nearest future. The second cluster includes
the cities with the population of more than 0.5 million
people, and the third cluster includes the settlements with
the population of less than 0.5 million people. The waste
compositions for these three clusters given in Table 2 are
weighted averages of the results of a number of experi-
mental studies of waste composition which were found in
sources of the literature published after 2010 and further
analyzed. Weighted average here means that the respec-
tive data on waste composition that was found for a city
or region was included in the weighted average with the
proportion that the amount of MSW generated in the city
or region takes up as part of the total mass of MSW gen-
erated in the respective cluster.

To determine the avoidance of GHG emissions in the
downstream processes by means of energy and material
substitution as well as carbon sequestration, a compensa-
tory system must be used. In Fig. 3, the compensatory
system for the substitution of energy and primary materi-
als is shown.

Emission factors
Waste incineration

It is necessary to know the emission factors when calcu-
lating GHG emissions from thermal treatment of waste,
and also when compiling national emissions inventories
(Larsen and Astrup 2011). Information on GHG emis-
sion factors of various solid waste treatment technol-
ogies for each country is of great importance for the
assessment of GHGs emitted as a result of adopting a
certain technology. However, such factors are not avail-
able for the Russian Federation, which implies using the
data available in the literature for the countries with the
conditions similar to the Russian ones, examining local
circumstances of solid waste management system (Frie-
drich and Trois 2013; Larsen and Astrup 2011; Noya
et al. 2018).

There are different factors affecting GHG emission
levels from waste incineration. One of the most impor-
tant factors in determining CO, emissions is the amount
of fossil carbon in the waste stream meant for incin-
eration. Non-CO, emissions are more dependent on the
incineration technology and conditions, and for modern
waste incinerators, the amounts of non-CO, emissions
are negligible (Johnke 2001; Sabin Guendehou et al.
2006).

The amount of fossil carbon was calculated based on
waste composition, carbon content and share of fossil car-
bon given in Table 2; the resulting fossil carbon content in
wet waste was 0.117 kg C/kg. For the indirectly avoided
GHG emissions, the recovery of electricity with a net effi-
ciency of 24% for all the scenarios and for the Scenario
3 also from metals contained in the incinerator slag to
substitute primary metals was considered. The recovery of
heat in form of process steam or district heat was not con-
sidered in the scenarios (Dashieva 2017). Further param-
eters for the calculation of GHG emissions from waste
incineration are given in Table 3.

Table 3 Parameters used for the calculation of GHG emissions from waste incineration (all scenarios)

Parameter Value Comment/source
Efficiency of incineration 0.97 R1 Formula (European Commission 2008)
Electrical net efficiency 0.24 Assumption based on (Di Maria and Sisani 2018)
Thermal net efficiency 0 No recovery of district heat or process steam assumed (Dashieva 2017)
Fraction of non-degradable (fossil) carbon 0.117 Calculation based on waste composition (Table 2)
Use of oil as auxiliary fuel in form of light oil 1% of thermal Average of German waste incineration plants (Wuensch 2011)
input
Steel recovered from metal input 0.8 Based on average recovery from German waste incinerator slag (Bilite-
Aluminum recovered from metal input 0.07 wski et al. 2010)
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Landfill

For the calculation of the impact of the methane released
from landfills to climate change over a 100 years’ time hori-
zon, the first-order decay kinetics model was used. Almost
80% of the Russian MSW landfills occupy an area larger
than 10 ha (Volynkina and Zaytseva 2010). Here, it is
assumed that all the MSW is highly compacted and disposed
of in deep landfills under anaerobic conditions without the
recovery of landfill gas (Govor 2017). Since no landfill gas
is recovered, in Scenario 1, only the sequestrated non-bio-
degradable biogenic carbon in the landfill results in avoided
GHG emissions. There is an intention in Russia to intro-
duce the collection of landfill gas as the primary measure
to reduce GHG emissions from the waste management sec-
tor (Government of the Russian Federation 2018; Ministry
of Natural Resources and Ecology of the Russian Federa-
tion 2013) within the next years. In the literature, methane
recovery rates between 9% (Scharff et al. 2003) and 90%
(Spokas et al. 2006) are reported. For example, most US
landfills are well-controlled and managed; in particular, in
California, gas collection efficiencies are as high as 82.5%
(Kong et al. 2012). Based on these values, for both Scenario
2 and Scenario 3, landfill gas recovery is introduced with a
recovery rate of 60%. Under these two scenarios, in addi-
tion to carbon sequestration, the recovered landfill gas is
used to produce electricity, which results in avoided indirect
GHG emissions. Other parameters used for the calculation
are mainly taken from the latest Russian National Inventory
Report where IPCC default parameters were used (Pipatti
et al. 2006; Russian Federation 2019). The parameters used
for the calculation of GHG emissions from landfills for all
the three scenarios are shown in Table 4.

Material recovery

In all the scenarios, some part of mixed MSW is treated in
eco-techno parks, where valuable secondary raw materials

like metals, paper, glass and plastics are recovered, and
the sorting residues are forwarded to landfills. In addition,
separate collection of some amounts of paper, glass, and
plastics in the Scenario 3 is presumed. The corresponding
recovery rates are already given in Table 1. Each recovered
secondary material substitutes a certain amount of pri-
mary material. Since the production of primary materials
is usually connected with higher energy and raw material
consumption than that of the secondary materials, more
GHGs are released during the production of the former
ones. Therefore, every unit of recovered secondary mate-
rial obtained leads to a reduction in released GHGs.

GHG emission or substitution factors are developed for
specific geographical areas and technologies, and their
appropriateness to other circumstances may be question-
able (Turner et al. 2015). The application of one specific
emission factor for a recovered material in the whole Rus-
sian Federation would already be debatable due to the size
of the country. Perhaps that is why emission factors for
Russia cannot be found in the literature. For this study,
the average values of GHG emission/substitution factors
determined for other industrial countries from the study
of (Turner et al. 2015) were used. The amounts of avoided
GHG, i.e., the values of the emission factors in CO, equiv-
alents for the recovered valuable waste fractions, including
steel, aluminum, paper/cardboard, glass and plastic, are
given in Table 5.

In Table 5, the used equivalent factor (Global Warming
Potential over a time horizon of 100 years) of released meth-
ane versus carbon dioxide, the emission factor of the use
of fuel oil in the waste incineration process and the substi-
tution factor of delivered electrical power are shown. The
emission factor of the generated electricity in the Russian
Federation is relatively low, since approx. half (52%) of
the electricity is produced by natural gas and approx. 13%
by hydro- and nuclear power, while only 13% is produced
by coal (British Petrolium 2019; U.S. Energy Information
Administration 2017). The electricity mix factor is therefore

Table 4 Parameters used for the

caleulation of GHG emissions Parameter Value Comment/source
from landfills (all scenarios) Methane correction factor (MCF) 1 Russian Federation 2019 and IPCC default
Degradable organic carbon (DOC) 0.176 Calculation based on waste composition
and Russian Federation 2019
Fraction of DOC dissimilated (DOCy) 0.5 Russian Federation 2019 and IPCC default
Fraction of methane in landfill gas (F) 0.5
Oxidation factor (OX) 0
Methane recovery rate (R) 0 For Scenario 1
0.6 For Scenario 2 and 3 (estimated by authors)
Reaction rate constant (k) 0.07 Russian Federation 2019
Electrical net efficiency power unit 35% Based on an engine with 250 kW power

(Nowak and Arthkamp 2015)
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Table 5 Greenhouse gas
emission and substitution

Gas/material

Emission/substitution factor Comment/source

factors (all scenarios) Methane

Electrical power
Fuel oil

Recovered steel
Recovered aluminum

Recovered mixed paper and card-
board

Recovered glass

Recovered mixed plastics

28 Mg CO,-eq./Mg CH,
0.358 Mg CO,-eq./MWh,,
0.266 Mg CO,-eq./MWh
1.337 Mg CO,-eq./Mg
11.334 Mg CO,-eq./Mg
0.601 Mg CO,-eq./Mg

(Myhre et al. 2014)
(Gimadi et al. 2019)
(Goémez et al. 2006)

Average values of industrial
countries (Turner et al.
2015)

0.417 Mg CO,-eq./Mg
0.788 Mg CO,-eq./Mg

only 0.358 Mg CO,-eq./MWh generated electricity (Gimadi
et al. 2019).

Results and discussion

The population of the Russian Federation is expected to
decrease in the next decades (United Nations 2019), but
due to the economic growth, the amount of waste generated
per capita is expected to increase in the same ratio; that is
why the calculation of the GHG emissions for all the three
scenarios was based on an assumed fixed annually amount
of 58.4 Mt of MSW. Average waste compositions were cal-
culated for this study on the basis of eleven waste analyses
conducted in different Russian cities between 2010 and 2017
and grouped into three clusters (Moscow and Tatarstan, cit-
ies with more than 0.5 million inhabitants and cities/set-
tlements with less than 0.5 million inhabitants). From the
available literature data for the countries with conditions
similar to Russian ones, emission factors were adopted to be
further used in calculations of GHG emissions from waste
disposal on managed and sanitary landfills, waste incinera-
tion and waste recycling with the recovery of secondary raw
materials.

In Fig. 4, the amounts of CO,-equivalent emissions per
year that contribute to global warming for each of the three
scenarios considered in the study are shown. Since the emis-
sions related to the collection and transportation of waste,
as well as energy consumption in the upstream side, are
almost similar for all the treatment processes (Komakech
et al. 2015), and as they are relatively small compared to the
operational and downstream emissions (Boldrin et al. 2009;
Friedrich and Trois 2011), they were not considered in the
model. Avoided and sequestrated emissions were subtracted
from the direct emissions to calculate GHG net emission
values.

The basic scenario (mostly managed landfilling with-
out landfill gas recovery) gives the highest GHG net
emissions among all the analyzed scenarios of approx.

64 Mt CO,-eq./a, followed by the reactive scenario (mostly
sanitary landfilling with landfill gas recovery) with approx.
12.8 Mt CO,-eq./a of GHG net emissions. The innovative
scenario (sanitary landfilling with landfill gas recovery and
increased shares of MSW incineration, separate collec-
tion and material recovery) had shown an almost neutral
GHG balance with approx. 3.7 Mt CO,-eq./a of GHG net
emissions.

To assess the impact of the introduction of various waste
treatment methods on the amount of GHG emissions from
the waste management sector, the specific GHG emissions
for each scenario as a whole was calculated, as well as
“within” scenarios for each considered waste management
process/method (Table 6).

The amount of specific total GHG emissions under Sce-
nario 2 is five times less than under Scenario 1. Such a large
difference is due to the modernization of existing managed
dumpsites (Scenario 1), instead of which MSW is disposed
of at sanitary landfills equipped with landfill gas and lea-
chate collection systems, with intermediate insulating lay-
ers and top capping (Scenario 2). Such a transition from
managed dumpsites to sanitary landfills leads not only to a
decrease in the amount of specific released GHG emissions
by approx. 1 Mg CO,-eq./Mg MSW, but also to a decrease
in total emissions due to avoided emissions in the amount of
0.053 Mg CO,-eq./ Mg MSW generated by energy recovery.

The amount of specific total GHG emissions under
Scenario 3 is 3.4 times less than under Scenario 2. This
reduction is mainly due to an almost twofold increase in the
volume of waste incinerated, along with the introduction
of a separate waste collection system (Scenario 3). At the
same time, in Scenario 3, the share of plastic in the mixed
waste stream sent to incineration is less than in Scenarios 1
and 2 (see Fig. 1). Climate-related GHG from waste incin-
eration are generated mainly due to the plastic contained in
the waste. Therefore, in Scenario 3, less GHG emissions
are released during waste incineration. Reduction in GHG
emissions from waste incineration is also facilitated by the
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Fig.4 Global warming contribution of the three considered scenarios

Table 6 Greenhouse gas emissions released/avoided as a result of different waste treatment methods implied in Scenarios 1, 2 and 3

Net/released/sequestrated/avoided emissions resulting from application of a certain GHG specific emissions, Mg CO,-eq./Mg disposed/treated/

waste treatment method or a technological process within a method recycled MSW
Scenario 1 Scenario 2 Scenario 3

GHG total net emissions 1.096 0.219 0.064
Dump/landfill, released emissions 1.521 0.574 0.584
Dump/landfill, sequestrated emissions -0.282 -0.282 -0.287
Landfill energy recovery, avoided emissions 0.000 —0.053 —0.054
Dump/landfill, total net emissions 1.239 0.238 0.242
Incineration, released emissions 0.524 0.527 0.456
Incineration energy recovery, avoided emissions -0.270 -0.269 -0.249
Incineration metal recovery, avoided emissions 0.000 0.000 —0.046
Incineration, total net emissions 0.254 0.258 0.162
Material recovery and recycling, total net emissions —-0.799 —-0.799 —0.648

recovery of metals from the bottom ash, which occurs only
in Scenario 3.

In Scenario 3, the total amount of recycled material is
larger than in Scenario 2, since not only part of the mixed
waste is recycled, but also separately collected. According to
the Scenario 3, metals are not included in the waste fractions
collected separately. Metals have a comparably high GHG
substitution factor (see Table 5); this explains the slight

* @ Springer

decrease in avoided GHG emissions due to material recovery
in Scenario 3 compared to Scenario 2 because of a decreased
share of metals in the total waste stream sent for recycling.

Many studies confirm GHG emissions reduction by the
application of these waste treatment concepts. It is shown
that the recovery of landfill gas from managed landfills has
a high potential to reduce GHG emissions from landfills
(EI-Fadel and Sbayti 2000; Friedrich and Trois 2016; Lee
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et al. 2017; Starostina et al. 2014). The transfer from the
disposal of mixed MSW on landfills to the incineration on
waste incineration or waste-to-energy plants leads to further
reduction in GHG emissions (Bilitewski and Wuensch 2012;
Chen 2018; Voigt et al. 2015). The recovery of secondary
materials from MSW allows avoiding additional amounts of
GHG emissions (Bjorklund and Finnveden 2005; Franchetti
and Kilaru 2012; Turner et al. 2015; Wuensch and Simon
2017).

It should be noted that the calculated results of the direct
GHG emissions from landfilling and waste incineration are
subject to uncertainties. Waste composition (Table 2) and the
parameters set/assumed for the landfills (Table 4) and waste
incineration (Table 3) affect the level of the results. Indirect
downstream emissions from recovered secondary materials
and substituted energy cannot be provided with accuracy,
as indicated by missing data for the substitution factors of
recovered secondary materials in Russia and the variability
of the scenarios for substituted electricity. To get an impres-
sion about the possible fluctuation range of the determined
results, a sensitivity analysis was carried out. Therefore, all
values shown in Tables 1, 3, 4 and 5 were ones decreased by
10% and once increased by 10%. The impact of the sensitiv-
ity analysis on the GHG net emissions is shown as error bars
in Fig. 4. The results of the sensitivity analysis show a range
for the GHG net emissions of the basic scenario between
35.129 and 91.446 Mt CO,-eq./a, for the reactive scenario
between 5.133 and 16.324 Mt CO,-eq./a and for the innova-
tive scenario from — 1.516 to 4.871 Mt CO,-eq./a.

All the exact values of the final results shown in Fig. 4
as well as the graphical representation of the results of the
sensitivity analysis can be checked in the provided supple-
mentary materials.

Conclusion

The most recent data about global GHG emissions from
solid waste disposal shows that direct emissions contrib-
ute with 0.67 Gt CO,-eq./a (Fischedick et al. 2014) to
about 1.4% of the total anthropogenic GHG emissions of
49 Gt CO,-eq./a (Edenhofer et al. 2015). For the Russian
Federation, the contribution of the direct emissions from the
MSW management accounts for approx. 3.7% of the total
GHG emissions of the country of around 2.2 Gt CO,-eq./a
(Russian Federation 2019). In this study, the potential of
different waste management methods in relation to climate
change impact was assessed using the example of the Rus-
sian waste management industry. For this purpose, three
scenarios had been developed and analyzed:

1. Basic scenario (business as usual), based on the exist-
ing waste management practices. The scenario implies

that 90% of the generated mixed MSW is disposed of on
managed dumpsites, 7% is undergone material recovery
and 3% incinerated. All the unorganized dumpsites are
closed; on managed dumpsites, there is no landfill gas
recovery.

2. Reactive scenario (moderate development). This sce-
nario implies construction of a number of large waste
incineration plants and an increase in the share of waste
to be recycled so that 84.3% of generated MSW is dis-
posed of in sanitary landfills, 10% is sent to recycling
plants for material recovery, and 5.7% is incinerated.

3. Innovative scenario (active development). This scenario
assumes partial implementation of a separate waste col-
lection system and broader introduction of waste pro-
cessing technologies. As a result, 20% of the total gen-
erated MSW is collected separately and then recycled,
14.3% undergoes material recovery, 55.2% is disposed
of in sanitary landfills, and 10.5% is incinerated.

For determining weighed average morphological com-
position of MSW, three clusters of human settlements had
been considered, and the respective data on waste composi-
tions had been analyzed. The first cluster includes Moscow
and the Republic of Tatarstan, the second cluster includes
the major cities (those with the population of more than 0.5
million people), and the third cluster includes the minor cit-
ies and rural areas.

For determining emission factors, both own calcula-
tion results and reference data from the National Inventory
Report and other sources were used. Thus, the amount of
fossil carbon, being one of the most important factors deter-
mining CO, emissions from waste incineration, was calcu-
lated based on the waste composition, carbon content and the
share of fossil carbon in the waste. For the calculation of the
amount of CH, released from MSW landfills, the first-order
decay kinetics model was used. Avoided GHG emissions are
the result of sequestrated non-biodegradable biogenic carbon
in landfills (all the scenarios) and recovered landfill gas used
to produce electricity (Scenarios 2 and 3). With the use of
emission factors for material recovery included those for the
recovered valuable waste fractions steel, aluminum, paper
and cardboard, glass and plastic, GHG emissions were calcu-
lated under each scenario. As it was expected, the basic sce-
nario gives the highest amount of total GHG net emissions
of approx. 64 Mt CO,-eq./a (1.096 Mg CO,-eq./Mg MSW).
Under the reactive scenario, the amount of total GHG net
emissions is approx. 12.8 Mt CO,-eq./a (0.219 Mg CO,-eq./
Mg MSW), and under the innovative scenario, it is about
3.7 Mt CO,-eq./a (0.064 Mg CO,-eq./Mg MSW).

The calculation of specific GHG emissions made it pos-
sible to assess the extent to which the introduction of various
waste treatment methods makes it possible to reduce GHG
emissions resulting from the respective waste treatment
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processes. Analysis of the results of these calculations
showed that the transition from managed dumpsites to
sanitary landfills can reduce total GHG emissions from the
Russian waste management sector by up to 5 times. The
introduction of a separate collection system (in which 20%
of waste is collected separately) with a simultaneous twofold
increase in the share of waste incinerated has led to a more
than threefold reduction in total GHG emissions from the
sector of Russian waste management. Another factor influ-
encing the reduction in GHG emissions from waste incinera-
tion is the recovery of metals from the bottom ash.

Direct GHG emissions can be further reduced with a
shift from landfilling to treatment of mixed MSW in mate-
rial recovery facilities and waste incinerators or even to
separate collection and treatment of MSW. In addition, indi-
rect downstream emissions can be avoided by a significant
amount via energy and material recovery. With a separate
collection and treatment of biowaste and the recovery of
district heat from waste incineration process, further GHG
mitigation can be obtained. With these additional measures,
the MSW industry of the Russian Federation could become
a net avoider from a net emitter.

For this study, a number of parameters and emission fac-
tors from the literature where used, which does not precisely
reflect the situation in Russia. Conducting further research
for determining country specific, for a huge country like
Russia, possibly even region-specific data and emission fac-
tors resulting in the development of a corresponding data-
base would be useful to minimize these uncertainties.

Supplementary Information The online version contains supplemen-
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Acknowledgements The authors wish to thank all who assisted in
conducting this work.

Author contributions CW involved in conceptualization, data curation,
methodology, validation, visualization, writing — original draft, and
writing — review and editing. AT involved in conceptualization, data
curation, investigation, and writing — original draft.

Funding Open Access funding enabled and organized by Projekt
DEAL.

Data availability Not applicable.
Code availability Not applicable.
Declarations

Conflict of interest The authors declare that they have no conflict of
interest.

(]
’r @ Springer

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

(2008) Directive 2008/98/EC of the European Parliament of the Coun-
cil: Waste Framework Directive

Abu Qdais H, Wuensch C, Dornack C, Nassour A (2019) The role of
solid waste composting in mitigating climate change in Jordan.
Waste Manag Res 37:833-842. https://doi.org/10.1177/07342
42X19855424

Abu Qdais HA (2007) Techno-economic assessment of municipal
solid waste management in Jordan. Waste Manag 27:1666—1672.
https://doi.org/10.1016/j.wasman.2006.08.004

Arkharov IA, Simakova EN, Navasardyan ES (2016) Landfill gas as
feedstock for energy and industrial processes. J Chem Pet Eng
52:547-551. https://doi.org/10.1007/s10556-016-0229-y

Bilitewski B, Wuensch C (2012) Greenhouse gas emission reduction by
waste-to-energy. In: Meyers RA (ed) Encyclopedia of sustainabil-
ity science and technology. Springer, New York, pp 4754-4774

Bilitewski B, Wuensch C, Jager J, Hoffmann M (2010) Energieef-
fizienzsteigerung und CO,-Vermeidungspotenziale bei der
Miillverbrennung — technische und wirtschaftliche Bewertung.
EdDE-Dokumentation

Bioenergy International (2019) Consortium to con-
struct four waste-to-energy plants in Moscow region.
https://bioenergyinternational.com/heat-power/conso
rtium-to-build-four-waste-to-energy-plants-in-moscow

Bjorklund A, Finnveden G (2005) Recycling revisited—Ilife cycle com-
parisons of global warming impact and total energy use of waste
management strategies. Resour Conserv Recycl 44:309-317.
https://doi.org/10.1016/j.resconrec.2004.12.002

Boldrin A, Andersen JK, Mgller J, Christensen TH, Favoino E (2009)
Composting and compost utilization: accounting of greenhouse
gases and global warming contributions. Waste Manag Res
27:800-812. https://doi.org/10.1177/0734242X09345275

British Petrolium (2019) Energy Outlook 2019: insights from the
evolving transition scenario—Russia. https://www.bp.com/conte
nt/dam/bp/business-sites/en/global/corporate/pdfs/energy-econo
mics/energy-outlook/bp-energy-outlook-2019-country-insight-
russia.pdf

Cabinet of Ministers of the Republic of Tatarstan (2018) Territorial
scheme of waste management in the Republic of Tatarstan, 2018
(TeppuTtopuanbHasi cxeMa B 06J1acTi 0OpallieHHst C OTXOJaMH, B
TOM YHCJIe C TBEPABIMUA KOMMYHAIbHBIMH OTX0aMu, PecnyOnuku
Tarapctan, yTB. nmocraHoBjieHuem KaOGuHeTa MUHHCTPOB
Pecny6mnuku Tatapcran ot 13.03.2018 r. Ne149). http://docs.cntd.
ru/document/543574946


https://doi.org/10.1007/s13762-021-03542-5
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1177/0734242X19855424
https://doi.org/10.1177/0734242X19855424
https://doi.org/10.1016/j.wasman.2006.08.004
https://doi.org/10.1007/s10556-016-0229-y
https://bioenergyinternational.com/heat-power/consortium-to-build-four-waste-to-energy-plants-in-moscow
https://bioenergyinternational.com/heat-power/consortium-to-build-four-waste-to-energy-plants-in-moscow
https://doi.org/10.1016/j.resconrec.2004.12.002
https://doi.org/10.1177/0734242X09345275
https://www.bp.com/content/dam/bp/business-sites/en/global/corporate/pdfs/energy-economics/energy-outlook/bp-energy-outlook-2019-country-insight-russia.pdf
https://www.bp.com/content/dam/bp/business-sites/en/global/corporate/pdfs/energy-economics/energy-outlook/bp-energy-outlook-2019-country-insight-russia.pdf
https://www.bp.com/content/dam/bp/business-sites/en/global/corporate/pdfs/energy-economics/energy-outlook/bp-energy-outlook-2019-country-insight-russia.pdf
https://www.bp.com/content/dam/bp/business-sites/en/global/corporate/pdfs/energy-economics/energy-outlook/bp-energy-outlook-2019-country-insight-russia.pdf
http://docs.cntd.ru/document/543574946
http://docs.cntd.ru/document/543574946

International Journal of Environmental Science and Technology (2022) 19:27-42 39

CalRecovery, Inc, PEER Consultants (1993) Material recovery facility
design manual. C.K. Smoley

Chen Y-C (2018) Evaluating greenhouse gas emissions and energy
recovery from municipal and industrial solid waste using waste-
to-energy technology. J Clean Prod 192:262-269. https://doi.org/
10.1016/j.jclepro.2018.04.260

Chung Y, Paik C, Kim YJ (2018) Assessment of mitigation pathways
of GHG emissions from the Korean waste sector through 2050.
Sustain Environ Res 28:135-141. https://doi.org/10.1016/j.ser;j.
2017.12.003

Cimpan C, Maul A, Jansen M, Pretz T, Wenzel H (2015) Central
sorting and recovery of MSW recyclable materials: a review of
technological state-of-the-art, cases, practice and implications for
materials recycling. J Environ Manag 156:181-199. https://doi.
org/10.1016/j.jenvman.2015.03.025

Council for Strategic Development and National Projects (2018) Pass-
port of the national project “Ecology” (ITacnopt HallMOHAJIEHOTO
npoexTa “Okojorus’”). http://www.consultant.ru/cons/cgi/online.
cgi?req=doc&base=LAW&n=316096&fld=134&dst=10000
00001,0&rnd=0.13275815057092122#021390357710118524

Crawford G, Fischer C, Hansen JA, Mavropoulos A (2009) Waste and
Climate Change. ISWA white paper. https://www.iswa.org/filea
dmin/user_upload/_temp_/Small_GHG_white_paper_01.pdf

Dashieva B (2017) Business Model of Russian and Swedish Waste-to-
Energy Firms. Master Thesis, Jonkopping University

Decree of the President of the Russian Federation (2021) On measures
to implement state scientific and technical policy in the field of
environmental development of the Russian Federation and cli-
mate change. http://static.kremlin.ru/media/events/files/ru/AKh2d
miiH3CN8MniSrmxkZAWsi908wzj.pdf

Dedinec A, Markovska N, Ristovski I, Velevski G, Gjorgjievska VT,
Grncarovska TO, Zdraveva P (2015) Economic and environmental
evaluation of climate change mitigation measures in the waste
sector of developing countries. J Clean Prod 88:234-241. https://
doi.org/10.1016/j.jclepro.2014.05.048

Department of Housing and Communal Services of the city of Mos-
cow (2019) Territorial scheme of waste management in Mos-
cow (TeppuropuanbHasi cxema oOpalleHus ¢ OTXOaMH ropoja
MockBbl, yTB. pacnopsbkeHneM [lenapraMeHTa XUJIUIIHO-
KOMMYHAaJILHOTO X03s1iicTBa ropoia Mocksel oT 26.12.2019 NeO1-
01-14-590/19). https://www.mos.ru/dgkh/documents/view/23295
0220/

Di Maria F, Sisani F (2018) Effectiveness of municipal solid waste
incinerators in replacing other fuels. A primary energy balance
approach for the EU28. Waste Manag Res 36:942-951. https://
doi.org/10.1177/0734242X18785737

Edenhofer O, Pichs-Madruga R, Sokona Y, Minx JC, Farahani E, Kad-
ner S, Seyboth K, Adler A, Baum I, Brunner S, Eickmeier P,
Kriemann B, Savolainen J, Schlomer S, Stechow C von, Zwickel T
(eds) (2015) Climate change 2014: mitigation of climate change;
summary for policymakers technical summary; part of the Work-
ing Group III Contribution to the fifth assessment report of the
Intergovernmental Panel on Climate Change. Intergovernmental
Panel on Climate Change, Geneva, Switzerland

El-Fadel M, Sbayti H (2000) Economics of mitigating greenhouse
gas emissions from solid waste in Lebanon. Waste Manag Res
18:329-340. https://doi.org/10.1177/0734242X0001800405

Fedotkina O, Gorbashko E, Vatolkina N (2019) Circular economy in
Russia: drivers and barriers for waste management development.
Sustainability 11:5837. https://doi.org/10.3390/sul 1205837

Fischedick M, Roy J, Abdel-Aziz A, Acquaye A, Allwood J, Ceron
J-P, Geng Y, Kheshgi H, Lanza A, Perczyk D, Price L, Santalla
E, Sheinbaum C, Tanaka K (2014) Industry. Climate change 2014:
Mitigation of climate change. contribution of working group III
to the fifth assessment report of the Intergovernmental Panel on
Climate Change

Franchetti M, Kilaru P (2012) Modeling the impact of municipal solid
waste recycling on greenhouse gas emissions in Ohio, USA.
Resour Conserv Recycl 58:107-113. https://doi.org/10.1016/j.
resconrec.2011.11.004

Friedrich E, Trois C (2011) Quantification of greenhouse gas emissions
from waste management processes for municipalities—a com-
parative review focusing on Africa. Waste Manag 31:1585-1596.
https://doi.org/10.1016/j.wasman.2011.02.028

Friedrich E, Trois C (2013) GHG emission factors developed for the
recycling and composting of municipal waste in South African
municipalities. Waste Manag 33:2520-2531. https://doi.org/10.
1016/j.wasman.2013.05.010

Friedrich E, Trois C (2016) Current and future greenhouse gas (GHG)
emissions from the management of municipal solid waste in the
eThekwini Municipality—South Africa. J Clean Prod 112:4071-
4083. https://doi.org/10.1016/j.jclepro.2015.05.118

Gentil E, Christensen TH, Aoustin E (2009) Greenhouse gas account-
ing and waste management. Waste Manag Res 27:696-706.
https://doi.org/10.1177/0734242X09346702

Gimadi V, Amiragyan A, Pominova I, Kurdin A, Kolobov O, Mar-
tynyuk A, Kutuzova A, Kolobanov S, Podlesnaya A, Zvyagintseva
A (2019) Energetic Newsletter—Carbon intensity of electricity in
the world and Russia. https://ac.gov.ru/archive/files/publication/
a/22245.pdf

Go6mez DR, Watterson JD, Americano BB, Ha C, Marland G, Matsika
E, Namayanga LN, Osman-Elasha B, Saka Kalenga JD, Treanton
K (2006) Stationary combustion: in 2006 IPCC Guidelines for
National Greenhouse Gas Inventories. https://www.ipcc-nggip.
iges.or.jp/public/2006g1/pdf/2_Volume2/V2_2_Ch2_Stationary_
Combustion.pdf

Government of Nizhny Novgorod Region (2019) Territorial
Scheme of Waste Management in Nizhny Novgorod Region
(TeppuTtopuanbHasi cxema B 006s1acTi OOpalleHHs C OTXOJaMH, B
ToM uuciie ¢ TKO, Ha tepputopun Hikeropoackoit 06;1acTu, yTB.
nocrtanosjenueM IIpaBurenbctBa Huxkeropoackoit o6aactu ot
18.11.2019 r. Ne843). http://docs.cntd.ru/document/465594327

Government of Orenburg Region (2018) Territorial scheme of waste
management in Orenburg Region TepputopuanpHasi cxema
obpaienusi ¢ orxogamu, B ToMm ducie ¢ TKO, OpenGyprckoi
ob6acTy, yTB. HoctaHoBleHHeM IIpaBurenbcTBa OpeHOYprekon
o6nactu ot 07.03.2018 r. Ne123-n. http://docs.cntd.ru/document/
550112447

Government of Saint-Petersburg (2016) Saint-Petersburg ter-
ritorial scheme of waste management in Saint-Petersburg
(TeppuTopuanbHasl cxeMa oOpalleHusl ¢ OTXOJaMH, B TOM
ygmcie ¢ TKO, r. Cankr-IlerepOypra, yTB. OCTaHOBJIEHUEM
[IpaBurenscra Cankr-IletepOypra ot 16.12.2016 r. Ne1147).
http://docs.cntd.ru/document/441807919

Government of Sakhalin Region Territorial scheme of waste manage-
ment in Sakhalin Region (Teppuropunanbnas cxema obpaieHust
¢ orxonamu, B ToM umcie ¢ TKO, B CaxanuHckoit 06J1acTH, yTB.
pacnopspkenueM [paBurenbctBa CaxaauHCKOW 06JACTH OT
23.09.2016 r. Ne486-p (c nuzmenenusimu Ha 10.08.2018)). http://
docs.cntd.ru/document/446266452

=

’r @ Springer


https://doi.org/10.1016/j.jclepro.2018.04.260
https://doi.org/10.1016/j.jclepro.2018.04.260
https://doi.org/10.1016/j.serj.2017.12.003
https://doi.org/10.1016/j.serj.2017.12.003
https://doi.org/10.1016/j.jenvman.2015.03.025
https://doi.org/10.1016/j.jenvman.2015.03.025
http://www.consultant.ru/cons/cgi/online.cgi?req=doc&base=LAW&n=316096&fld=134&dst=1000000001,0&rnd=0.13275815057092122#021390357710118524
http://www.consultant.ru/cons/cgi/online.cgi?req=doc&base=LAW&n=316096&fld=134&dst=1000000001,0&rnd=0.13275815057092122#021390357710118524
http://www.consultant.ru/cons/cgi/online.cgi?req=doc&base=LAW&n=316096&fld=134&dst=1000000001,0&rnd=0.13275815057092122#021390357710118524
https://www.iswa.org/fileadmin/user_upload/_temp_/Small_GHG_white_paper_01.pdf
https://www.iswa.org/fileadmin/user_upload/_temp_/Small_GHG_white_paper_01.pdf
http://static.kremlin.ru/media/events/files/ru/AKh2dmiiH3CN8MniSrmxkZAWsi9O8wzj.pdf
http://static.kremlin.ru/media/events/files/ru/AKh2dmiiH3CN8MniSrmxkZAWsi9O8wzj.pdf
https://doi.org/10.1016/j.jclepro.2014.05.048
https://doi.org/10.1016/j.jclepro.2014.05.048
https://www.mos.ru/dgkh/documents/view/232950220/
https://www.mos.ru/dgkh/documents/view/232950220/
https://doi.org/10.1177/0734242X18785737
https://doi.org/10.1177/0734242X18785737
https://doi.org/10.1177/0734242X0001800405
https://doi.org/10.3390/su11205837
https://doi.org/10.1016/j.resconrec.2011.11.004
https://doi.org/10.1016/j.resconrec.2011.11.004
https://doi.org/10.1016/j.wasman.2011.02.028
https://doi.org/10.1016/j.wasman.2013.05.010
https://doi.org/10.1016/j.wasman.2013.05.010
https://doi.org/10.1016/j.jclepro.2015.05.118
https://doi.org/10.1177/0734242X09346702
https://ac.gov.ru/archive/files/publication/a/22245.pdf
https://ac.gov.ru/archive/files/publication/a/22245.pdf
https://www.ipcc-nggip.iges.or.jp/public/2006gl/pdf/2_Volume2/V2_2_Ch2_Stationary_Combustion.pdf
https://www.ipcc-nggip.iges.or.jp/public/2006gl/pdf/2_Volume2/V2_2_Ch2_Stationary_Combustion.pdf
https://www.ipcc-nggip.iges.or.jp/public/2006gl/pdf/2_Volume2/V2_2_Ch2_Stationary_Combustion.pdf
http://docs.cntd.ru/document/465594327
http://docs.cntd.ru/document/550112447
http://docs.cntd.ru/document/550112447
http://docs.cntd.ru/document/441807919
http://docs.cntd.ru/document/446266452
http://docs.cntd.ru/document/446266452

40 International Journal of Environmental Science and Technology (2022) 19:27-42

Government of the Russian Federation (2014) State program “Energy
Efficiency and Energy Development” Decree of the Govern-
ment of the Russian Federation (I'ocynapcTBenHast nporpamma
«DHeproaGpHeKTUBHOCTh U pPa3BUTHE SHEPreTUKU», YTB.
noctaHoBieHueM [IpaBurenscta P®). http://www.consultant.
ru/cons/cgi/online.cgi?req=doc&base=LAW &n=347270&fld=
134&dst=1000000001,0&rnd=0.2794574380709265#04162
759434383497

Government of the Russian Federation (2018) Industry develop-
ment strategy for the processing, utilization and neutralization
of industrial and municipal solid waste for the period up to
2030 (Crpaterus pa3BuTHs NPOMBIIUIEHHOCTU 10 06paboTke,
YTHIIU3aUuu U 00E3BPEKUBAHUIO OTXOMOB MPOU3BOACTBA U
notpe6enus Ha nepuon 1o 2030 ropa). http://www.consultant.
ru/document/cons_doc_LAW_289114/549eefl1ae953dc6e426
1b88ed6d14£776df3203/

Govor IL (2017) Monitoring of greenhouse gas emissions from waste
and waste water management in the Russian Federation. Probl.
Ecol. Monit. Ecosyst. Model. 28:18—40. https://doi.org/10.21513/
0207-2564-2017-1-18-40

Hoornweg D, Bhada-Tata P (2012) What a waste: a global review of
solid waste management. Urban development series, vol 15. The
World Bank

Hryb W (2015) Sorting tests of unsorted municipal solid waste from
germany for a selected opto-pneumatic sorting machine. Pol J
Environ Stud 24:99-105. https://doi.org/10.15244/pjoes/26387

Ilinykh G, Sliusar N, Zavizion J, Korotaev V (2013) Trends and pat-
terns of changes in the norms of accumulation, composition and
properties of MSW (TenaeHun 1 3aKOHOMEPHOCTH U3MEHEHUSI
HOpM HakomjeHus, cocraBa u cBoiicte TBO). Ecol Ind Rus
10:22-25

Johnke B (2001) Emissions from waste incineration: good practice
guidance and uncertainty management in National Greenhouse
Gas Inventories

Kaza S, Yao L, Bhada-Tata P, van Woerden F (2018) What a waste
20: a global snapshot of solid waste management to 2050. The
World Bank

Komakech AJ, Sundberg C, Jonsson H, Vinneras B (2015) Life cycle
assessment of biodegradable waste treatment systems for sub-
Saharan African cities. Resour Conserv Recycl 99:100-110.
https://doi.org/10.1016/j.resconrec.2015.03.006

Kong D, Shan J, Iacobini M, Maguin SR (2012) Evaluating greenhouse
gas impacts of organic waste management options using life cycle
assessment. Waste Manag Res 30:800-812

Korobova N, Larionov A, Michelsen J, Pulyayev M, Ivanovskyy S,
Turilova K, Kuznetsova M (2014) Waste in Russia: gabrage or
valuable resource: scenarios for developing the municipal solid
waste sector. The World Bank

Kost T (2001) Brennstofftechnische Charakterisierung von Haush-
altsabfillen. Zugl.: Dresden, Techn. Univ., Diss., 2001, 1st edn.
Beitrige zu Abfallwirtschaft, Altlasten, vol 16. Forum fiir Abfall-
wirtschaft und Altlasten e.V, Pirna

Larsen AW, Astrup T (2011) CO, emission factors for waste incin-
eration: influence from source separation of recyclable mate-
rials. Waste Manag 31:1597-1605. https://doi.org/10.1016/j.
wasman.2011.03.001

Lee U, Han J, Wang M (2017) Evaluation of landfill gas emissions
from municipal solid waste landfills for the life-cycle analysis of

=

’r @ Springer

waste-to-energy pathways. J Clean Prod 166:335-342. https://
doi.org/10.1016/j.jclepro.2017.08.016

Manokhin VY, Manokhin MV (2014) Norms of MSW accumula-
tion, their composition and characteristics (HopMbl HakorIeHIS
TBO, ux coctaB u cBoiicria). Bulletin of VSTU: “Materials
Science” (BectHuk BI'TY: «MarepuanoBefeHue»)

Metz B, Davidson O, Swart R, Pan J (2001) Mitigation: Contribu-
tion of Working Group III to the third assessment report of the
Intergovernmental Panel on Climate Change (IPCC). Climate
change 2001. Cambridge University Press, Cambridge

Ministry of Energy, Housing and Communal Services of Samara
Region (2018) Territorial Scheme of Waste Management
in Samara Region (TepputopuanbHas cxema oGpaleHus
¢ orxonamu, B ToM uncie ¢ TKO, Camapckoin o6nacTu,
yTB. NpUKa30M MUHHUCTEPCTBA YHEPreTUKH M S>KUIULIHO-
KOMMYHaIbHOTO Xx03stiictBa Camapckoii o6nactu ot 23.09.2016
r. Ne228 (c usmenenusimu Ha 02.07.2018)). http://docs.cntd.ru/
document/434606836

Ministry of Energy, Housing and Communal Services of Sverd-
lovsk Region (2020) Territorial Scheme of Waste Management
in Sverdlovsk Region (Teppuropuanbhasi cxema oGpauieHus
C OTXOJaMU NPOU3BOACTBA U NOTpPeOJIeHUs Ha TEPPUTOPUH
CBepIOBCKOW 0061acTH, yTB. NpUKa3oM MUHHCTEpCTBa
anepretuku u )KKX Ceepmuiosckoii o6iactu ot 31.03.2020 r.
Ne185). http://docs.cntd.ru/document/570723101

Ministry of Natural Resources and Ecology of Irkutsk Region (2017)
Territorial Scheme of Waste Management in Irkutsk Region
(TeppuTtopuanbHas cxeMa oOpaleHHsl ¢ OTXOlaMU, B TOM YKCTIe
¢ TKO, UpkyTtckoii o6macT, yTB. Npuka3oM MUHHNCTEpCTBA
MPUPOJHBIX pecypcoB U akojorun UpkyTckoi o6aactu ot
29.12.2017 r. Ned43-mmp). http://docs.cntd.ru/document/55011
7931

Ministry of Natural Resources and Ecology of Omsk Region (2016)
Territorial Scheme of Waste Management in Omsk Region
(TepputopuanbHas cxeMa OOpalleHUus C OTXONaMH, B TOM
gucine ¢ TKO, Omckoii 0651acTH, yTB. puka3zoM MuHucTepcTBa
HPUPOJHBIX pecypcoB M dkojsorunm OMckoil 06JacTu OT
23.09.2016 r. Ne74). http://docs.cntd.ru/document/444713494

Ministry of Natural Resources and Ecology of the Russian Fed-
eration (2013) Integrated solid municipal (household) waste
management strategy in the Russian Federation (KommiexcHast
cTparerust oOpauieHus ¢ TBEPAbIMM KOMMYHaJIbHBIMU
(6biTOBBIMHU) OTXOAaMK B Poccuiickoit Deneparun)

Ministry of Natural Resources and Ecology of the Russian Federation
(2019) About the status and the protection of the environment
in the Russian Federation in 2017 ([[CocyaapcTBeHHbIH JOKIAN
«O cocrosiHuM 1 06 oXxpaHe OKpysKarolei cpenbl Poccuiickoi
epepanuu B 2017 rony)

Mohareb EA, MacLean HL, Kennedy CA (2011) Greenhouse gas
emissions from waste management—assessment of quantifica-
tion methods. J Air Waste Manag Assoc 61:480-493. https://
doi.org/10.3155/1047-3289.61.5.480

Myhre G, Shindell D, Bréon F-M, Collins W, Fuglestvedt J, Huang
J, Koch D, Lamarque J-F, Lee D, Mendoza B, Nakajima T,
Robock A, Stephens G, Takemura T, Zhang H (eds) (2014)
Anthropogenic and natural radiative forcing. Cambridge Uni-
versity Press


http://www.consultant.ru/cons/cgi/online.cgi?req=doc&base=LAW&n=347270&fld=134&dst=1000000001,0&rnd=0.2794574380709265#04162759434383497
http://www.consultant.ru/cons/cgi/online.cgi?req=doc&base=LAW&n=347270&fld=134&dst=1000000001,0&rnd=0.2794574380709265#04162759434383497
http://www.consultant.ru/cons/cgi/online.cgi?req=doc&base=LAW&n=347270&fld=134&dst=1000000001,0&rnd=0.2794574380709265#04162759434383497
http://www.consultant.ru/cons/cgi/online.cgi?req=doc&base=LAW&n=347270&fld=134&dst=1000000001,0&rnd=0.2794574380709265#04162759434383497
http://www.consultant.ru/document/cons_doc_LAW_289114/549eef11ae953dc6e4261b88ed6d14f776df3203/
http://www.consultant.ru/document/cons_doc_LAW_289114/549eef11ae953dc6e4261b88ed6d14f776df3203/
http://www.consultant.ru/document/cons_doc_LAW_289114/549eef11ae953dc6e4261b88ed6d14f776df3203/
https://doi.org/10.21513/0207-2564-2017-1-18-40
https://doi.org/10.21513/0207-2564-2017-1-18-40
https://doi.org/10.15244/pjoes/26387
https://doi.org/10.1016/j.resconrec.2015.03.006
https://doi.org/10.1016/j.wasman.2011.03.001
https://doi.org/10.1016/j.wasman.2011.03.001
https://doi.org/10.1016/j.jclepro.2017.08.016
https://doi.org/10.1016/j.jclepro.2017.08.016
http://docs.cntd.ru/document/434606836
http://docs.cntd.ru/document/434606836
http://docs.cntd.ru/document/570723101
http://docs.cntd.ru/document/550117931
http://docs.cntd.ru/document/550117931
http://docs.cntd.ru/document/444713494
https://doi.org/10.3155/1047-3289.61.5.480
https://doi.org/10.3155/1047-3289.61.5.480

International Journal of Environmental Science and Technology (2022) 19:27-42 41

Nowak W, Arthkamp J (2015) BHKW-Fibel: Wissen in kompakter
Form. https://asue.de/sites/default/files/asue/themen/blockheizk
raftwerke/2015/broschueren/asue_050315_bhkw_fibel.pdf

Noya I, Inglezakis V, Gonzalez-Garcia S, Katsou E, Feijoo G, Moreira
MT (2018) Comparative environmental assessment of alternative
waste management strategies in developing regions: a case study
in Kazakhstan. Waste Manag Res 36:689—-697. https://doi.org/10.
1177/0734242X18786388

Papageorgiou A, Barton JR, Karagiannidis A (2009) Assessment of the
greenhouse effect impact of technologies used for energy recov-
ery from municipal waste: a case for England. J Environ Manag
90:2999-3012. https://doi.org/10.1016/j.jenvman.2009.04.012

Pipatti R, Svardal P, Alves JWS, Gao Q, Lépez CC, Mareckova K,
Oonk H, Scheehle E, Sharma C, Smith A, Yamada M (eds) (2006)
Solid waste disposal. In: 2006 IPCC Guidelines for National
Greenhouse Gas Inventories

Plastinina I, Teslyuk L, Dukmasova N, Pikalova E (2019) Implemen-
tation of circular economy principles in regional solid municipal
waste management: the case of Sverdlovskaya Oblast (Russian
Federation). Resources 8:90. https://doi.org/10.3390/resources8
020090

Privalenko VV (2001) Current status of landfills in Rostov-on-Don and
surrounding areas: half year report for INCO Copernicus grant
ICA2-CT-2001-10001

Regnum (2017) Prohibit the construction of incinerators:
Kazan - Putin.: Kasan - Putin (3anperure CTpOHMTEIbCTBO
MyCOpOCKHTaTeNbHbIX 3aBofioB: Kaszans — [TyTtuny). Regnum

Rosprirodnadzor (2019) Data on the activities in the area of waste
treatment ([Toxunag ®efepaibHO Ciy>KObI 10 HAA30py B chepe
npupojononb3oBanus “CBeAeHUs O AESITeIbHOCTU B 001acTH
oOpalteHusi ¢ oTxogamMu’)

Russian Federation (2019) 2019 National Inventory Report (NIR).
https://unfccc.int/documents/194838

Sabin Guendehou GH, Koch M, Hockstad L, Pipatti R, Yamada M
(eds) (2006) Incineration and open burning of waste. In: 2006
IPCC guidelines for National Greenhouse Gas Inventories

Scharff H, Martha A, van Rijn DMM, Hensen A, v.d. Bulk WCM,
Flechard C, Oonk H, Vroon R, Visscher A de, Boeckx P (2003) A
comparison of measurement methods to determine landfill meth-
ane emissions. https://www.afvalzorg.nl/content/uploads/2018/
03/A-comparison-of-measurement-methods.pdf

Schwetje A, Kaazke J (2012) A sustainable waste management concept
for Khanty-Mansiysk municipality, Russia. https://www.umwel
tbundesamt.de/sites/default/files/medien/beratungshilfe/long/35-
53-B-EN.pdf

Sliusar N, Armisheva G.T. (2013) Energy resources recovery on
municipal solid waste disposal. Sinks a Vital Element of Modern
Waste Management, Espoo, Finland

Sotnezov A, Saytsev V, Tarasova N (2015) Morphological composition
of solid municipal waste. Saf Technosphere 4:10-15

Spokas K, Bogner J, Chanton JP, Morcet M, Aran C, Graff C, Golvan
YM-L, Hebe I (2006) Methane mass balance at three landfill sites:
what is the efficiency of capture by gas collection systems? Waste
Manag 26:516-525. https://doi.org/10.1016/j.wasman.2005.07.
021

Starostina V, Damgaard A, Rechenberger H, Christensen TH (2014)
Waste management in the Irkutsk Region, Siberia, Russia:

Environmental assessment of current practice focusing on land-
filling. Waste Manag Res 32:389-396

Starostina V, Damgaard A, Eriksen MK, Christensen TH (2018) Waste
management in the Irkutsk region, Siberia, Russia: an environ-
mental assessment of alternative development scenarios. Waste
Manag Res 36:373-385. https://doi.org/10.1177/0734242X18
757627

Treshnikov SE, Gomonitskaya AO (2014) Monitoring of quali-
tative composition of municipal solid waste by the exam-
ple of a waste processing plant of the city of Togliatti
(MouuTopuHr kauecTBeHHOro cocrtaBa TBO Ha mpumepe
MycoponepepabaTblBaoIIero npeanpustTus r.o. TonbsSTTH).
https://cyberleninka.ru/article/n/monitoring-kachestvennogo-sosta
va-tbo-na-primere-musoropererabatyvayuschego-predpriyatiya-
g-o-tolyatti/viewer

Tugov AN (2013) Prospects for the use of municipal solid wastes as
secondary energy resources in Russia. Therm Eng 60:663-668.
https://doi.org/10.1134/S0040601513090139

Tulokhonova A, Ulanova O (2013) Assessment of municipal solid
waste management scenarios in Irkutsk (Russia) using a life cycle
assessment-integrated waste management model. Waste Manag
Res 31:475-484. https://doi.org/10.1177/0734242X 13476745

Turner DA, Williams ID, Kemp S (2015) Greenhouse gas emission
factors for recycling of source-segregated waste materials. Resour
Conserv Recycl 105:186—197. https://doi.org/10.1016/j.resconrec.
2015.10.026

U.S. Energy Information Administration (2017) Country analysis brief:
Russia. https://www.eia.gov/international/content/analysis/count
ries_long/Russia/russia.pdf

UNFCCC (2006) United Nations framework convention on climate
change: handbook. United Nations Framework Convention on
Climate Change (UNFCCC)

United Nations (2019) World population prospects 2019: volume II:
demographic profiles. United Nations

Vakhitov YF, Shamsutdinova LR, Zvereva TI, Akbalina ZF, Belan
LN (2012) Study of the change in morphological structure of
municipal solid waste in the city of Ufa (M3yueHue nameHneHust
MOpPGOJOrHYECKOTO COCTaBa TBEPHBIX OBITOBBIX OTXOJOB B
meranonuce r. Y¢e). RUDN University Bulletin, a series of
Ecology and life safety (Becthuk PYIH, cepust Dxonorus u
6e30MacHOCTh KU3HENes TeTbHOCTH) 4

Vergara SE, Tchobanoglous G (2012) Municipal solid waste and
the environment: a global perspective. Annu Rev Environ
Resour 37:277-309. https://doi.org/10.1146/annurev-envir
on-050511-122532

Voigt R, Dehoust G, Merz C (2015) The Climate Change Mitiga-
tion Potential of the Waste Sector: Illustration of the potential
for mitigation of greenhouse gas emissions from the waste sector
in OECD countries and selected emerging economies; Utilisa-
tion of the findings in waste technology transfer, Texte 56/2015,
Dessau-RoBlau

Volynkina E, Khalaman N, Hall C (2009) Landfill inventory for Russia.
https://www.globalmethane.org/Data/223_Russialnventory-2009.
pdf

Volynkina EP, Zaytseva TH (2010) Inventory of landfills and land-
fills in Russia and assessment of their methane potential
“NuBeHTapu3alysl NOJIUIOHOB U cBajiok T6o B Poccum u onenka
ux MetanoBoro norennuaina.” Ecol Ind Rus 1:30-31

=

’r @ Springer


https://asue.de/sites/default/files/asue/themen/blockheizkraftwerke/2015/broschueren/asue_050315_bhkw_fibel.pdf
https://asue.de/sites/default/files/asue/themen/blockheizkraftwerke/2015/broschueren/asue_050315_bhkw_fibel.pdf
https://doi.org/10.1177/0734242X18786388
https://doi.org/10.1177/0734242X18786388
https://doi.org/10.1016/j.jenvman.2009.04.012
https://doi.org/10.3390/resources8020090
https://doi.org/10.3390/resources8020090
https://unfccc.int/documents/194838
https://www.afvalzorg.nl/content/uploads/2018/03/A-comparison-of-measurement-methods.pdf
https://www.afvalzorg.nl/content/uploads/2018/03/A-comparison-of-measurement-methods.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/beratungshilfe/long/35-53-B-EN.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/beratungshilfe/long/35-53-B-EN.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/beratungshilfe/long/35-53-B-EN.pdf
https://doi.org/10.1016/j.wasman.2005.07.021
https://doi.org/10.1016/j.wasman.2005.07.021
https://doi.org/10.1177/0734242X18757627
https://doi.org/10.1177/0734242X18757627
https://cyberleninka.ru/article/n/monitoring-kachestvennogo-sostava-tbo-na-primere-musoropererabatyvayuschego-predpriyatiya-g-o-tolyatti/viewer
https://cyberleninka.ru/article/n/monitoring-kachestvennogo-sostava-tbo-na-primere-musoropererabatyvayuschego-predpriyatiya-g-o-tolyatti/viewer
https://cyberleninka.ru/article/n/monitoring-kachestvennogo-sostava-tbo-na-primere-musoropererabatyvayuschego-predpriyatiya-g-o-tolyatti/viewer
https://doi.org/10.1134/S0040601513090139
https://doi.org/10.1177/0734242X13476745
https://doi.org/10.1016/j.resconrec.2015.10.026
https://doi.org/10.1016/j.resconrec.2015.10.026
https://www.eia.gov/international/content/analysis/countries_long/Russia/russia.pdf
https://www.eia.gov/international/content/analysis/countries_long/Russia/russia.pdf
https://doi.org/10.1146/annurev-environ-050511-122532
https://doi.org/10.1146/annurev-environ-050511-122532
https://www.globalmethane.org/Data/223_RussiaInventory-2009.pdf
https://www.globalmethane.org/Data/223_RussiaInventory-2009.pdf

42 International Journal of Environmental Science and Technology (2022) 19:27-42

Weitz KA, Thorneloe SA, Nishtala SR, Yarkosky S, Zannes M (2002)
The impact of municipal solid waste management on greenhouse
gas emissions in the United States. J Air Waste Manag Assoc
52:1000-1011. https://doi.org/10.1080/10473289.2002.10470843

Wuensch C (2011) Vermeidung von Treibhausgasemissionen durch
Steigerung der Energieeffizienz deutscher Miillverbrennungsan-
lagen. Dissertation, Technische Universitéit Dresden

Wuensch C, Kocina R (2019) Global development of greenhouse gas
emissions in the waste managegement sector. Detritus 7:104—108.
https://doi.org/10.31025/2611-4135/2019.13856

Wuensch C, Simon F-G (2017) The reduction of greenhouse gas emis-
sions through the source-separated collection of household waste
in Germany. In: Maletz R, Dornack C, Ziyang L (eds) Source
separation and recycling. The handbook of environmental chem-
istry, vol 63. Springer, Cham

Yedla S, Sindhu NT (2016) Assessment of alternative disposal methods
to reduce greenhouse gas emissions from municipal solid waste

=

’r @ Springer

in India. Waste Manag Res 34:553-563. https://doi.org/10.1177/
0734242X16643176

Yilmaz [H, Abdulvahitoglu A (2019) Evaluation of municipal solid waste
options in Turkey: Scenarios for energy recovery, carbon mitiga-
tion and consequent financial strategies. Resour Conserv Recycl
147:95-110. https://doi.org/10.1016/j.resconrec.2019.02.029

Zaytsev BA, Sotnezov AB (2015) Experimental determination of com-
position and properties of municipal solid waste—a key stage
for the development of program activities in the field of MSW
management (DKCHepUMEHTAIbHOE OINpeJieIeHne CocTaBa U
CBOJCTB TBEP/BIX KOMMYHAJIBHBIX OTXOI0B — KJIFOYEBOH 3Tarl Ipu
pa3paboTKe MPOrpaMMHBIX MEPOIIPUSITHIA B 00JIaCTH YIPaBJICHUS
KOMMYHanbHbIMU oTXofamu). Adv. Chem. Chem. Techn.:21-23

Zilenina V, Ulanova O (2017) Study of the composition of hazard-
ous municipal solid waste (M3yueHune cocTaBa OMacHbIX TBEPABIX
KOMMYyHalbHbIX 0TX0f10B (Ha mpumepe XUT)). Collection of the
first international environmental forum in Ryazan


https://doi.org/10.1080/10473289.2002.10470843
https://doi.org/10.31025/2611-4135/2019.13856
https://doi.org/10.1177/0734242X16643176
https://doi.org/10.1177/0734242X16643176
https://doi.org/10.1016/j.resconrec.2019.02.029

	Municipal solid waste management in Russia: potentials of climate change mitigation
	Abstract
	Introduction
	Greenhouse gas emissions related to municipal solid waste management sector in Russia
	Materials and methods
	Scenarios of the development of municipal solid waste management system
	Scenario 1: BASIC (business as usual)
	Scenario 2: REACTIVE (moderate development)
	Moscow and the Republic of Tatarstan 
	Other cities and regions 

	Scenario 3: INNOVATIVE (active development)
	Moscow and the Republic of Tatarstan 
	Cities with more than 0.5 million inhabitants 
	Smaller cities with less than 0.5 million inhabitants and rural areas 


	Model structure
	Emission factors
	Waste incineration
	Landfill
	Material recovery


	Results and discussion
	Conclusion
	Acknowledgements 
	References




