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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  CO2-eq./a for the basic scenario, 12.8 Mt  CO2-eq./a for the reactive scenario, and 
3.7 Mt  CO2-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 

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  (CO2-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  CO2-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   CO2-eq./a (Wuensch 
and Kocina 2019), while in the developing and emerging 
countries, it is around 100 kg  CO2-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; Yılmaz and Abdulvahitoğlu 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  CO2-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 

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 Universität 
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  m3 (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  CO2-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  CO2-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 landfills1 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% 

1 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,2 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 

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 

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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(5.58 Mt) 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 Mt) 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 

Fig. 1  MSW management scenarios with model inputs and outputs

Table 1  Parameters used for the recovery of secondary raw materials

Waste type Recovery rate from plant input in material 
recovery facilities (all scenarios)

Recovery rate in case of separate waste collection (Scenario 
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
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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 

construction on the downstream side are outside the sys-
tem boundaries and not accounted for as they are relatively 
low (Boldrin et al. 2009; Mohareb et al. 2011). Direct 
GHG emissions from the waste transport are also excluded 
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 

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

Table 2  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 

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 
C/Mg wet waste (Kost 
2001)

Share of biogenic/
fossil carbon (Kost 
2001)Moscow and Tatarstan Cities 

with > 0.5 mln inhab-
itants

Cities 
with  < 0.5 mln inhab-
itants, rural areas

Food waste 24.4 31.3 30.4 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 3.4 2.6 0.39 0.56/0.44
Wood 2.0 1.3 1.7 0.38 1/0
Leather, rubber 0.9 1.4 1.3 0.43 0.49/0.51
Other waste 8.4 7.0 12.6 0.21 0.53/0.47
Fine fraction 

(size of parti-
cles < 16 mm)

10.3 5.3 5.9 0.13 0.65/0.35

Total 100
(8.568.149 Mg/a)

100
(27.900.000 Mg/a)

100
(21.913.851 Mg/a)

0.27 0.66/0.33
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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  CO2 emissions is the amount 
of fossil carbon in the waste stream meant for incin-
eration. Non-CO2 emissions are more dependent on the 
incineration technology and conditions, and for modern 
waste incinerators, the amounts of non-CO2 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.

Fig. 3  Compensatory system for the substitution of primary materials 
and energy [derived from Abu Qdais et al. (2019)]

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 

input
Average of German waste incineration plants (Wuensch 2011)

Steel recovered from metal input 0.8 Based on average recovery from German waste incinerator slag (Bilite-
wski et al. 2010)Aluminum recovered from metal input 0.07
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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  CO2 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 
calculation of GHG emissions 
from landfills (all scenarios)

Parameter Value Comment/source

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  (DOCf) 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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only 0.358 Mg  CO2-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  CO2-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  CO2-eq./a, followed by the reactive scenario (mostly 
sanitary landfilling with landfill gas recovery) with approx. 
12.8 Mt  CO2-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  CO2-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  CO2-eq./Mg MSW, but also to a decrease 
in total emissions due to avoided emissions in the amount of 
0.053 Mg  CO2-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 

Table 5  Greenhouse gas 
emission and substitution 
factors (all scenarios)

Gas/material Emission/substitution factor Comment/source

Methane 28 Mg  CO2-eq./Mg  CH4 (Myhre et al. 2014)
Electrical power 0.358 Mg  CO2-eq./MWhel (Gimadi et al. 2019)
Fuel oil 0.266 Mg  CO2-eq./MWh (Gómez et al. 2006)
Recovered steel 1.337 Mg  CO2-eq./Mg Average values of industrial 

countries (Turner et al. 
2015)

Recovered aluminum 11.334 Mg  CO2-eq./Mg
Recovered mixed paper and card-

board
0.601 Mg  CO2-eq./Mg

Recovered glass 0.417 Mg  CO2-eq./Mg
Recovered mixed plastics 0.788 Mg  CO2-eq./Mg
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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 

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 

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 
waste treatment method or a technological process within a method

GHG specific emissions, Mg  CO2-eq./Mg disposed/treated/
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
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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 (Björklund 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  CO2-eq./a, for the reactive scenario 
between 5.133 and 16.324 Mt  CO2-eq./a and for the innova-
tive scenario from − 1.516 to 4.871 Mt  CO2-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   CO2-eq./a (Fischedick et  al. 2014) to 
about 1.4% of the total anthropogenic GHG emissions of 
49 Gt  CO2-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  CO2-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  CO2 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  CH4 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  CO2-eq./a (1.096 Mg  CO2-eq./Mg MSW). 
Under the reactive scenario, the amount of total GHG net 
emissions is approx. 12.8 Mt  CO2-eq./a (0.219 Mg  CO2-eq./
Mg MSW), and under the innovative scenario, it is about 
3.7 Mt  CO2-eq./a (0.064 Mg  CO2-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.
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