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ABSTRACT

Energy recovery from municipal solid waste (MSW) is currently a key factor in waste management in
Russia, as can be seen from the corresponding changes in the state regulatory framework. The paper
presents a comparative assessment of different waste flow characteristics; it focuses on pre-treatment
options and the method of subsequent thermal treatment. It reflects the basic method of untreated MSW
incineration and other advanced technologies which have different levels of waste preparation. Step-
by-step research has been carried out in a large Russian city in order to determine different technological
approaches to recovering energy from MSW. The study included: 1) field studies of the composition
and characterization of MSW; 2) laboratory studies of MSW thermal properties, i.e. moisture, ash
content and calorific value; 3) several options for waste treatment schemes with equipment of different
technical specifications; 4) analysis of material flow, energy flow and key substance flow according to
these considered schemes. The research revealed that for all seasons a significant proportion of MSW
(almost 40%) is represented by fines (below 50 mm). On average, the energy potential of MSW (the
total content of waste paper, polymers, textiles, wood, multilayer packaging, leather, rubber, footwear)
amounts to about 40%. It was found that MSW calorific value depends on fraction size, since screening
(over 50 mm) is characterized by high moisture and low content of valuable components, compared to
MSW greater than 50 mm in size. Pre-processing and treatment of MSW allows solid recovered fuel
(SRF) to be obtained with a calorific value similar to brown coal. The energy balance of the process
allows the conclusion that 33.8% of initial MSW energy potential is concentrated in residues from the
sorting process, since it has a relatively low calorific value of 4.8 MJ/kg, but a high mass fraction of
47.9%. In the process of MSW treatment and solid fuel production, most of the chlorine and mercury
(80% and 55% respectively) is removed by the rest of the sorting process. The data obtained in the
study can be used in selecting the optimal option for energy recovery from MSW.

Keywords: municipal solid waste, energy recovery, solid recovered fuel, calorific value.

1 INTRODUCTION

MSW includes components with combustible properties which can be used for the industrial
production of energy. In many countries of Northern and Western Europe, recovery of energy
from MSW ranges from 20% to 50% [1]: 53% in Norway; 51% in Denmark; 48% in
Switzerland; 55% in Finland, and 50% in Sweden. France, Germany and the Netherlands
account for more than half of European incineration capacity; the total share of burning MSW
in Italy, Sweden and the UK is 74% [2]; Japan reportedly burns 78% [1]; and Taiwan and
Singapore a similar amount. There are different methods and technologies for energy
recovery from MSW, the most common being direct waste combustion without preliminary
preparation at waste-to-energy plants (WTE). The alternative solution is MSW treatment on
the waste sorting line, where secondary raw materials are separated and solid fuel with high
calorific value is produced. This can be used later in various energy-consuming processes, in
particular, in cement kilns.

European countries mainly produce solid fuels from waste by mechanical or mechanical-
biological treatment; in this case different processes for waste treatment are used [3]. Papers
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[4]-[7] analyze incoming and outgoing flows in the production of refused derived fuel (RDF)
and determine their material, energy and elemental balances.

The authors [8] have obtained high quality RDF by sorting materials from different waste
flows in Singapore. They research the thermal properties and elemental composition of
various waste components and discuss the suitability of solid fuel produced from MSW. In
addition, they identify components with a high heavy metal content. The proximate and
ultimate analysis and the calorific value of MSW components determine the quality of a
combustible component, e.g. paper and food waste have a high oxygen content; there is a low
content of ash and fixed oxygen in PE, PP and PS; PET has a high carbon content, but a low
hydrogen value. The chlorine content in PVC is about 55%. The research has proved that the
components PE, PP and PS have the highest combustion values [9].

Several studies have been carried out [10], [11] describing solid fuel values depending on
MSW composition and its thermal and chemical values.

There are relatively few examples of MSW thermal treatment plants in the RF. At the JSC
“Autopark No. 1 Spetstrans”, St. Petersburg, SRF with the lowest calorific value of 15.9—
20.3 MJ / kg is produced and it is used at a cement plant [12]. In Moscow, there are three
waste incineration plants (WTE) which generate electricity; their power is relatively small
(3.6-12 MW). The WTE plants in Vladivostok, Murmansk, Pyatigorsk, and Cherepovets
produce thermal energy [13].

The literature review shows that in Russia there is almost no scientific research on MSW
thermal properties which can be used to estimate the energy values of various waste flows
obtained in the production of SRF from MSW. The authors of the article [14] investigate the
methods of solid municipal waste separation in the production of solid fuel for the cement
industry. They identify MSW components to be removed during the production of fuel. The
article [15] looks into possible ways of using SRF in industrial furnaces for various
manufactures, which are mainly run on traditional types of SRF. The assessment of MSW
energy potential on stages of waste management and the assessment of thermal properties of
MSW components are carried out in the city of Perm [16].

Recently, public authorities, industry and business in Russia have shown great interest in
energy recovery from MSW treatment. The use of waste energy potential can solve the urgent
problem of the transition from waste disposal at landfills to waste energy recovery. In this
regard, the Russian Federation State Program “Energy Efficiency and Energy Development”
was approved by RF Government Decree # 321 of April 15,2014 (issued on March 30, 2013);
the program includes the subprogram “Development of renewable energy sources”. One of
these renewable energy sources is MSW as fuel. At the end of February 2017, the
Government of the Russian Federation passed a decree regulating the competitive selection
and implementation of energy recovery from MSW projects. Similar to renewable energy
projects, these are supported by the government through contracts in the electricity and power
market. Energy production from MSW is one of the priorities in waste management; this can
be seen in changes in the regulatory and legal framework of Russia, in particular in the latest
development of the Federal Law on waste management. Several Federal State Standards for
SRF and RDF production have been developed, specifying that the main parameters
reflecting the qualitative characteristics of fuel are a lower calorific value and a content of
chlorine and mercury. However, the existing waste management system in the Russian
Federation presents obstacles in meeting the standards without MSW pre-treatment.

Methods and technologies for increasing MSW calorific value could include: extraction
of poorly combustible components (food waste, glass, fines, etc.) using mechanical and
sensor-based sorting methods; addition of high calorific value components (for example,
other waste with higher calorific value); and decreasing moisture by drying.
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The disadvantage of the first approach is a significant reduction in waste mass that is
subject to energy recycling, and the emergence of undesirable flows that require other
methods of utilization. The second method is theoretically feasible, but in practice it might
be difficult to choose economically expedient high-calorific flow of materials that can be
disposed of together with poorly combustible waste. Drying of waste is advisable only in
cases where excess heat is applicable for other processes.

In choosing the most effective method of MSW treatment, it is recommended to take into
account the energy (heat and technical) properties of waste and to justify the efficiency of
proposed technologies from both points of view: required investment and the ecological
effect, adjusted for the quantity and quality of disposed waste and for equipment efficiency.

2 METHODS AND MATERIALS
Evaluation of the proposed technologies for energy recovery for MSW has been carried out
step by step with a specific reference to a large city in Russia and includes the following
stages:

e field studies of MSW components and fractional composition;

e laboratory studies of MSW thermal properties: moisture, ash content and calorific
value;

e several waste treatment schemes have been proposed with allowance for operational
efficiency of equipment;

e analysis of material, energy and key substances flows according to the proposed
scheme.

2.1 Investigations of MSW component and fractional composition

The methodology assessing MSW energy potential has been developed [17], [18], which
includes detailed field studies of waste fractional and component composition, as well as
laboratory studies of moisture and ash content of individual components. The accuracy and
reliability of the results has been ensured by experimental studies of MSW components and
fractional composition conducted in each season (spring, summer, autumn, winter) over 7
days, with a daily sampling and analysis of 5 samples. A sample weight amounted to 100 +
20 kg, depending on the objectives of the studies.

To determine MSW fractional composition, several sizes of sieves were used: 250, 100,
50, 15 mm. A total list of identified components included 41 names. The studies of MSW
composition included a category “water” found in bottles, jars and containers, as its
evaporation consumes heat and thereby reduces the total calorific value of MSW.

2.2 Laboratory studies of MSW thermal properties

Moisture and ash content sampling were carried out in accordance with GOST 33626-2015
“Solid fuel from household waste. Sampling methods” (EN 15442:2011). Laboratory studies
of moisture content in MSW components were carried out in accordance with the
requirements of GOST 33512.3-2015 “Solid fuel from household waste. Moisture
specification by drying. Part 3. Analytical moisture” (EN 15414-3: 2011). Ash content of
MSW components was calculated according to GOST 33511-2015 “Solid fuel from
household waste. Specification of ash content” (EN 15403: 2011).
To calculate MSW net calorific value, the following formula is used [19]:
QF =YKy (1 — Wi, /100)(1 — A2/100) X inaf] —0.02442 x Y (KF x W), (1)

mn
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where:

Q] = calorific value of MSW, MJ/kg;

K}, =mass fraction of a component, %;

W{, = moisture content of a component, %;

A% =ash content of a dry mass, %;

ngf = net calorific value of a dry ashless mass, MJ/kg.

2.3 MSW treatment options

The paper focuses on the most common MSW treatment options which include MSW
preparation and thermal treatment to generate heat and electric energy or to produce solid
fuel from waste. Energy recovery from waste is carried out at incineration plants either by
direct incineration of waste without pre-treatment, or by burning rests from sorting plants.
Solid fuel from waste with a high energy value is also obtained on waste sorting lines by
extracting secondary raw materials for their subsequent use in energy-consuming
technological processes, e.g. in cement kilns. It is theoretically possible to increase the
calorific value of separated thermally recoverable fractions by adding sub-standard
secondary raw materials and combustible wastes, such as oil production and oil refinery
waste or wood waste. The study does not focus on this method since it is rarely feasible.

The main objective of the current study is to conduct a comparative evaluation of waste
flows focusing on the methods of pre-treatment and further thermal treatment. In this regard,
the considered options include a basic method of untreated MSW incineration and some
advanced methods with different levels of waste pre-treatment.

2.4 Analysis of material, energy and elemental flows

Material, energy and elemental balances of different options for MSW treatment and disposal
are based on material flow analysis methodology [20]. The results are presented in STAN
2.5.1302 and Sankey diagrams. The chlorine and mercury elemental balance was calculated
based on dry weight concentrations of these substances in individual components [7], [21],
[22] and the composition of each flow.

3 RESULTS AND DISCUSSION
3.1 Component and fractional composition of MSW

The current research of MSW composition throughout the seasons presents an average annual
calculation of MSW fractional composition and its component composition by 13 categories
of components, as well as moisture value (W), ash content of individual components to dry
matter (Ad) and their calorific value (CV) to dry ashless mass (Q%f) (Table 1). A significant
part of MSW (almost 40%) is represented by fine fraction (< 50 mm) with high moisture
value and low content of valuable components. A major part of MSW composition comprises
food waste, screenings, polymers and waste paper. On the basis of MSW component
composition calculation, it can be concluded that MSW energy potential (the total content of
waste paper, polymers, textiles, wood, multilayer packaging, leather, rubber, footwear)
averages at about 40%.
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Table 1: Composition and thermal properties of individual components.

Name Composition W, % Al % Qb
>250 |100-250{50-100 (<50 |Total MJ/kg
mm mm mm mm

Organic | 534 | 760 | 518 | 1042 |23.63 |72.1-81.1 |15.0-22.8 |183

waste

Waste 158 | 453 226 |294 |11.31 [30.0-41.0 |12.9-17.1 |16.9

paper

Polymers | 0.66 | 10.17 |4.10 | 1.75 | 16.69 [242-27.0 [3.8-99 [345

Glass 000 |58 |142 [039 |764 [35 100.0 0.0

Metal 012 |08 |036 [003 |140 [35 100.0 0.0

Textile 086 | 152 |051 |004 [292 [115379 (2793 [226

Wood 047 | 046 ]013 |0.02 |1.08 [105243 [3.0-85 [189

Complex 1535 1 o4 | 040 |000 |1.67 |97-13.6 |28836.6 |243

products

Hazardous | o 0 | 0o | 014 | 003 | 045 |[3.5 50.0 20.1

substances

Inerts 136 (120 |075 [1.64 |495 [41-82 [100.0 0.0

Other 033 | 428 |1.66 |285 |9.11 [31.0402 [205-34.6 [223

Fines 0.00 | 000 |000 |[1869 |18.69 |454-653 [50.1-63.9 |20.1

Additional | 5 141 596 | 005 | 000 |045 |100 0.0 0.0

(water)

TOTAL 6.18 | 38.04 | 16.97 | 38.81 | 100
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4
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Figure 1: Thermal properties of MSW by fractions.

3.2 Thermal properties of MSW

Studies of the humidity and ash content of MSW different fractions and data on the calorific
value of individual components allows for a separate calculation of calorific value for MSW
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fractions > 50 mm, fractions < 50 mm and for MSW as a whole. The thermal properties of
MSW fractions of different sizes are presented in Fig. 1.

3.3 MSW thermal treatment options

The choice of a thermal treatment scenario has been based on the following considerations:

The current system of MSW treatment. In Russia, the system of separate waste
collection is poorly developed, though attempts have been made to implement it in
some cities. However, the process is complex and lengthy, and requires major
changes in the waste management system. So, all options are built on the premise
that a separate waste collection system does not exist or is ineffective, as if the
proposed technologies are to be introduced in the shortest possible time.

The MSW energy recovery system, supported by regulatory legal acts. Currently,
two options are considered at the legislative level: direct incineration and SRF and
RDF production and consumption.

The existing market in MSW treatment equipment and technologies.

Studies of MSW composition and thermal properties, e.g. dependency of moisture
and ash content of individual components and MSW energy value on the size of a
fraction. Due to the lack of separate waste collection, MSW contains a significant
proportion of organic components — food residues and plant waste, whose high
moisture value affects the overall waste moisture value and, correspondingly, low
heat value which is often insufficient to support self-burning of waste or required
efficiency in a process [23].

Taking into account the highlighted aspects, several possible scenarios for waste pre-
treatment and thermal treatment have been considered:

Scenario 0. Direct incineration of untreated waste (S.0). It is carried out at waste-to-
energy plants with generation of heat and electric energy. All waste coming to plants
is incinerated without any pre-treatment.

Scenario 1. Incineration of rests of MSW sorting (S.1). The aim is to separate fine
fraction from MSW and dispose of it. The rests are sent for further incineration.
Scenario 2. Energy recovery from MSW (S.2). Compared to the previous scenario,
rests from the sorting plant are processed (sensor-based sorting) with the release of
burning components. The separated thermally recoverable fractions already
correspond to solid fuel from waste (by heat value, chlorine and mercury content),
but do not meet the requirements of consumers, e.g. cement producers, in moisture
value and particle size.

Scenario 3. Solid fuel from waste (S.3). This option complements the previous one
with necessary pre-treatment technologies to meet the requirements of customers,
e.g. cement plants [24]. Shredding and drying are added to the process.

MSW pre-treatment and energy recovery technology is successive for all 4 scenarios. It
is presented as a general scheme of material flows (Fig. 2), where each follow-up option is
added to the previous one.

The MSW treatment and energy recovery process consists of the following operations:

Screening (a cell size is 50 mm) is designed to sort out fines. Screening is an
important stage in MSW preparation and treatment; the moisture value of fine
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screenings < 50 mm is higher than of those > 50 mm (Fig. 1). Fine fraction
separation increases MSW calorific value.

e Separation of secondary raw materials: cardboard, office paper and newspapers,
polyethylene (PE) film, PET and PE bottles, glass, ferrous and non-ferrous metals.

e The efficiency of the MSW sorting process is calculated based on operated waste
sorting facilities.

e Selection of thermally recoverable fractions, aimed at the release of combustible
components (waste paper and polymers), on condition that sorting efficiency is 95%.
PVC components are removed from fuel to meet chlorine requirements in SRF.

e SRF is treated by shredding and drying separated thermally recoverable fractions.
At this stage fuel is treated to meet consumers’ quality requirements.

3.4 Evaluation of material, energy and elemental flows

The total material balance of the technological process of MSW preparation and energy
recovery is calculated for a 100,000-tonne process. Fig. 2 presents the material balance of the
process and shows that the distribution of components for the considered options affects the
calorific value of a specific MSW flow:

e in Scenario 0, all 100% of MSW with a lower heating value of 7.3 MJ/kg can be
sent to WTE plants;

e in Scenario 1, the rests of sorting process (62% of MSW initial mass) with a lower
heating value of 7.7 MJ/kg can be sent to WTE plants

e in Scenario 2, thermally recoverable fractions (14.2% of MSW initial mass) with a
heating value of 17.8 MJ/kg are extracted from the rests of the sorting process;

e in Scenario 3, solid fuel after drying has a heating value of 22.0 MJ/kg and accounts
for 11.7% of MSW initial mass.

In scenarios S.1-S.3, incoming MSW flow generates about 11% (by mass) of secondary
raw materials for further recycling and 27% of fines are sent to waste disposal sites. Scenarios
S.2 and S.3 produce 48% of sorting residues, which are also sent to MSW landfills. The initial
moisture value of separated thermally recoverable fractions (S.2) accounts for 25.6%; after
drying and crushing, it is possible to obtain 11.7% of SRF with a moisture value of 10%.
Loss of moisture at drying (S.3) amounts for 2.46%.

At the secondary raw materials stage, components with energy potential are selected, e.g.
corrugated cardboard, office paper and newspapers, PE film, PET and PE bottles. In different
technological processes combustible components may be extracted as thermally recoverable
fractions to increase the mass fraction of waste-to-solid fuel and to increase its calorific value.
Fuel quality composition is assessed by moisture value, ash content and chemical elements
values: carbon, hydrogen, oxygen, nitrogen and sulphur. The presence of moisture in MSW
reduces the number of combustible elements, and because heat is used to evaporate moisture
during combustion, the moisture content of the waste impacts its heating value. Ash content
reduces calorific value and considerably complicates the combustion process and furnace
operation. Calorific value is largely determined by the content of “combustible” elements in
waste: carbon, hydrogen and sulphur. Combustible elements are bound with non-combustible
elements — oxygen and nitrogen — which form an internal ballast in MSW components. Table
2 compares the elemental composition and main thermal properties of waste flows for all
scenarios against some fossil fuels. Table 2 shows that the content of combustible elements
in the working mass is 2.4 times higher in prepared fuel than in initial MSW. Moreover, the
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Figure 2: Material balance of MSW treatment and energy recovery.

quality of combustible fraction slightly improves as the content of calorific carbon increases
and the content of ballast oxygen decreases. Thus, solid fuel from MSW is comparable to

brown coal in the balance of elements.

Summarising the results, the energy balance and elemental balance for chlorine and
mercury in the production of solid fuel from MSW were calculated. Fig. 3(a) presents the
material balance of pre-treatment and energy recovery from MSW. The energy balance of
MSW initial flow was calculated in relation to the calorific value and mass fraction of each

output (Fig. 3(b)).
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Sorting residues take about one-third of the energy potential of initial MSW flow, which
is comparable to the energy potential of SRF. This is because sorting residues which have a
relatively low calorific value of 4.8 MJ/kg surpass solid fuel more than three times in mass.
Solid fuel flow has a high calorific value at a relatively small mass.

Table 2:  The elemental composition and main thermal properties of waste flows for all
scenarios compared to some fossil fuels.

Flow Mois- Ash Com- |Elemental composition CvV,

ture, % content, | bustible | (on fuel mass), % MlJ/kg
% mass, % |C |H |0 IN B

MSW pre-treatment and after-treatment

MSW

initial flow |42.8 233 33.9 585 |79 (323 1.1 0.2 7.3

(8.0

Reject

material | 41.2 22.6 36.2 58.1 |7.7 {326 |13 0.3 7.7

(S.1)

Thermally

recoverabl |, 5 ¢ 6.8 675 |628 |85 281 |03 (02 |17.8

e fractions

(8.2)

SRF

(2 class) |10.0 8.3 81.7 62.8 |85 (281 |03 0.2 22.0

(8.3)

Traditional fossil fuels for comparison [25

Wood 30-60 <1 40-70 |49-51 |5-7|38-42 ggf - 8-10

Peat 40-55 4-8 37-56 |50-60 |5-7 [28-33 égf 8? §olg

Brown coal| 0-55 745 0-93 64-78 |4-6|15-26 (1)27 (6)(3)7 7.8-19

Hard coal |5-8.5 15-20 |71.5-80|89-94 |2-3|1-2 (1)27 2-3 23-25

Figure 3: (a) Material; (b) and energy balances in a technological process.
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Figure 4: (a) The elemental balance for chlorine; and (b) Mercury.

The elemental balance for chlorine and mercury in original MSW flow was calculated
with respect to the chlorine and mercury content of individual components, the component
composition of individual flows and the mass fraction of each output (Fig. 4) [7], [21], [22].

In MSW treatment and SRF and RDF production most of the chlorine is removed to
sorting residues, since chlorine is predominantly present in PVC, which is removed by
sensor-based sorting. Food waste and PVC components contribute most to fines from the
sorting process, where the concentration of food waste with insignificant chlorine is high,
while the presence of PVC with high chlorine is low. Chlorine content in food waste can be
accounted for by the presence of salt in food [7].

Mercury concentrates mainly in sorting residues and accounts for approximately 55%; the
greatest contribution is made by textiles and ferrous metals [7], [22]. In the flow of secondary
materials, the bulk of mercury content comes from metals (total contribution to secondary
raw materials is about 78%). The content of chlorine and mercury in solid fuels from waste
(S.3) meets the requirements of GOST 33516-2015 (EN 15359: 2011). Thus, selecting
technologies for MSW treatment it is possible to control the flow of waste and its thermal
properties, taking into account the technological characteristics of the energy recovery
equipment.

4 CONCLUSIONS

Unlike many countries, in Russia the system of separate waste collection is not actually
applied; research proves that there are many organic components — food and plant residues,
in waste. The high humidity of these components affects the overall high humidity and
relatively low calorific value accordingly. Glass as a secondary resource is not in demand, so
all consumed glass is found in waste flows, again reducing overall calorific value. Cardboard,
which could increase the combustible properties of waste, is in high demand in Russia as it
is recycled material, so it is intensively recovered at all stages of waste treatment. Therefore,
mixed MSW usually has a low calorific value which is often insufficient to maintain self-
combustion or ensure the necessary efficiency of a process.

MSW has energy potential that can be controlled by selecting different treatment
technologies and achieving the required calorific value of a target flow (SRF), with reference
to the component composition of original MSW and its thermal properties. The latest reliable
experimental data on waste energy properties highlights the potential of thermal methods of
waste recovery. Laboratory studies of moisture and ash content in individual components of
different MSW fractions reveal the change in MSW calorific value depending on fraction
size: larger fractions have lower humidity, higher combustible mass and, correspondingly,
higher calorific value.
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The energy balance of a process depends on combustible components (waste paper,
polymers) and their treatment: the more components are recovered as secondary raw
materials, the less calorific sorting residues will be, resulting in a smaller amount of solid
fuel generated. The calorific value of initial MSW flow is rather low (7.3 MJ/kg), which may
present certain technological difficulties, but the combustion of MSW without preliminary
treatment allows to minimize land disposal (only ash received after burning is sent to
landfill). Preliminary waste sorting with separation of secondary raw materials increases the
calorific value of rests from the sorting process to initial MSW flow values; however, its flow
mass accounts for only 62% and it generates a flow of fine fraction that must be disposed of
in landfill. When thermally recoverable fractions (S.2) are sorted from the rests, their calorific
value (17.8 MJ/kg) is much higher than the calorific value of initial MSW, but this fraction
averages to only 14.2% of initial MSW mass and it boosts the amount of waste sent to MSW
landfill (75%). To meet the requirements for SRD and RDF, it is advisable to introduce a
stage of additional preparation of thermally recoverable fractions, in particular, shredding
and drying, which enables calorific value to increase to 22.0 MJ/kg. Comparative evaluation
of different waste flow properties has revealed that the choice of MSW energy recovery
scenario should be based on MSW composition and its thermal properties. In contrast to
MSW incineration, the generation of high-calorie fuel from MSW requires significant waste
treatment, reduces energy-recyclable waste mass and produces “undesirable” energy
recycling flows which can be disposed of in landfill.
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