u] =,

Texnonozis cniiwhozo cnanenns 6i0xo0is y yemenm-
HUX newax sapexomenoyeana cebe naoitimum, edex-
MUGHUM Ma 3PYUHUM MemMOOOM ymunizauii 6i0x00ie
(mooymosux ma npomucnosux). Ilpome xpainu no
6CHOMY CBIMY IWMOBXYIOMBC 3 HACMYNHUMU KIHOUO-
eumu 6ap'epamu Ha WAAXY 00 6NPOBAOHCEHH MEXHO-
J102ii cymichoi nepepodKu 8i0x0018 Yy uemenmnux newax:
HeuimKe 3aK0H00aécmeo, eidcymuicmo QiHaHC060i
niompumxu, cnputinamms epomadcvkicmio, mouto. Ii
Oap 'epu mosxcymov Gymu 1acmKo60 ycynyni 3a 00NOMo-
2010 3ax00i6, 3anPONOHOBAHUX Y YbOMY O0CTLOHCEHHI.

Kpim moeo, copmysanna ma nepepoéra 6idxodie
uacmo e nposodsmvcs cucmemamuuno. Hayionanvmi
ma MidCHAPOOHI UeMeHmHi KOMNAHii npauioomo i3
CYyHacHuMu newamu, IKi MOHCYMv 3AMIHUMU HACMUHY
6UKONH020 NAUBA MA CUPOBUHU BIONOBIOHUMU NOMO-
Kxamu nidzomoenenux 6i0xo0ie, AKi nioasearomy cniiy-
Homy cnanennto. Cninvne cnanenHs 6i0x00i6, wo He
nioaszaroms emopunnii nepepoodui, € naditinum eapiam-
MOM 3aKPUMMSL iICHYIOMUX NPOATIUH OJ151 BNPOBAONCEH-
HSL NPUHUUNI8 UUPKYAAUTUHOI exonomiku. I[s mexno-
J102i51 WUPOKO BUKOPUCMOBYEMBCA 6 PIZHUX Kpainax
€sponu, ane 3 Pi3HUM eKONOIMHUM BNIIUBOM HA HABKO-
auwmne cepedosuue. Omice, eaxcaueum € docaioumu
eKO0I02IMHUIL NOMeHUian Yici mexHo0eii, AKUU € 3MiH-
HUM 015 PI3HUX YMO6 MOpPoJiozii 8i0x00i6.

Jocnioxcero nomenuitini nepesazu 6nposaoddicen-
HSL MexHoJ02ii ChilbHO20 CnajleHHs meepoux nody-
mosux 6i0x00i6 y uemeHmHuUx neuax. 3acmocoeamo
Memoouxy ouinku euxudie napHuKosux 2asie ons oio-
2eHHUX GUKUOI6 NMpu GU3HAMEHHI nepeédz ma e€KoJO-
2iMH020 NOMEHUIANY NPU 6NPOBAOIHCEHHI MEXHO0ZI.
Ha npuxnadi yxpaincokoi yemenmmoi npomuciogoc-
mi 6U3HAUEHO MONCIUBICIMb: 3IMEHULEHHS CRONHCUBAHHA
aHmpauumoeozo 6yeiansa y eupodoHuumei Kiinkepy 0o
262 muc. m/pix; 3anobizanus ymeopennro 0o 284 muc.
m euxudie COexe/pix 6i0 3amiwenns eyeinns. /s
cexmopy nogodcenns 3 6i0xooamu Oyao eusHaAUeHO
MOJCIUBULL NOMEHUIATL 610 CNIILHOZ0 CRATICHHSL: Ymu-
aizauis nodymosux 6ioxodie oo 1 213 muc. mTIIB/pix;
3anobizanns ymeopennio napHuxosux 2azie 0o 111 muc.
mCOsexe/pix na searuuwax. Ii sucnosxu eaxcauei ons
Pa0y Kpain, ocKiavku K0406i bap'epu 0ns 30itcHen-
HSL CRiIbHO20 CNAICHHS 610X0018 Y UEMEHMHUX NeHaAX
€ cnopionenumu. Pesyavmamu exonoeziunozo anani-
3y ma 3anponoHosani 3axo0u wWo00 YHUKHEHHS BU3HA-
UEHUX KII0MOBUX Dap'epié 6npPo6adlceHHs MeXHO02iT
MOsCYmMs Gymu suKopucmani Ois ymos 6azamvox Kpain

Kmouosi cnosa: cninvhe cnanenns, pecypcozoepe-
HCEHHSL, UEMEHMHA NPOMUCTIOBICHIb, BUKUOU NAPHUKO-
eux 2asie, k1104061 dap ’:'epu
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1. Introduction

Waste management has become a serious issue for to-
day. Total waste generation, e. g. in Ukraine, is more than
69,000 kt/a (MSW (9 %) and industrial waste (91 %)),
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mining and agricultural waste excluded [1]. Current waste
management challenges in Ukraine and other countries can
be described as follows [2]:

—accumulation of waste both from the industrial and
domestic sectors in controlled and uncontrolled landfills



having an adverse effect on the environment, human health
and land space;

— improper treatment and disposal of hazardous waste
from industries;

—disposal of MSW without separation of hazardous
fractions (e. g. batteries, oil paints);

—open burning of recyclable waste (e.g. paper, garden
waste).

According to the State Statistics Service [1], Ukraine
generates more than 6 tons of unsorted waste per capita
per year (total amount of municipal and industrial waste).
It is higher than the average of the European Union,
i.e. 4,931 kg/capita/year in 2014 for EU-28 [3]. Currently,
Ukrainian landfills are mostly outdated and overflowing,
and therefore pose a quickly growing problem for the coun-
try. There are several projects aimed at biogas recovery in
landfills in Ukraine (e.g. 26 biogas units in the beginning
of 2018, according to the National Agency of Energy Effi-
ciency and Energy Saving of Ukraine, while there are more
than 300 landfills). However, it is not enough to improve
the waste management situation. Because of an increasing
level of collected MSW, the danger of soil and underground
water contamination is quickly growing. MSW, even if it is
only 9 % of the total waste generation, is in the focus of the
Ministry of Environment and Natural Resources of Ukraine
and, therefore, of this study as well.

In Ukraine, waste separation and recycling are not done
systematically yet. Waste infrastructure is largely outdated
with some landfills built more than 40 years ago, overflow-
ing with waste and being unsafe. Waste collection tariffs are
too low to cover treatment costs, and the legal framework is
complex [4]. This discouraged private investors from enterr
ing the waste management market in the past.

For example, it is more expensive for waste collection
companies to deliver waste to the only incineration plant
in Ukraine (“Enerhiia”), located in Kyiv, than to dump the
collected waste nearby, in uncontrolled landfills. Waste col-
lection companies charge on average EUR 8.06 per ton for
the collection of waste [5]. The gate fee of the incineration
plant and legal landfills is about EUR 2.80 per ton. That
means a waste collection company must spend about 30 %
of the income on incineration or landfilling. To avoid these
treatment costs, the waste has often been dumped in illegal/
semi-legal landfills for about EUR 1.6 per ton. Due to weak
enforcement of the environmental legislation, this practice,
unfortunately, is still widely used today.

National and international cement companies operate
modern cement kilns which could substitute a part of their
fossil fuel and raw material with suitable waste streams to be
co-processed. Using waste as a source for alternative energy
and raw material could also reduce the dependency on them
being imported.

Of course, prevention, reuse and material recycling are
the most preferable options in an integrated waste manage-
ment system and have higher priority than energy recovery
from the point of view of society. Currently, a number of
countries start to implement their strategies of sorting and
separating waste, a precondition for recycling. However,
co-processing non-recyclable waste is often a valid option
to close loops towards a more circular economy. According
to [6], as far as alternative materials are the case, utilizing
waste-derived fuel and industrial by-products instead of
conventional fuels and materials result in the significant
emission mitigation. Industrial wastes which can be used

as both fuel and raw material simultaneously mitigate emis-
sions in cement plants and landfills.

2. Literature review and problem statement

According to the investigation [7], GHG mitigation is
one of the most attractive benefits of co-processing of bio-
mass. It has been established that co-processing of biomass
has less CO; emission compared with firing of coal propor-
tionally to the amount of coal offset by biomass, considering
biomass as a carbon-neutral source produced sustainably. It
shows a possibility of co-processing of municipal solid waste
as an alternative fuel for cement kilns.

The authors of [8] have analyzed the harmless disposal
rate of sludge in China. It has been increased from 25 % to
more than 50 % in the last 5 years due to the expansion of the
sludge treatment scale. To avoid this, municipal solid sludge
is widely used as an alternative fuel for cement kilns today.
The study shows a gap of investigation of the carbon emis-
sions of co-processing projects and the reduction benefits
from energy and resource conservation.

As for the hazardous waste, in Gujarat (India) the uti-
lization of it as an alternative fuel and input material in
cement kilns increased by 35 times between 2009/2010,
from 15,693 tons per annum, to 543,569 tons per annum in
2013/2014 [9]. It has been proved that co-processing is thus
a preferred solution in the waste management hierarchy for
their current situation. It needs to be mentioned that India
has a lot of similarities in the waste management system
with Ukraine. The separation system and recycling are not
strong, and the government has not enough investments for
the higher priority waste management technologies imple-
mentation.

The same results have been investigated by the authors
of [10]. The economy of Puerto Rico is shrinking in its presp
ent recession. It is because the price of electricity has become
a stumbling block to attract new investments, and because
the supply of electrical energy seems to continue to be de-
pendent on fossil fuels. The poor management and improper
disposal of almost five million scrap tires (ST) generated
annually on the Island have reached negative environmen-
tal, economic and social impacts. The authors demonstrated
that the problem can be transformed into an opportunity for
ST to become a renewable energy option. It has been shown
that ST are an endemic sustainable energy supply, ideal for
the cogeneration of electricity or for its inclusion in thermal
processes, €. g. in co-processing.

The work [11] shows the results of life cycle assessment
for co-processing of construction and demolition waste. As
a result, the authors suggest that the purchase of recycled
aggregates resulting from waste treatment is cost-effective
only if the treatment plant is situated within a 30 km area.
The study suggests that the price of recycled aggregates
must be kept at least 20 % lower than natural aggregates
which at present disregards the aggregates produced from
waste.

The authors of [12] investigated that waste co-incinerw
ation has a non-significant role on CO, emissions from the
cement kiln and an important energy efficiency loss can be
deduced from the industry performance data, which is rarely
considered by life cycle analysis practitioners. If cement
kilns are considered as another waste treatment option, the
functional unit is usually 1 t of waste to be treated. In this



case, it has been observed that contradictory results may
arise depending on the initial assumptions, generating high
uncertainty in the results. Air emissions, as heavy metals,
are quite relevant when assessing waste co-incineration, as
the amount of pollutants in the input is increased. These
results show a significant impact of waste morphology on
the effectiveness of co-processing of waste in cement kilns.

In the work [13], the authors calculated the costs of
setting up and running facilities of thermal co-processing
of properly dried and processed MSW with raw materials
(limestone, clay materials, silicates and iron oxides). This is
needed for the production of clinker which has been proven
to be an environmentally friendly process. This study shows
the experience of CO; reduction possibility using co-pro-
cessing of municipal solid waste which could be shared with
Ukrainian authorities as well.

The result for this paragraph is that co-processing of
waste is widely used in different countries, but with different
ecological impact. So, it is crucial to investigate the co-pro-
cessing of waste impact, which is variable for different waste
morphology conditions.

3. The aim and objectives of the study

The aim of the study is to estimate the environmental
and resource saving potential of co-processing MSW frac-
tions in cement kilns.

To achieve this aim, the following tasks have been for-
mulated:

— to investigate legal, economic and institutional barri-
ers that hinder its implementation in the context of improv-
ing the waste management system in general, and to provide
opportunities for overcoming those barriers;

— to estimate potential benefits of implementation of this
technology for the cement industry;

—to analyze possible benefits of implementation of
co-processing investigated for the waste management sector.

4. Co-processing of waste in cement kilns possibilities

4. 1. Legal, economic and institutional barriers for the
implementation of co-processing

According to the investigation [14], the main barriers for
co-processing of waste implementation in different countries
have been found.

In Belgium, policy makers should recognize the material
recovery aspect of co-processing. Market distortions are
due to support for power and heat production. To further
increase co-processing a more level playing field between
the regions on taxation is needed. Regionally different waste
legislations lead to fiscal differences in waste pricing [14].

In Bulgaria, RDF quality and low landfill taxes remain
amongst the other barriers preventing faster uptake of alter-
native fuel from waste [14]. Lack of solid waste infrastrucf
ture and planning remain major issues slowing the diversion
of waste from landfills and its use of alternative waste treat-
ment methods.

The Czech Republic has strong bureaucratic barriers and
the lack of suitable waste is the main limiting factor. As the
availability of domestic high-quality wastes has peaked, the in-
dustry has to look for imports. Lengthy bureaucratic processes
slow down the possibility of over-border waste trade [14].

France feels a lack of investment to upgrade processes,
which hampers higher use of alternative fuels [14]. A gene
eral inability in the cement industry to pursue technology
upgrades is the main barrier to increased fuel substitution.

In Greece, there are strong bureaucratic barriers and
the lack of suitable waste is the main limiting factor. Very
limited availability of suitable waste, lengthy permitting
process and lack of recognition in national waste manage-
ment planning are limiting the co-processing potential in
the country [14].

Low landfill taxes and lack of high-quality waste on
the domestic market are the main limiting factors for Hun-
gary [14]. As low landfill taxes disincentive production of
high-quality pre-processed waste, the cement industry has
to look for imports from abroad.

In Ireland, economic uncertainty, lengthy planning and
licensing processes and the potential addition of incineration
capacity form the main barriers for increasing co-processing.
The economic recovery needs to continue to enable invest-
ments in co-processing. At two plants, the planning process
has caused delays to further co-processing [14].

Mainly political issues are blocking the further uptake of
waste in the Italian cement industry [14]. Opposition from
regional political authorities supported by public and envi-
ronmental groups has to be addressed to allow for increased
waste uptake in the cement industry.

The cement sector is facing minimum barriers in Poland
to further increase its co-processing rate. The waste man-
agement industry has to make sure that RDF produced is of
high-quality as the cement industry is the main customer [14].

In Portugal, RDF quality and low landfill taxes remain
amongst the last barriers preventing faster uptake of alterna-
tive fuel from waste. Poor quality of domestically produced
RDF along with extremely low landfill taxes are the main
barriers. However, the industry managed to gain public ac-
ceptance and faces no permitting issues [14].

In Sweden, strong competition for available waste is
limiting further development of co-processing in the cement
sector. Underdeveloped pre-processing industry, public op-
position to incineration and co-processing along with low
disposal fees and poor economic situation hamper increased
waste uptake in the Spanish cement industry. A very strong
competition for waste with one of the most developed incin-
eration industries in the EU, which is the preferred option to
co-processing, presents a major barrier to further fuel sub-
stitution. There is an opening however, if biomass resources
can be mobilized [14].

Alternative fuel from waste availability, logistics and
economics prevent faster growth of co-processing in the
United Kingdom. Economics dictate the increased use of
alternative fuel from waste; a lack of policy-based incentives,
logistics challenges and availability of the volume of quality
alternative fuel are the main barriers [14].

Germany has a well-developed waste to energy capacity
and about 26 % of the waste gets incinerated. However, ded
spite a landfill ban, 22 % of waste is still being disposed of.
One of the reasons of this is a difference in GHG accounting
between cement plants and incinerators [14].

Ukrainian legislation lacks specification of possible
forms of public-private partnership to attract private in-
vestments in waste management. It does not define differ-
ent models of cooperation of territorial communities with
private partners (residents and/or non-residents) that have
the necessary material and technical base and considerable



experience in conducting entrepreneurial activity in the field
of waste management. As most of the waste is created by the
industrial sector, agricultural enterprises and municipalities,
it is also an important challenge for the economic sector that
should be more involved based on the polluter-pays principle.
The formation of industrial waste management capacities
should be one of the priorities of decentralization and local
self-government reform, as well as attracting investments
into waste management.

The key message of this paragraph is:

— The need for lower waste management technologies,
which should improve the situation immediately is investi-
gated. One of the possible technologies is co-processing of
waste in cement kilns, which is widely used in the world.
Moreover, according to [15], pre-processed MSW has high
net calorific value (NCV) in gigajoules (GJ) per dry tonne
(Table 1). Pre-processed MSW also has a much lower CO,
emissions factor compared to coal when burned in a cement
kiln (Table 2).

Implementation of co-processing could help the coun-
tries to increase the recovery level in the waste management
hierarchy and would be a step towards circular economy by
transforming waste into revenue streams [16]. Waste could
be used as an energy source (as an alternative fuel for cement
rotary kilns) and as raw material (as part of clinker). However,
co-processing should complement but not compete with other
recycling approaches. The current waste management system
in Ukraine is not yet able to cope with the rising generation
of waste, which results in increasing landfill areas and envi-
ronmental pollution. Co-processing could contribute to alter
this trend together with the implementation of sorting and
recycling infrastructure for the different waste streams.

The key message from this paragraph is: co-processing
implementation could significantly contribute to reducing
the amount of waste disposed in landfills, as discussed in the
following section.

4. 2. Measures to mitigate barriers for co-processing
of waste

The key barriers the countries face on their way to im-
plementing co-processing are comparable to the barriers also
faced in China [17], plus the issue of increasing waste gene
eration. China is now actively seeking to increase its waste
recovery in cement kilns with producers such as Huaxin
Wuxue and Sinoma’s Liyang having taken up the challenge.
They are assisted by the Chinese Research Academy of En-
vironmental Sciences and by the Ministry of Environmental
Protection [18]. This helps identify the following seven barn
riers also encountered in Ukraine:

Costs: The costs of RDF generation usually exceed the
existing landfill charges.

Potential solutions: The current landfill fees do not con-
sider all external costs of future groundwater contamination
or emissions of greenhouse gases, such as methane. There-
fore, these external costs should be included in landfill fees
or in financial incentive. Additional support programmes
should be designed to ensure that the technology of co-pro-
cessing waste is able to compete fairly with other waste
management methods.

Financial support: Co-processing may not be financial-
ly viable if broader public waste management benefits are not
taken into account, i. e. external costs.

Potential solutions: Municipalities and governments
should develop programmes based on full costs and benefits

accounting for local communities and the environment and
need to play their part in the financing of waste management
and co-processing.

Infrastructure: Currently, there is no infrastructure for
pre-processing and transporting waste to cement plants.

Potential solutions: It is necessary to approve procedures
for adequate separation of waste materials and to install
specific equipment in order to produce high-quality RDF
and treat the remaining waste adequately.

Lack of qualified workforce: Co-processing waste in
cement plants requires highly skilled specialists and trained
personnel to operate the equipment. This capacity is current-
ly limited in most developing countries.

Potential solutions: The main cement producers in dif-
ferent countries are linked to such worldwide consortiums
as CRH Group, IFCEM, BUZZI, Heidelberg, EuroCe-
ment [19]. Most of them have successful experience of im-
plementing the technology of co-processing waste in cement
kilns in other countries. Using this experience could help
find effective options.

Permitting: Cement industry prefers uniform emission
standards for co-processing. However, for co-processing certain
hazardous types of waste individual permits are needed to en-
sure safety and compliance with the environmental standards.

Potential solutions: Providing standards for different
types of alternative fuels could simplify the permitting for
co-processing.

Public acceptance: A problem of waste incineration is the
formation of emissions, especially dioxins, and therefore there
is a legitimate concern of the population. Residents and local
groups often associate co-processing with incineration and
hinder the implementation with protests and legal actions.

Potential solutions: Basic knowledge about environmen-
tally responsible co-processing and how it differs from incin-
eration, as well as its potential benefits, needs to be shared
with stakeholders at both national and local levels. Cement
plants should publicly report emission monitoring data
and information regarding the technology of co-processing
waste to assure the communities that emissions of pollutants
do not exceed permitted levels.

Regulations and standards: In some countries, there are
no specific rules or standards for co-processing waste in cement
kilns. Partial implementation of the waste management system
in many developing countries is also one of the main barriers.

Potential solutions: Waste legislation should be harmo-
nized with European legislation, and executive policy should
be optimized (paragraph 4. 1).

The key message from this paragraph is:

—a number of countries face the following key barriers
on the way to implementing the technology of co-processing
waste in cement kilns: complicated process of permitting,
myriad of regulations and standards, lack of financial sup-
port, no full cost accounting, public acceptance, lack of
infrastructure and qualified workforce. These barriers could
be addressed partly by the measures proposed in this paper.

4. 3. Estimation of potential benefits of implementa-
tion of co-processing of waste for the cement industry
and for the waste management system

Cement manufacturing is an energy intensive process,
and coal is commonly used as the main energy source. The
estimation is provided for Ukrainian conditions, but it could
be interesting for different countries and the methodology
could be replicated. The cement industry consists currently



of five national and international companies, which produce
up to 9,000 kt cement/a [20]. The main fraction of cement is
clinker, which is produced in rotary kilns at temperatures of
about 1,450 °C. The Industrial Emission directive 2010/75/
EU defines the conditions for co-incineration (co-process-
ing) waste in cement kilns. The key requirement is that the
combustion gases are exposed to temperatures of at least
850 °C for at least two seconds. If hazardous waste with a
content of more than 1 % of halogenated organic substances,
expressed as chlorine, is incinerated, the temperature must
be raised to 1,100 °C for at least two seconds [21]. At this
temperature, all organic compounds of the input materials
are destroyed. As these conditions are well fulfilled by the
technology of co-processing waste in cement kilns, it is a
viable option for many high-calorific waste fractions as an
alternative fuel and raw materials for clinker production.
Table 1 provides the results of COy,, emissions calculation
for anthracite coal burning process and for mixed fuel burning
process (i. e. 70/30 ratio of anthracite coal/RDF). Experi-
mental data from Ukrainian cement plants, provided by the
representative of the Ukrainian national association of cement
producers “Ukrcement” were used. For calculations, it has been
estimated that RDF contains plastic, textile, tires, construction
and organic waste fractions (which is dried), according to the
RDF production technology [22]. The second main estimation
is specific calorific value, according to [23]. This is a bulk estit
mation and, in reality, will depend on the MSW morphology
of the individual landfill and the RDF production technology.

Table 1
Results of COyq specific emissions and specific RDF
consumption for clinker production estimation for anthracite
coal burning process and for mixed fuel burning process

Parameter, unit Value
Specific COxeq emission for anthracite coal, 3,37 [24]
kgcozw / kgl '
Specific thermal heat energy requirements for clin- 3788 [25]
ker production, MJ/t of clinker :
Specific anthracite coal consumption for clinker
production, kg/t of clinker (experimental data from 116.91
Ukrainian cement plants)
Calorific value of anthracite coal, MJ/kg of coal 32.4[26]
Specific COyeq emission from anthracite coal in
. . ) 394
clinker production, kgco, / Cinger
Estimated substitution rate of anthracite coal with 30
RDE, % of thermal energy
Specific calorific value of RDE, MJ/kg 24.1 23]
Calculated specific RDF consumption in clinker pro- 4715
duction, kgrpr/telnker (by using data from this table) :
Specific fossil COyeqemission from RDE,
. « 1.7 [23]
8co,,, / kgrpr
Calculated specific emission for co-processing, 356
kgco, / tume (DY using data from this table)

The specific COy,, emissions could be reduced by about
15 % through co-processing at an energy substitution rate of
30 %, Table 1.

In Table 2, ecological and resource potential, estimated
for the Ukrainian cement industry in case of co-processing
implementation is shown. The following was assumed for the
calculation:

— Traditional fuel used — anthracite coal;

— Alternative fuel — mixed with traditional with the ra-
tio of 70 % anthracite coal per 30 % RDF from MSW.

Co-processing with the above alternative fuel mix is
implemented at all Ukrainian cement enterprises.

Table 2

Calculation of the yearly CO,.q and anthracite coal reduction
potential by co-processing RDF in the Ukrainian cement industry

Parameter, unit Value
Average annual cement production, kt/a 8,798 [25]
Share of clinker in cement, % (experimental data
L 85
from Ukrainian cement plants)
Calculated average annual clinker production, kt/a 7478
(by using data from this table) ’
Calculated total annual anthracite coal consumption
for clinker production, GJ/a 28,327.800
(by using data from Table 1, 2)
Calorific value of anthracite coal, MJ/kg 32.4[26]
Calculated total annual anthracite coal consumption
for clinker production, kt/a 874.31
(by using data from Table 1, 2)
Specific anthracite coal consumption for clinker
production, kg/t (experimental data from Ukrainian 116.91
cement plants)
Calculated potential reduction of anthracite coal
consumption for clinker production, kt/a 262
(by using data from this table)
Calculated average annual COs,, emission, ™
ktc,, /a (byusing data from this table) 946
Calculated potential reduction for COs, emissions
from substitution of anthracite coal, kt., /a 284
(by using data from this table)

By using the methodology from RTI[27], for landfills
without gas collection systems, CO, emissions can be calcu-
lated from the CHy generation as follows:

B=A-(1-F)/F)+0X)-44/16, )

where B is CO, emissions, t/a; A is CHy generation, Cen, /a;

F=0.5isfraction by volume of CH4in landfill gas, —; 0X=0.1

is soil oxidation fraction, —; 44 is molecular weight of

CO,, kg/kg-mol; 16 is molecular weight of CHy, kg/kg-mol.
Model for CH, generation is as follows:

P o LR B

where A is CHy generation, t/a; x is year in which waste was
disposed, —; S is start year of inventory calculation, —; T is
inventory year for which emissions are calculated, —; W, is
the quantity of waste disposed at the solid waste disposal
site, t; L'=Ly16,/0.02367-10° is CH; generation potential,
ten, /tyaes Lo is CHy generation potential, m¢y, /t,,..; # is
decay rate constant, al,

Lo can be calculated from the degradable organic carbon
value:

(2

Ly=493-DOC, (3)

; DOC is

‘waste?

where Lj is CHy generation potential, In?:H1 /t
degradable organic carbon, tc/tyaste.



Basic data from [28, 29], the specific amount of GHG
landfill gas emissions per ton of MSW for Ukraine has been
estimated by considering the type of waste and its share in
MSW by using (1), (2) and (3). The specific amounts add up
to about 90kg o /tysw-

To estimate the total amount of MSW, which is required
for producing the needed amount of RDF for co-processing
in Ukraine, an analogy based on the ratios of four countries
for RDF production from [30] has been used. It shows that
100 kg of RDF production requires on average 344 kg of
MSW. The authors of the investigation [31] have estimated
close results that 312 kg/h of MSW are required to produce
107 kg/h of RDF, assuming that 50 % of total MSW are
recyclables (ceramics, metals, plastics, glasses, etc.), water
flow in the separated MSW total flow is about 43 kg/h; act
cording to real (actual) operation of MSW handling, there
were considerable material losses in the milling (3 %) and
briquetting (2 %) operations [31].

Table 3 shows a potential of about 1,213 kt/a of MSW
which could be treated for RDF production. The GHG land-
fill gas mitigation potential could reach up to 111kt /a.

Table 3
Potential MSW treatment for RDF and GHG reduction from
landfills
Parameter Value
Specific RDF consumption for clinker production, kg/t 4715

(data from Table 1)
Average annual clinker production, kt/a (data from Table 2)

7,478

Calculated average annual RDF consumption, kt/a

(by using data from this table) 350
Calculated MSW to RDF ratio, tMsw/tRDF 344
(by using data from [30]) ’
Calculated potential MSW treatment for RDF, kt/a 1913
(by using data from this table) ’
Calculated potential of reducing GHG emissions from "

landfills, ktCOaeq/a (by using data from this table)

This estimated theoretical potential of co-processing
RDF in the Ukrainian cement industry to substitute up
to 262 kt/a of anthracite coal could hardly be completely
utilized. Nevertheless, a reduction of up to 1,213 ktysw/a
disposed in landfills seems as an interesting treatment path
until better options according to the waste hierarchy, as
presented in Fig. 4, are made available. According to the
IFC [28], in 2013 the recovery rate in Ukraine was only 3 %
to 8 % of generated MSW. By 2025, the Ukrainian recovery
rate must increase up to 41 % [28]. The potential of using
MSW for RDF production is more than 19 % of the total
annual MSW generation in Ukraine (6,346.50 ktysw/a) [1].

It needs to be mentioned that decreasing of CO, emis-
sions is possible, only if pre-treatment of waste streams has
exact quality. If calorific value, humidity, morphology or
fracture size of prepared and treated waste has low quality,
emissions from its co-processing will be increased.

5. Results of the environmental potential analysis of
co-processing of waste

The technology of co-processing with RDF rate of 30 %
could substitute up to 262 kt/a of anthracite coal consump-
tion in the clinker production in Ukraine.

MSW disposalamount could be reduced to 1,213 ktysw/a
which is about 20 % of total annual MSW generation in
Ukraine.

Anthracite coal consumption for clinker production
could be reduced up to 30 %.

Annual COyq emissions from MSW at landfills reduc-
tion potential is up to 10 %.

Total COseq reduction potential is up to 395kt /a,
which is up to 0.3 % of Ukrainian total annual COy, gen-
eration.

The scientific novelty of this study is as follows. The
method of estimation of greenhouse gas emissions for biogen-
ic emissions from separate categories of sources determined
the specific amount of greenhouse gas emissions from land-
fills for the existing situation and for the conditions of intro-
duction of co-incineration technology in cement kilns. The
type of waste and its share in the landfill were considered.
Considering the morphology of the waste, the environmental
potential was analyzed not only for the waste sector but also
for clinker production, which allows to achieve the task — to
estimate the environmental potential for co-processing of
waste implementation. This is one of the key barriers for the
list of countries for co-processing of waste implementation
(e. g. for Germany or for Ukraine). So, the proposed methode
ology of environmental potential could be used for different
countries to show benefits of co-processing of waste.

6. Discussion of possibilities of co-processing waste
in cement kilns

The technology of co-processing waste in cement kilns is
a viable option and could contribute substantially to achieve
this goal. The total COq,, reducing potential has been es-
timated to be up to 400kt /a (which is up to 0.3 % of
Ukrainian total annual COQeq generation), which includes
up to 111kt /a from landfills and up to 284kt J/a
from substitution of fossil fuel in clinker production.

Fig. 1 shows the expected benefits for the environment
and resource consumption for a full co-processing implemen-
tation in Ukraine.

These results are important for the number of countries, be-
cause the key barriers for implementation of co-processing are
comparable, as it was shown in the literature review before. The
provided environmental analysis and proposed measures to
mitigate the barriers for co-processing of waste for Ukrainian
conditions could be multiplicated in different countries.

Some stakeholders are concerned that some constit-
uents contained within some wastes that are recovered
for use as either raw materials or fuel could influence
the concrete or be released from the cement product or
concrete. This concern is heightened as concrete is a
major component of residential construction and is often
used in pipes. The topic has been the subject of numerous
research studies over the last 20 years and more. Aggrest
sive testing carried out by NSF/ANSI Standard 61 [32]
(a third party certification process for drinking water
pipes in the United States) has shown that metals in the
cement become bound in the concrete calcium silicate
structure and in this form do not leach from the product.
Similar results have been reported in many other reports
by the Association Technique de I'Industrie des Liants
Hydrauliques [33], Construction Technology Laboratoe
ries [34], Forschungsinstitut der Zementindustrie [35],



Cembureau [36], the European Committee for Standarde
ization [37], etc. There is substantial evidence that cee
ment manufactured from the types of waste recommended
in these guidelines does not change the performance or
characteristics of the cement or concrete; high levels of
some minor components can affect cement performance,
and the manufacturer needs to take care that specific
thresholds are not exceeded [38].

The proposed methodology shows the basis numbers for
argumentation of co-processing of waste in cement kilns
benefits, which could be found in several specific multi-
pliable steps (it is general for different countries, just the
morphology of waste in the region needs to be checked).
Such estimation is not provided in [39, 40], which are the
basis for the certification of co-processing plants.

—not considered season variation of waste (e. g. in
touristic regions), which could influence the result of the
calculations.

7. Conclusions

1. The list of countries are faced with the following
key barriers on the way to implementing the technology
of co-processing waste in cement kilns: lack of method-
ologies for investigating the benefits of co-processing of
waste implementation, complicated process of permitting,
myriad of regulations and standards, lack of financial
support, no full cost accounting, public acceptance, lack
of infrastructure and qualified workforce. A list of poten-

tial solutions and a methodology for the

-20 %l environmental potential of co-processing

6,000

4,000

-10 %I

B 2661.98

Annual COz¢q emission
from clinker production,
kt, /a

2,000 0%

612.02

Total annual anthracite
coal consumption for
clinker production, kt/a

[ Baseline [ Co-processing

Fig. 1. Estimated benefits for the environment and resource consumption of
a comprehensive co-processing implementation in Ukraine

The investigation proposes a short basis step-by-step
calculation of environmental potential estimation, which
could be used for the preparation of project documents or the
argumentation for governments.

The threats of the investigations could be the next:

— not proper estimation of the morphology of waste in
the region, which is the basis data for all environmental po-
tential calculations. For some regions, the waste morphology
could be not accepted, or it will less high calorific fractures
for co-processing in cement kilns;

6346.5

Total annual MSW
disposal in Ukraine,
ktmsw/a

of waste investigation were proposed.

2. The potential benefits of implementan
tion of the co-processing of waste in cement
kilns technology for the Ukrainian cement
industry using experimental data on specific
fuel consumption and clinker share value:

— decreasing anthracite coal consump-
tion in clinker production by 262 kt/a;

— preventing up to 284 kt, emissions
per year from substitution of coal in clinker
production.

3. For the Ukrainian waste managea
ment sector, possible benefits of implemen-
tation of co-processing were investigated:

— energy recovery up to 1,213 ktysw/a
(which is 19 % of total amount of municipal
solid waste generated annually in Ukraine);

— prevention of up to 111kt., /a of
GHG emissions from landfills.
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