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Abstract: On average, approximately 22 thousand tons of new lubrication oil were marketed annually
in Serbia in the period 2015–2019. Less than 20% of the waste lubrication oil (WLO) generated was
treated, whereas the remainder was mostly uncollected or improperly disposed of. The purpose of
this study is to examine different WLO management scenarios that could be implemented in Serbia in
the future and to quantify their potential environmental benefits. Different WLO treatment processes
(namely the re-refining of used oil for base oil recovery, the use of WLO as a substitute to fossil
fuels in cement kilns, and the combustion of WLO in waste incinerators with energy recovery) were
evaluated using the life cycle assessment (LCA) and ReCiPe 2016 impact assessment methods. The
LCA results obtained indicate that no single WLO treatment process consistently exerts diminished
environmental impacts according to all the impact categories considered. From a human health
perspective, the incineration of WLO in waste incinerators was found more favourable than the other
treatment processes considered, whereas the combustion in cement kilns was the most favourable
approach with regard to ecosystem protection. In terms of fossil fuel savings, re-refining technologies
performed slightly better than the other processes considered. This can be accounted for by significant
amounts of marketable co-products generated in the re-refining process, which can be used as a
substitute to fossil-based primary products. Furthermore, a total of four possible WLO management
scenarios were developed on the basis of the annual quantities of untreated WLO and a mix of
treatment options. The results obtained indicate that up to 22,100 t CO2 equivalent and 34,300 t
oil equivalent could be saved annually in Serbia provided the most favourable WLO management
scenario is considered.

Keywords: process recycling; life cycle assessment (LCA); waste lubricant oil (WLO); waste lubricant
oil management (WLOM); environmental impacts; case study; circular economy

1. Introduction

The proper management and reasonable use of resources play a central role in both
developing an efficient economy and sustaining those resources for future generations.
Waste lubricant oil management (WLOM) is of immense importance to the sustainability
of resources (e.g., crude oil) and better economic, social, and environmental benefits.

The strategic approach of the European Commission for sustainable utilization of
natural resources [1], the 2030 Agenda for Sustainable Development and the SDGs [2,3]
deal with the issues related to sustainable consumption and production, natural resources,
effective institutions, good governance, and rule-of-law societies.

In their life cycle assessment (LCA) of the used oils management in the USA in 2017,
Collins et al. address the issue of waste management according to the laws set by the State
of California (SB546 Lowentahl) and the requirements of ISO 14044 [3]. To implement
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such strategies, it is necessary to adopt appropriate laws and regulations to enhance the
development and implementation of waste management systems, thus contributing to the
renewal of materials and energy.

Different models and approaches have been developed for waste management system
analysis [3,4]. A number of reports and studies use LCA software to analyse the indepen-
dent processes employed in WLOM systems such as transport systems, possible processing
systems, etc. [3,5,6]. The authors of [7] evaluate the environmental and energy performance
of the re-refining process for WLO using LCA software.

In some studies, the technological process of WLOM has been analysed using models
and LCA software [8]. An LCA study presents the current treatment routes and regen-
eration technologies adopted in Europe. This paper also presents an updated European
WLOM practice for promoting a circular economy [9]. The LCA strategy for the WLOM in
Egypt, as a country with the highest oil consumption on the African continent, shows that
the use of WLOs is more justified than their burning from an environmental perspective.
Although the results obtained are greatly influenced by fossil fuels used to process waste
oils, the processing of waste oils was found more justified than their burning [10]. In its
LCA analysis of renewable fuels, the U.S. Environmental Protection Agency (EPA) provides
possible ways to process waste oil into biofuels [11]. Anca Zaharioiu et al. examined the
conversion of solid waste as an alternative fuel into biofuels using the pyrolytic process.
The data obtained on metal composition, heat values, and emission factors were compared
with other conventional and unconventional fuels [12]. Kanokkantapong, V. et al. [13] used
LCA process analysis tools to manage WLO and a number of technological processes for
treating waste lubricating oils. The analysis of different WLO treatments shows their impact
on the environment, i.e., their greenhouse gas (GHG) emissions and energy consumption
and accumulation.

The authors’ interest in the WLO management in Serbia and its impact on human
health, ecosystems and resource consumption stems from the country’s current environ-
mental issues. These issues are observable and monitored by measuring the emission of
PM10 and PM2 particles into the air. According to the measured concentrations of airborne
particles, some cities in Serbia are classified as the most polluted in Europe. Our paper
aims to show the impact of GHG emissions on human health, ecosystems, and resource
consumption on the basis of the calculated quantities of untreated oils in Serbia, using an
LCA analysis through various simulated WLO scenarios of waste oil treatment.

Section 2 describes the WLO management in Serbia and presents the model con-
structed for waste oil collection, management, and treatment in Serbia.

Section 3 defines a functional unit for applying LCA analysis to WLO treatment
processes. It determines WLO treatment scenarios and the real quantities of WLO burned
in a cement plant in Serbia. The chapter also specifies the quantities of untreated oil
which would be subsequently treated using certain technological processes with different
scenarios.

Section 4 presents the impact of the analysed WLO treatment processes and WLOM
scenarios on human health, ecosystems and natural resources, as well as the estimates of
potential GHG savings, provided the most favourable WLOM scenario is applied.

2. Description of the WLO Management in Serbia

The model used to assess the WLO recycling process in Serbia was developed by
combining the existing solutions [14,15] with the models developed by the authors de-
pending on the current situation in the country. Employing LCA software for the waste oil
treatment in Serbia enabled a more in-depth analysis of the impact of waste oils on humans
and the environment regarding GHG emissions, acidity, ecotoxicity, etc. Figure 1 shows a
potential model for management, collection, separation, processing, and disposal of waste
lubricating oil in Serbia developed by the authors.
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Figure 1. Waste lubricant oil treatment. The purple squares of dashed lines indicate potential scenarios for WLO treatment.
ReR1 ÷ ReR5—WLO treatment by the re-refining process (Cyclon, Evergreen, HyLube, MRD, and Viscolube), Inc1 and
Inc2—WLO treatment by incineration, CemK—WLO treatment in cement kilns.

Approximately 5.7 Mt of lubricant are consumed annually in EU countries [16]. At
least half of this amount, i.e., about 2.7 Mt, can be collected for further processing. The
proper management of WLO, which consists of the proper collection, transport, process-
ing, and disposal of WLO, represents a significant amount of valuable and useful raw
material [17,18].

According to qualifications, waste lubricant oils (WLO) belong to hazardous waste.
In addition to environmental problems, WLOs pose a great danger to human health
because they contain harmful pollutants in the form of heavy metals, polycyclic aromatic
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hydrocarbons (PAHs), and polychlorinated biphenyls (PCBs) [13]. PAHs naturally occur in
mineral oil and are removed by vacuum processing. However, the use of mineral oils as
engine oils increases oil PAH* concentrations due to fuel combustion. The ratio of PAHs in
used oil can be three times higher than that in virgin oil [19]. PCBs are mainly found in
transformer oil in the form of organochloride. The ban on PCBs’ production and use due
to their toxic and extremely stable properties was passed in the 1980s. However, by testing
waste oils, certain amounts of PCBs can still be found [20].

Figure 1 shows all possible ways of treating waste oil depending on the technology
available to certain countries or economies.

From the energy point of view, waste oils can be considered a valuable resource
because their burning can generate energy, whereas the process of waste oil refining can
result in a valuable base or oil suitable for further use [21]. According to the previous
studies of El-Fadel and Khouri [22], a total of 1.6 L of recycled waste oil can be used to
produce 1 L of engine oil. Furthermore, Ucar et al. [23] obtained 40 MJ/kg of energy by
burning 1 kg of WLO in their study on waste oil processing. When recycling WLOs by the
pyrolytic process, higher energy values are obtained per one kilogram of waste oil. For
such oils, 45.7 MJ/kg were obtained, indicating the values of pure diesel fuel [24]. The
advantages of this procedure are manifested in the increase of processed oil energy value
by 12% relative to waste oil, processing of 84–88% of waste into pure pyrolytic oil, creation
of low compounds of PCBs and PAHs in the oil, low emission of waste gases, and small
pollution impacts on the environment [25].

According to the Fuchs data for 2018, oils are mainly classified into the following
categories: engine, industrial, process, and lubricating oils for marine engines. Of the total
amount sold in 2017, engine oils accounted for 57% [26].

Accordingly, the authors wanted to present all the possible ways of treating and
managing WLO.

The authors have developed a model for waste oil collection, management and treat-
ment in Serbia (Figure 2) which illustrates the actual oil collection situation from 2015 to
2020. The data used for the LCA analysis performed refer to the period from 2015 to 2019.
The data for 2017 are not available. The data on WLOs amounts were obtained from two
leading state institutions: the Environmental Protection Agency (EPAS) and the Statistical
Office of the Republic of Serbia (SORS).
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the financial flows (€/year): 1. income from new lubricant oils sold, 2. waste oil charge, 3. subsidies for waste oil collection,
4. waste management tax (green tax), 5. payment to the municipal collection points, 6. payment to the collection company,
7. distribution of the waste oil collection subsidies, 8. payment for the waste oil delivery, 9. oil export tax (incineration), and
10. waste oil disposal cost. Dashed green lines (arrows) indicate the material flows (t/year): 1. new lubricant oils sold,
2. transportation of waste oil to the municipal collection or companies’ internal collection points, 3. waste oil collected
through the official collection system, 4. waste oil left outside the official collection system or disposed of illegally, 5. waste
oil sent to the treatment or disposal plants, 6. waste oil undergoing the re-refining process, 7. waste oils left after the
re-refining process (not suitable for further production), and 8. waste oils left after the regeneration processes. Dashed red
box (re-refining process)—A potential process to be introduced in addition to the existing processes for waste oil treatment.

3. Methodology

Within the methodology section, WLO quantities for potential treatment, WLO treat-
ment scenarios and the life cycle assessment method were defined.

3.1. Quantities of WLO in Serbia

In 2010, the Regulation on Conditions, Manner, and Procedure of Waste Oil Manage-
ment was adopted in the Republic of Serbia (RSerb). However, the participants’ position
in collecting, transporting, and processing waste oils is not clearly defined. The EU sub-
sidies and taxes incentives received in recent years have often been awarded to dubious
companies which do not have defined legal procedures for collecting, transporting, and
treating oil. The Environmental Protection Agency of Serbia (EPAS) has access to com-
pletely different data compared to the Statistical Office of the Republic of Serbia (SORS),
which also deals with WLO. The authors had great difficulty in obtaining relevant data on
the quantities of WLO in Serbia. All data on the quantities of WLOs in Serbia used herein
were obtained from the official institutions dealing with this issue.

According to the EPAS data, a total of 38,654 (t) of lubricating oil are sold annually
in Serbia. However, the unofficial data obtained from oil distributors, producers, and
importers indicate that annual lubricate oil sales approximate to 54,000 (t) in the RSerb
market. The authors wish to point out the major environmental problems that arise due to
the uncollected WLO. The quantities of uncollected WLO are greater than those of treated
oil and end up in unknown waste streams.

Tables 1 and 2 show the annual quantities of new oils sold and WLOs collected and
exported.

Table 1. Quantities of created WLO in (t) from 2015 to 2019 [27].

Source WLO 2015 2016 2017 2018 2019

WLO PCB∗ WLO PCB∗ WLO PCB∗ WLO PCB∗ WLO PCB∗

Agriculture,
forestry, and
fisheries

- - 163 3 - - 111 - 68 -

Mining 97 0 139 17 - - 2765 6 129 49
Manufacturing
industry 2346 28 6447 35 - - 4624 49 5444 47

Power supply
energy, gas, and
steam

399 6775 473 100 - - 286 - 323 -

Water supply and
wastewater
management

33 2 29 1 - - 28 1 29 1

Construction 128 - 180 23 - - 133 - 397 -
Service sectors 1681 1 1209 19 - - 1817 1 1361 3
In TOTAL 4684 6806 8640 198 - - 9764 57 7751 100

PCB∗—waste oil with PCB.
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Table 2. Quantities of placed, made, treated, and exported oils in (t) from 2015 to 2019 [27,28].

Year New Oil
[t]

Made WLO +PCB (Table 2)
[t]

Treated WLO
[t]

Exported WLO
[t]

2015 20,768 11,490 3042 245
2016 16,971 8838 4343 116
2017 17,699 - 5967 41
2018 19,098 9821 5042 186
2019 38,653 7851 2348 44

According to the results of Xintao Hu et al. [29], the process of PCB oil recycling can
be performed well in cement kilns. Cement kilns were found to develop a sufficiently high
combustion temperature to burn WLO with an acceptable emission of pollutants, thus
polluting the environment less than other technologies.

Figure 3 shows the ratios between untreated, treated, and exported quantities of WLO
and the amounts of new lubricating oil placed on the market.
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According to the data of the Agency of the RSerb [27,28], the amounts of dangerous
PCBs have been decreasing for years. Significant PSB quantities of 6806 tons were destroyed,
especially after 2015. Thereafter, those quantities have ranged between 50 and 100 tons
per year.

The difference between the amounts of oil placed on the Serbian market (new oil)
annually and the treated, untreated and exported WLO is most alarming. Table 2 and
Figure 3 show the quantities of (new) oil placed on the Serbian market and the quantities
of oil that were treated, exported and untreated. Of particular concern are the quantities
of untreated oil recorded in 2019, which are almost double in value compared to the
previous ones.

It is known that of the total amount of oils placed on the market, 55 to 60% of oils are
engine oils [26]. Engine oils claim the largest share of the total amount of oils in the market,
as shown by officially published data from oil producers.

Table 3 shows the percentage and weight ratios of treated waste (all types of hazardous
waste including waste oils) in the total amount of hazardous waste collected in the RSerb.
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Table 3. Ways of treatment and quantities of generated hazardous waste in Serbia in the period from
2015 to 2019 [27,28].

Year
Incineration as a
Fuel for Energy

Production

Burning
on

the Land

Recycled
(Filtering)

Disposal
on

the Land

Other
Ways

In Total
[t]

2015 [%] 15.2 37.5 5.3 39.5 -
[t] 462 1141 161 1202 - 2966

2016 [%] 9.0 - 3.8 39.1 0.1
[t] 391 - 165 1698 0.43 2254.43

2017 [%] - - - - -
[t] - - - - - -

2018 [%] 8.6 - 4.1 32.7 -
[t] 434 207 1649 - 2290

2019 [%] 4.1 - 3.9 26 -
[t] 96 92 611 - 799

The amounts of treated WLO referred to the filtered amounts of oils (separated water
and solid particles) repurposed for other applications.

The WLO incineration in RSerb is defined as incineration in cement kilns, as these are
the only kilns that can burn hazardous waste at higher temperatures without major envi-
ronmental consequences. Other incineration methods include unconventional treatments
(such as furnaces in workshops, workshops, etc.), which are not mentioned herein but will
be considered. Furthermore, the authors and the State Agencies EPAS and SORS are not
aware of these quantities, thus the quantities of untreated oil burned in cement kilns were
calculated using the data from official institutions and cement plants. The remainder of the
untreated oil will be counted as landfill, incineration, and release into the environment, as
the authors Xintao Hu et al. [29] assumed in their paper. Table 4 shows the quantities of
marketed new oil according to the EPAS and SORS official data.

Table 4. Ratio of untreated and marketed oil [27,28].

Year MNO LY
[t]

MTWLOCY
[t]

MEX WLO
[t]

MUWLO
[t]

MUWLO
[%]

2014 20,767
2015 20,768 3042 245 17,480 84.17
2016 16,971 4343 116 16,309 78.53
2017 17,699 5967 41 10,963 64.60
2018 19,098 5042 186 12,471 70.46
2019 38,653 2348 44 16,706 87.47
2020 - 4148 1 126 2 34,379 88.94

1,2 data obtained as the average values of previous years.

Untreated WLO quantities were calculated as the mean quantities of new oils marketed
in the previous year deducted by the amount of WLO generated in the current year
(Equation (1)). As engine oils account for 55 to 60% of the total volume of marketed oils, it
is noteworthy that industrial oils mostly claim the remaining share. In practice, industrial
oils last longer than one year in operation, whereas the life of engine oils is shorter or, as
recommended, one year.

MUWLO = MNO LY − MTW LOCY − MEX WLO [t] (1)

where MUWLO—untreated amounts of WLO, MNO LY—distributed quantities of new lubri-
cation oil in the previous year, MTW LOCY—treated waste lubrication oil in the current year,
and MEX WLO—exported waste oil.
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3.2. WLO Treatment Scenarios in Serbia

According to the data of the Serbian institutions dealing with waste collection and
treatment analysis (Table 3), WLO is partially filtered and incinerated in cement plants,
whereas the rest of WLO is disposed of informally. Upon comparing Tables 3 and 4, it is
evident that a large amount of WLO in Serbia is without a final destination. Therefore, the
authors considered only the amount of WLO that can currently be treated in the existing
cement plants with the highest degree of replacement of the basic fuel (petroleum coke)
up to 12% [30,31]. The rest of the untreated WLO was observed through re-refining WLO
into base oil by various methods such as the Cyclon, Evergreen, HyLube, MRD, and
Viscolube methods. Moreover, the scenarios involving WLO incineration, with or without
recovery, were also considered. In this way, the authors argued possible present and future
scenarios of WLO treatment and emphasised the beneficial impacts of certain scenarios on
ecosystems, energy consumption, and the possibility of obtaining new products through a
circular economy.

3.2.1. Incineration in Cement Kilns

The use of alternative fuels in cement kilns has been present for over 40 years. Depend-
ing on legal regulations, environmental standards, and the price of available alternative
fuels, the criteria for selecting alternative fuels in the cement industry are almost non-
existent. Based on its internal standards, each of the cement producers sets certain criteria
for selecting materials as an alternative fuel. These criteria are presented through several
standards listed in the papers [32,33]. Table 5 shows the use of alternative fuels in different
countries of the world.

Table 5. Use of alternative fuels in different countries or regions [30].

Country or Region Substitution [%] Country or Region Substitution [%]

Australia (2013) 7.8 Germany (2010) 53.6
Japan (2012) 15.5 EU (2012) 18

Sweden (2011) 45 Poland (2010) 45
Switzerland (2012) 41 Spain (2011) 22.4
Nederlands (2011) 85 Belgium (2011) 60

Canada (2008) 11.3 USA (2004) 8

Table 6 shows, in percentage terms, the most common types of waste used as alterna-
tive fuels in cement plants [34,35].

As seen in Table 6, the use of oil in the cement industry depends on the manufacturer
and the applied cement production technology. The Serbian cement industry consists of
three cement plants owned by Lafarge-Holcim, CRH, and TITAN. The Lafarge-Holcim
cement plant is the only cement plant in the country that boasts WLO processing technology.
Of the other two cement plants, CRH uses Solid Recovered Fuel (SRF), whereas TITAN has
not yet embarked on the process of using waste as alternative fuel and persists in using
petroleum coke as a primary fuel.

The share of alternative fuels used in the CRH and TITAN cement plants ranges up
to 30% of the total amount of fuel used (including petroleum coke and coal), with an
increasing trend until 2025 [36]. The share of WLO used in the Lafarge-Holcim cement
production ranges up to 12% of the total amount of fuel used [31].
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Table 6. Types of waste used as alternative fuels in the cement industry (%).

Waste Used as an
Alternative Fuel

(%)

Holcim
Group
(2011)

Cemex
Group
(2011)

Heidelberg
Group
(2011)

Italcementi
Group
(2011)

Lafarge
Group
(2011)

Waste oil 5 3.7 8.5 22.1
Solvent and liquid

waste 11 4.7 21.9

Tyres 10 16 11.6 14.9 19.7
Impregnated sawdust 6

Plastic 9 26.4 4.7 33.1
Industrial and

household waste
(solid)

65 13.8

Industrial waste and
other fossil-based fuel 30

MBM 2 4 6.1 15.7
Agricultural waste 9 10 4.2 11.1

Wood chip and other
biomass 15 5 24.5 25.1

Sewage Sludge 2 4.2 1.7
RDF 7.8

Other alternative fuel 14.6

The available production capacity of the Lafarge-Holcim cement plant approximates
to 1,500,000 t/year, or 1,200,000 t/year of clinker. According to their public data, the
Serbian cement plants use about 50% of their capacity per year. WLO accounts for about
12% of the total amount of fuel used annually in the Lafarge-Holcim cement plant for a
cement production of 600,000 t/year. The Lafarge-Holcim cement production claims a
42.88% share of the total cement production in Serbia. Based on the data obtained [37], the
consumption of WLO per ton of clinker is 95 kg with a WLO net calorific value (NCV) of
35 MJ/kg. Moreover, the clinker ratio in cement production is 80% of the total amount,
i.e., 0.8 kg of clinker is needed to obtain one kilogram of Portland cement. For the cement
clinker production in Serbia, WLO is consumed in quantities up to 11.4 kg/t of clinker.

Based on the data considered [31,38], the consumption of WLO in the cement plants
in Serbia varies depending on the amount of cement produced (assuming that the share
of WLO is at a level of 12% of the total amount of fuels burned). The authors used the
data shown in Table 4 to calculate the amount of oil burned in the Serbian cement plants
(MBCKWLO). These values range from 37 to 69.26% depending on the amount of treated
(regenerated) oils. The higher the percentage of burnt oils in cement plants, the less the
amount of untreated oils. Table 7 shows the ratios of treated, untreated and burned WLOs
in cement plants annually (on average).

Table 7. Ratios of treated (regenerated), untreated, and burned WLOs in clinker production (t/year).

Year MPC [39]
[t]

MTWLOCY
[t]

MUWLO
[t]

MBCKWLO
[t]

MBCKWLO
[%]

MDWLO
[t]

MDWLO
[%]

2015 1,654,390 3042 17,480 6469 37 11,011 63
2016 1,800,805 4343 16,309 7042 43.2 9267 56.8
2017 1,907,689 5967 10,963 7593 69.26 3370 30.74
2018 2,092,501 5042 12,471 8183 65.62 4288 34.38
2019 2,151,404 2348 16,706 8413 50.36 8293 49.64
2020 1,921,358 1 4148 2 34,379 3 7777 22.62 26,602 77.38

1,2,3 data obtained as the average values of previous years.
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MBCKWLO is the maximum amount of WLO burned in cement kilns (t), MPC is the
amount of cement produced (t/year) and MDWLO is the deposed amount of WLO (t/year).

MBCKWLO = MPC · CC · CPCSRB · eWLO [t], (2)

where CC—the coefficient of clinker share in cement production (80% of clinker per ton of
cement), CPCSRB—the share of the observed cement plant in the total cement production in
Serbia (42.88% of the total amount of cement produced), and eWLO—the consumption of
WLO to produce a ton of cement (11.4 kg/t).

MDWLO = MUWLO − MBCKWLO [t] (3)

The share of a cement plant’s volume of production in the total cement production
in Serbia may vary. According to the cement production data from the Serbian cement
plants [39], the authors obtained the data on the annual cement production in the Lafarge-
Holcim cement plant.

MDWLO represents, in percentage terms, the amount of WLO partly deposited on the
ground or partly released into the environment. However, EPAS and SORS, as authorized
state institutions, do not have data on the quantities deposited on and into the land.
Therefore, the WLO disposal is considered to encompass a 50% share of the incinerated
WLO without energy recovery (namely the on-land incineration) and a 50% share of WLO
deposited on the land.

3.2.2. Possible WLO Re-Refining Processes in Serbia

The possible processes for WLO re-refining in Serbia were based on the existing
technological processes which yield excellent results. In addition to the beneficial impact
on the environment, such processes generate usable products such as base oil of good
quality. From a circular economy’s perspective, these processes are almost complete as
waste oil is processed into usable base oil that can be reused for the same or a similar
purpose. At present, there is no such process in Serbia because the companies dealing
with the refining process intend to export all the collected oil from the country instead of
building plants in the future.

The re-refining processes considered in this study include the Cyclon, Evergreen,
HyLube, MRD, and Viscolube processes, which are described in the study of the Institute
for Energy and Environmental Research (IFEU) [40]. The authors did not want to favour
any of the re-refining processes considered, so they labelled them as ReR1 to ReR5.

3.2.3. WLO Incineration Processes in Serbia

The impacts of WLO burning are explored through two processes: the burning of WLO
in heating plants (Inc1) with energy recovery and the burning of WLO in heating plants
without energy recovery (Inc2). Incineration scenarios were modelled using the ecoinvent
3.7 life cycle inventory (LCI) data, which represent the incineration technology used in a
Swiss Hazardous Waste Incinerator (HWI) plant (in 2000) equipped with a wet flue gas
scrubber and the Selective Catalytic Reduction (SCR) technology to remove nitrogen oxides
(NOx) from exhaust gases. [40,41].

3.2.4. Overview of the Potential WLO Treatment Scenarios in Serbia

In the first scenario, WLO is treated in cement kilns according to Table 7 for MBCKWLO,
while other quantities of untreated MDWLO oil are treated with one of the re-refining
technologies considered. The second scenario of WLO treatment uses three processes:
WLO treatment in cement kilns, the re-refining process, and incineration in heating plants
with energy recovery (the amounts of WLO are taken from Table 7 for MBCKWLO treated in
the cement kilns, whereas the quantities that would be deposited in MDWLO are divided
equally between the re-refining process and incineration in heating plants). The third
scenario includes combustion processes in cement kilns, re-refining, and combustion in
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heating plants with and without energy recovery. The quantities of WLO treated in cement
kilns are taken from Table 7 for MBCKWLO, whereas the deposited quantities of MDWLO are
equally divided between the processes of re-refining and incineration in heating plants with
and without energy recovery. The fourth scenario considers the effects of WLO treatment
through the incineration process in cement kilns (using WLO quantities for MTWLOCY
from Table 7 because, according to the data obtained from the cement kilns [31], the real
quantities are approximate to the MTWLOCY quantities for 2017) and the rest is re-refined or
incinerated in heating plants with and without energy recovery (Table 8).

Table 8. Different WLO treatment scenarios considered in this study.

Unit

Burning in
Cement

Kilns
(CemK)

Re-Refining
(ReR1 to

ReR5)

Burning in HWI
with Energy

Recovery
(Inc1)

Burning in HWI
without Energy
Recovery (Inc2)

Scenario 1 t 7777 26,602
Scenario 2 t 7777 13,301 13,301
Scenario 3 t 7777 8867 8867 8867
Scenario 4 t 5967 9470 9470 9470

3.3. Life Cycle Assessment

The environmental impact of different scenarios is estimated with the life cycle as-
sessment (LCA) method (ISO 14040:2006 and ISO 14044:2006), which (according to the
European Commission (COM (2003; 302)) is currently the best framework for assessing the
potential environmental impacts of products. The LCA’s main goal is to identify which
waste management system (see description of the scenarios in Section 3.2) is the most or
least environmentally advantageous.

The present study assumes that the primary function of the scenarios considered
is waste treatment, and the functional unit is defined as 1000 kg of waste lubricant oil.
The modeling follows the cut-off system model approach [41], which assumes that the
waste carries no upstream environmental burden into the waste management system [42];
in other words, waste is available burden-free to the waste treatment process and only
impacts associated with its collection and transportation are accounted for. In each scenario,
it is assumed that the average distance between collection centres and waste treatment
facility is 100 km and that the waste lubricating oil is transported by road using a lorry of
16–32 metric tons gross vehicle weight.

The foreground system was modeled using secondary data. The foreground data, con-
sisting of material and energy flows associated with five different re-refining technologies
(ReR1–ReR5), are available from Fehrenbach [40]. The data on emissions from hazardous
waste incinerator (relevant to Inc1 and Inc2) are available from [43] and are applicable to
modern incineration practices in Europe. In Inc1, it was assumed that the net thermal and
electric energy generated would amount to 25.82 MJ/kg and 2.44 MJ/kg, respectively [43].
Rotary kiln emissions for CemK were compiled from the inventory data of the works
of Pires, A et al. [8] and the research data of Fehrenbach, H. [40]. It is assumed that the
heat generated from the burning of WLO (40 MJ/kg of WLO) [40] can substitute the same
amount of heat from petroleum coke burning, which is the primary source of energy in the
Serbian cement factories. The background system (up- and downstream processes) was
modelled with generic or average life cycle inventory (LCI) datasets available from the
ecoinvent 3.7. LCI database [41].

Most of the waste treatment processes considered in this study are multifunctional,
i.e., they produce several co-products (materials and/or energy). The problem of multifunc-
tionality [44] is solved by the substitution method, which is suitable for waste management
systems because the generated co-products can be produced using alternative methods and
processes [8]. In ReR1–ReR5, a portion of the co-products produced (as specified in [40]) is
used to meet the energy requirements of the process itself, and only the surplus is supplied
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to the market. Table 9 summarizes the main co-products from the analysed waste treatment
processes, the avoided processes, and their respective LCI datasets.

Table 9. Co-products obtained from different waste management processes and the main substitution
assumptions.

Co-Product
(Output)

Relevant for
Technology

Substituted (Avoided)
Process and Source of LCI

Data

Substituted at
Assumed Mass or

Energy Ratio

Base oil ReR1–ReR5
Base oils produced in
petroleum refinery (a) 1:1

Naphtha ReR1
Naphtha produced in
petroleum refinery (a) 1:1

Light ends ReR5 Bitumen seal production (a) 1:1
Flux oil ReR3, ReR4 Bitumen seal production (a) 1:1

Gas oil ReR2, ReR5

Light fuel oil produced in
petroleum refinery (a) (in ReR2)

or diesel fuel produced in
petroleum refinery (a) (in ReR5)

1:1

Light fuel oil ReR1
Light fuel oil produced in

petroleum refinery (a) 1:1

Heavy fuel oil and
residues ReR1, ReR3

Heavy fuel oil produced in
petroleum refinery (a) 1:1

Bitumen additive ReR2 Bitumen seal production (a) 1:1

Heat from the
combustion of waste oil CemK, Inc1

Heat from petroleum coke (b)

(in CemK), heat from natural
gas (in Inc2) (a)

1:1

Electricity from the
combustion of waste oil Inc1

Electricity production (average
Serbian electricity mix) (a) 1:1

Sources of LCI data: (a) ecoinvent 3.7 cut-of LCI database [41]; (b) Emissions from the combustion of petroleum
coke and the lower heating value of petroleum coke and waste mineral oil are available from [40], while the life
cycle inventory data of petroleum coke production in petroleum refinery are available from the ecoinvent 3.7 LCI
database [41].

The life cycle environmental impacts of the different waste management processes
were estimated with the ReCiPe 2016 (H) method], which considers impacts within 18 mid-
point and 22 endpoint impact categories [45]. At the endpoints, results are aggregated
and expressed through three damage category indicators: (a) damage to human health
is measured through the disability-adjusted loss of life years with the unit of DALY, (b)
damage to ecosystem quality is measured through the loss of local species integrated over
time with the unit of species×yr, and (c) damage to resource availability is measured in US
dollars (USD) representing the extra costs of future mineral and fossil resource extraction
due to a decrease in the availability of the total resource stock [45]. The ecoinvent 3.7 LCI
database and the ReCiPe 2016 (H) LCIA method are integrated into the OpenLCA 1.7 LCA
software [46], which was used to calculate the results.

4. Discussion of the Impact Assessment

The life cycle impact assessment results of the considered WLO treatment processes at
the midpoint and aggregated endpoint levels are summarized in Table 10. The ReCiPe 2016
method calculates the impacts within 18 different midpoint categories. However, in-depth
analyses of the results have shown that only a few of them are relevant in terms of their
contribution to the overall environmental impacts in their respective area of protection.
The combined effect of global warming and fine particulate matter formation predominates
the impact within the human health area of protection. Emissions of fine particulates and
greenhouse gases (or their avoidance) contribute with around 95% to the overall results
within the human health damage category in 7 out of the 8 analysed processes. In Inc1, the
avoidance of carcinogenic pollutants is also an important contributor to the aggregated
results within the human health damage category. Changes in global warming, terrestrial
acidification, and ozone formation cause most of the effects within the ecosystem quality
damage category, whereas the contribution of all other impact categories was minimal (less
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than 2%). Changes in fossil fuel stocks can almost completely account for the results within
the resource availability damage category.

In the substitution method, the inventory of the substituted (avoided) process is
subtracted from the inventory of the analysed system, often resulting in negative over-
all environmental impacts [44]. The negative numbers in Table 10 indicate that there
is a net benefit from the analysed waste management process as the overall impact of
waste treatment is more than compensated by the avoided impacts from processes substi-
tuted with the co-products. The highest GHG savings are achieved in the CemK process
(1100 kg CO2 eq/1000 kg WLO; Table 10), which can be accounted for by relatively high
avoided carbon emissions associated with petroleum coke combustion (3.37 kg CO2/kg
petroleum coke [40]). The re-refining of used lubricant oil can also contribute to the reduc-
tion of global warming, regardless of the technology applied. On average, GHG emissions
with a potential impact of 516 kg CO2 eq are avoided with the re-refining of 1000 kg of
used lubricant oil. Conversely, the incineration of WLO in hazardous-waste incinerators
would lead to an increase in GHG emissions even when full energy recovery is assumed
(Table 10). In terms of fossil fuel savings, the re-refining technologies performed slightly
better than the CemK and Inc1 processes, resulting in an average saving of 1026 kg fossil
oil equivalents (ca. 43 GJ) with each metric ton of WLO treated (Table 10). These results are
fairly consistent with the results of Fehrenbach, who estimated that between 380 and 534 kg
of CO2 eq and 1043 and 1110 kg of fossil oil equivalents were saved with the re-refining
of 1000 kg of used lubricant oil depending on the re-refining technique [40]. Pires and
Martinho concluded that, on average, 39 million kg CO2 eq could be saved in Portugal
with the re-refining of 36,115 metric tons of the WLO generated in 2010 (corresponding to
1092 kg CO2 eq/1000 kg of WLO). More significant fossil fuel savings achieved by Pires and
Martinho can be accounted for by the different system boundaries and inventory datasets
used by the authors [8]. Boughton and Horvath [5] and Collins et al. [3] investigated the
life cycle environmental impacts of various used oil management methods in the USA.
However, a direct comparison cannot be drawn between their results because they used
different functional units and different approaches to the issue of multifunctionality.

The ReCiPe endpoint values indicate the magnitude of damage caused to human
health, ecosystem quality, and resource availability (Figures 4–6). With the sole exemption
of Inc2, the impacts of different waste management processes are negative in all three dam-
age categories considered as the avoided impacts for the recovered materials and/or energy
are higher than those caused by the re-refining or combustion/incineration processes. As
shown in Figure 4, the damage caused to human health by the re-refining process (without
credits) is estimated at 0.0013 DALY/t WLO (average of the five re-refining technologies).

With the credits for the recovered energy and materials, human health damage is
reduced to −0.0014 DALY/t WLO. The combustion of WLO in cement kilns and hazardous-
waste incinerators causes larger damage to human health than the re-refining process
(0.0045 and 0.0028 DALY/t WLO, respectively). However, these processes are more
favourable when avoided impacts are considered.

The WLO re-refining processes (without credits) consume more non-renewable re-
sources than both the incineration of WLO in heating plants and the burning of WLO in
cement kilns (Figure 6). This is due to larger amounts of electricity and fossil fuels used
as auxiliary energy sources in the re-refining processes than in other waste management
options. However, after applying the credits for energy and materials recovery, the impact
on reducing availability reduces to −475 USD (average of the five re-refining processes),
indicating a significant saving in non-renewable resources. Since more energy is recovered
in CemK in comparison to the incinerators (Inc1), the estimated savings in non-renewable
resources (with credits) for the assumed CemK option is higher than that of the incinerators:
−407 USD/t for the CemK and −237 MJ/t for the Inc1 option.
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Table 10. Life cycle impact assessment results at midpoint and aggregated endpoint levels (the net environmental impact of 1000 kg WLO treatment).

ReR1 ReR2 ReR3 ReR4 ReR5 CemK Inc1 Inc2 Unit

Midpoint impact categories
Freshwater eutrophication 0.62 0.15 0.068 0.17 0.12 −0.023 −1.7 0.18 kg P eq

Freshwater ecotoxicity 21 −1.1 −0.36 1.5 −2.7 −2.8 −72 6.1 kg 1,4-DCB
Stratospheric ozone depletion −0.001 −8.9 × 10−4 −8.6 × 10−4 −8.8 × 10−4 −9.1 × 10−4 −7.0 × 10−4 −5.5 × 10−4 1.1 × 10−5 kg CFC11 eq

Marine ecotoxicity 24 −3.6 −2.3 0.022 −6.3 −5.3 −94 8.4 kg 1,4-DCB
Human non-carcinogenic

toxicity 380 6.6 −8.2 46 −25 −69 −1300 160 kg 1,4-DCB

Marine eutrophication 0.04 0.0025 −0.0011 0.004 0.0027 −0.003 −0.11 5.4 × 10−4 kg N eq
Fossil resource scarcity −1100 −1000 −1000 −980 −1000 −900 −840 5 kg oil eq

Global warming −530 −460 −460 −540 −600 −1100 150 2800 kg CO2 eq
Ionizing radiation −18 −21 −22 −22 −26 −24 −57 0.78 kBq Co-60 eq

Fine particulate matter
formation −0.6 −1.5 −1.5 −1.4 −1.3 −1.2 −4.9 0.084 kg PM2.5 eq

Human carcinogenic toxicity 11 −15 −15 −12 −18 −20 −99 29 kg 1,4-DCB
Mineral resource scarcity −0.24 −1.1 −0.53 −0.79 −1.2 −0.45 −1.3 0.2 kg Cu eq
Ozone formation, Human

health −1.9 −1.8 −1.8 −1.9 −1.9 −1.7 −2.2 0.22 kg NOx eq

Water consumption 1.1 −2.9 −1.4 −2.4 −3.3 −0.3 −7.2 0.9 m3

Terrestrial ecotoxicity −3600 −1400 41 −270 −2700 −620 −450 180 kg 1,4-DCB
Terrestrial acidification −4.3 −5 −4.7 −5.1 −4.5 −3.7 −7.7 0.13 kg SO2 eq

Ozone formation, Terrestrial
ecosystems −2 −2 −1.9 −2 −2 −1.8 −2.3 0.22 kg NOx eq

Land use −1.9 −5.4 −3.4 −5.3 −7.5 −3.8 −4.5 0.47 m2 a crop eq
Aggregated endpoint

categories
Damage to human health −7.5 × 10−4 −1.4 × 10−3 −1.4 × 10−3 −1.4 × 10−3 −1.5 × 10−3 −1.9 × 10−3 −3.6 × 10−3 2.8 × 10−3 DALY

Damage to ecosystem quality −2.3 × 10−6 −2.6 × 10−6 −2.5 × 10−6 −2.8 × 10−6 −2.9 × 10−6 −4.1 × 10−6 −2.8 × 10−6 8.2 × 10−6 species × yr
Damage to resource availability −540 −460 −460 −450 −470 −410 −240 1.6 USD
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The aggregated endpoint results obtained (Figures 4–6) clearly indicate that the choice
of the most or least environmentally advantageous waste management process is ambiva-
lent and depends greatly on the environmental aspects considered. Re-refining is evidently
favoured in terms of fossil resource savings. However, the combustion of used oil in
cement kilns (i.e., the substitution of petroleum coke) exerts the most beneficial effects
on ecosystem quality. On the other hand, the combustion of used oil in hazardous-waste
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incinerators with energy recovery is the best option provided the protection of human
health is the highest priority. Another important observation is that the results obtained
are very dependent on the assumptions made regarding the substituted processes. In this
study, all the systems have been credited for the products that they generate (materials and
energy) assuming that each product can be fully utilized. However, the lack of demand
for such products in declining markets could lead to their underutilization, indicating
that they are used only partially or not at all [47]. If the generated product is not fully
utilized, any additional supply would go to waste depositing as the market is already
oversupplied [48]. Consequently, no credits would be given for such product because the
LCA does not consider the environmental impacts associated with the disposal process.

Figures 7–9 show the potential environmental benefits of implementing various WLO
management options in RSerb on an annual basis. The ReRavg process represents the
average environmental impact of the five re-refining processes (ReR1-5) considered in the
study. The results obtained at an aggregated endpoint level indicate that Scenarios 1 and
2 are significantly better management options than the other two management options
considered. From a human health and environmental impact perspective (Figures 7 and 8),
Scenario 2 performs the best (including the re-refining, cement kiln incineration, and incin-
erator combustion with energy recovery of WLO). Conversely, if reducing the consumption
of fossil resources is of primary concern, Scenario 1 was found the most suitable WLO
management option (Figure 9).

Table 11 summarizes the life cycle impact assessment results at the midpoint level
for the four WLO management options considered. Only the results obtained for the four
most relevant midpoint impact categories (in terms of their contribution to the total impact
at the aggregated endpoint level) are presented herein. At the state level, up to 22,100 t
CO2 equivalent and 34,300 t oil equivalent could be saved annually if WLO is treated
according to Scenario 1. Annual GHG savings from the Scenario 1 re-refining processes
were estimated at 13,748 t CO2 eq, whereas additional savings (8385 t CO2 eq) could be
expected from the incineration of WLO in cement kilns (CemK). Compared to Scenario 1,
the implementation of Scenario 2 in Serbia would result in lower savings relative to avoided
GHG emissions and fossil fuel consumption (13,305 t CO2 equivalent and 31,800 t oil
equivalent on an annual basis). However, Scenario 2 would have more favourable impacts
with regard to fine particulate matter formation and terrestrial acidification (Table 11).
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Table 11. Potential environmental impacts at midpoint level associated with different WLO manage-
ment options in RSerb (on an annual basis).

Fossil Resource
Scarcity

(kg Oil eq)

Global Warming
(kg CO2 eq)

Fine Particulate
Matter Formation

(kg PM2.5 eq)

Terrestrial
Acidification
(kg SO2 eq)

Scenario 1 −3.43 × 107 −2.21 × 107 −4.33 × 104 −1.54 × 105

Scenario 2 −3.18 × 107 −1.33 × 107 −9.22 × 104 −1.94 × 105

Scenario 3 −2.35 × 107 1.35 × 107 −6.39 × 104 −1.38 × 105

Scenario 4 −2.30 × 107 1.70 × 107 −6.54 × 104 −1.39 × 105

5. Conclusions

The present study conclusively demonstrates that a substantial part of hazardous
waste in the form of WLO remains untreated in Serbia, whereas large amounts of waste
WLO are disposed of in unknown locations. The annual amount of untreated WLO in
Serbia was used to propose different WLO management options that could be implemented
in Serbia in the future.
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The results obtained indicate that the WLO management scenario involving a combi-
nation of different WLO treatment processes (namely the re-refining of WLO to recover
base oil sand the burning of WLO in cement kilns or waste incinerators with energy recov-
ery) would have the most favourable impact on human health and ecosystems. However,
if the preservation of fossil resources is of primary concern, then the scenario involving
the burning of WLO in cement kilns and different re-refining techniques is the preferable
choice. This is because the energy and/or materials recovered in the latter two processes
could be used as a substitute for various fossil-based products, thus leading to significant
resource preservation.

A detailed inventory and the life cycle impact assessment results for the treatment
of 1000 kg of WLO (using common treatment techniques) are presented in the study. The
results obtained are relevant for Serbia, but, after modifying some country-specific data (for
example, the electricity mix), the datasets created could be used to estimate the impacts of
WLO management models in other countries inclined to use one or a mix of the treatment
techniques described herein.

Future research should focus on finding more effective and efficient ways of collecting
the currently uncollected and untreated WLO in Serbia, which causes considerable harm
to the environment. Future models should also include various pre-treatment processes
that could enhance the efficiency of treatment processes and improve the quality of the
co-products obtained.
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