energies MBPY

Article
Biowaste Treatment and
Waste-To-Energy—Environmental Benefits

Martin Pavlas 1*, Jan Dvo¥acéek 2, Thorsten Pitschke 3 and René Peche 3

1 Sustainable Process Integration Laboratory—SPIL, NETME Centre, Faculty of Mechanical Engineering,

Brno University of Technology—VUT Brno, 616 69 Brno, Czech Republic

Institute of Process Engineering, Faculty of Mechanical Engineering, Brno University of Technology—VUT
Brno, 616 69 Brno, Czech Republic; 161220@vutbr.cz

3 Bifa Umweltinstitut GmbH, 86167 Augsburg, Germany; TPitschke@bifa.de (T.P.); RPeche@bifa.de (R.P.)

*  Correspondence: martin.pavlas@vutbr.cz

check for

Received: 22 March 2020; Accepted: 14 April 2020; Published: 17 April 2020 updates

Abstract: Biowaste represents a significant fraction of municipal solid waste (MSW). Its separate
collection is considered as a useful measure to enhance waste management systems in both the
developed and developing world. This paper aims to compare the environmental performance of
three market-ready technologies currently used to treat biowaste—biowaste composting, fermentation,
and biowaste incineration in waste-to-energy (WtE) plants as a component of residual municipal solid
waste (RES). Global warming potential (GWP) was applied as an indicator and burdens related to the
operation of facilities and credits obtained through the products were identified. The environmental
performance of a WtE plant was investigated in detail using a model, implementing an approach
similar to marginal-cost and revenues, which is a concept widely applied in economics. The results
show that all of the treatment options offer an environmentally friendly treatment (their net GWP is
negative). The environmental performance of a WtE plant is profoundly affected by its mode of its
operation, i.e., type of energy exported. The concept producing environmental credits at the highest
rate is co-incineration of biowaste in a strictly heat-oriented WtE plant. Anaerobic digestion plants
treating biowaste by fermentation produce fewer credits, but approximately twice as more credits as
WIE plants with power delivery only.

Keywords: biowaste; waste-to-energy; composting; fermentation; greenhouse gases; global
warming potential

1. Introduction

Biowaste represents a significant component of MSW. In general, biowaste can be considered
as a mixture of similar proportions of kitchen and garden waste from households. According to the
definition in the EU’s Waste Framework Directive (2008) [1], biowaste means “biodegradable garden
and park waste, food and kitchen waste from households, restaurants, caterers and retail premises
and comparable waste from food processing plants”. Thanks to its properties, it is considered to
be a renewable and sustainable source for energy production, and therefore its potential should be
examined thoroughly.

There are two principal ways of biowaste collection, which also determines biowaste treatment
systems. These collection systems are often running in parallel (see Figure 1). First, a
dedicated infrastructure for biowaste collection and biowaste treatment is established. Biowaste
is source-separated by citizens and handled as a specific stream (See Figure 1 left). Generally,
the collection system is diverse, covering a range of options as traditional door-to-door or more
sophisticated pneumatic underground system as reported in [2]. This stream ends in composting
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plants or digesters and is denoted as SEP-BIO later in the text. However, biowaste is also present in
residual municipal waste (RES), and we name this stream RES-BIO. Landfilling is the standard disposal
method for RES in developing countries. In contrast, incineration with heat recovery (WtE) is preferred
in countries with developed waste management systems. The benefits of WtE were evaluated in [3].
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Figure 1. Two sources of biowaste and technologies considered in the analysis.

Depending on the segregation efficiency, the amount of biowaste treated as SEP-BIO or as
RES-BIO varies.

The motivation for the investigations presented in this paper is to compare the environmental
performance of different routes of waste streams commonly present in RES and treated by WtE. As
follows from Figure 1, the main focus is on biowaste. However, the same approach can be applied
to other components of RES (discussion on plastics separation and limited recycling options is a hot
topic today).

Several studies with comparison of different biowaste treatment methods and biowaste
management strategies have been published recently. Papers concerned with biowaste only are
shortly reviewed first. Kong et al. [4] performed a comprehensive LCA confirming that the efforts
to divert biowaste from landfilling to other ways of treatment (composting and fermentation) bring
environmental benefits and reduce (GHG). Ardolino et al. [5] executed an LCA comparing the
environmental impacts of different ways of utilisation of biogas produced in an anaerobic digestion
plant. The biowaste-to-biomethane scenario, where biogas is upgraded to biomethane and used for
transportation, provided higher benefits than traditional biogas treatment by burning in combined
heat and power (CHP) unit and subsequent energy production.

LCA studies on residual waste (RES) are widespread. Laurent et al. [6] presented a comprehensive
review of LCA studies in the waste management field. Nearly 100 papers dealing with mixed
waste were identified. The majority of them is dedicated to RES from households. For example,
Arena et al. [7] compared two options of thermal treatment of RES. Dong et al. [8] analysed the
environmental performance of gasification and incineration technologies treating RES. The study was
based on operational data from existing plants.

However, there are papers also dedicated to biowaste treatment, where biowaste is subject to
thermal treatment with air excess. In this case, technologies processing SEP-BIO and RES are analysed
together, and biowaste is only a part of the input to the WtE plant. Guereca et al. [9] performed an
LCA analysis of biowaste management system for the city of Barcelona. Waste-to-energy was included
in the current and proposed scenario. Pubule et al. [10] analysed an optimum solution for biowaste
treatment in the Baltic States area. Incineration with and without energy delivery has been included
as well. Thomsen et al. [11] carried out a comparative life cycle assessment (LCA) of diverting of the
organic fraction of the household waste away from waste-to-energy (WtE) plant to manure-based and
sludge-based biogas plants.



Energies 2020, 13, 1994 30f17

The results of the diversion showed a net increase in electricity production but a decrease in heat
production. Greenhouse gases emissions (GHG) expressed as global warming potential (GWP) were
reduced by 10%. Di Maria et al. [12] conducted a study on the sustainability of biowaste treatment in
WIHE facilities using a life cycle approach and the cumulative energy demand index. The case study
indicated that the treatment of biowaste in WtE plants operated in CHP was more efficient in exploiting
the energy content of waste for replacing primary energies than biowaste treatment in anaerobic
digestion plants. In addition, the significance of CHP proved to be a critical factor for efficient and
effective waste utilization in WtE. In general, the life cycle approach is currently a widely used and
favourite tool for research in waste management. Zhou et al. [13] carried out a comprehensive review
of LCA tools available for WtE and provided several recommendations for their applications. Mehta
et al. [14] successfully applied this principle combined with economic analysis for the assessment of
multiple waste management options in Mumbai, India.

Economic performance of a WtE plant treating RES as a mixture of several components was
investigated in detail in [15]. In comparison to [16], where the economic model of WtE plant addressed
one ton of RES, outcomes of [15] figured out contributions of individual components like paper, plastics,
biowaste. A method of the marginal cost was applied. For example, biowaste marginal cost was
160 EUR/t, whereas average of all components, which is also the cost of RES treatment, was 100 EUR/t.
For comparison, the cost of plastics was 290 EUR/t. Following the same logic, Ferdan et al. [17]
presented an environmental impact of a WtE plant processing RES. The contribution of individual
components to the overall performance of WtE was missing. While some LCA studies above focused
on biowaste treated in WtE plants, the mechanism of contribution of biowaste treated in a mixture
with other components in one processing facility was not sufficiently explained.

In this paper, three ways of ecologically suitable biowaste treatment are discussed—composting,
fermentation, and incineration with energy recovery in a WtE plant. The article is concerned with
the environmental performance, production of GHG, with a focus on biowaste. This paper aims to
compare the environmental impact of the methods mentioned above using the GWP indicator. While
GHG production of aerobic and anaerobic treatment of separately collected biowaste are reviewed
for comparison reasons, the contribution of biowaste component during thermal treatment of RES in
WIHE is investigated in detail to cope with uncertainty as mentioned above. An approach inspired by
marginal cost [15] is developed, explained, and tested through a case study. Once the contribution of
biowaste is known, the influence of the energy-effectiveness of the WtE plant on GHG burdens and
credits related to biowaste only is also analysed. Burdens related to the performance of WtE are mainly
subject to biowaste content in the input waste [17]. For example, the study [18] analysed fossil-based
CO2 emissions from 10 WE plants in Austria. Credits are bound with form and amount of energy
produced in WtE. Both credits and burdens are profoundly affected by WHE location:

e  The amount of utilised heat is firmly bound with the possibility to absorb heat in district heating
systems (DHS) or for industrial heating.

e If such a heat sink is not available, less efficient power production is enforced.

e  The share of biowaste in RES, technological advancement, and facilities availability will differ;
for instance, in developed and developing countries.

Based on the information above, it is suggested that these parameters also influence the feasibility
of diverting of biowaste component of RES from WHE treatment to other treatment methods. This
paper further explores how the WtE plant operation mode (heat-oriented, power-oriented) influences
the environmental performance of the plant. Using the results, the importance of this parameter for
the trade-off of the environmental performance of several biowaste treatment methods is evaluated.
The published papers concerned with a similar problem (e.g., [11]) did not consider such an aspect in
their studies, although the necessity of such evaluation was indicated.

In addition, the detached effect of any component on the environmental performance of WtE
plant, if known and described, would be beneficial for sophisticated modelling and simulation of
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waste management. Bing et al. [19] highlighted the need for holistic network flow models in waste
management. An example of such a model is paper [20], where flows of several municipal fractions
are optimised in one complex multiobjective problem. The task demands input data and hardware
since it cannot be separated due to WtE processing of all the components of RES.

Section 2 describes the treatment methods—composting, fermentation, and thermal treatment in
WtE—considered in this paper, together with the specifications of the chosen treatment plants. It also
explains the proposed modelling approach based on marginal change. Section 3 presents the results
obtained for each treatment method and a comparison of their environmental performance.

2. Methodology

A generally accepted and suitable indicator to describe the environmental impact of solid waste
management systems is the GWP [21]. Even though there are many other assessment categories
(respiratory inorganics, terrestrial ecotoxicity, carcinogens), the impact on global warming is the most
relevant for assessment is this area [7]. GWP represents the amount of GHG produced or saved in
kg(COz)eq, and the calculated environmental impact can be both positive or negative. In this paper, an
inventory related to subsequent GWP evaluation is performed during the calculations of the WtE case.
In the case of other treatment methods—composting and fermentation—an LCA inventory was used
for evaluation and follow-up trade-off.

2.1. Goal and Scope

The goal of this paper is to compare the environmental impact of biowaste treatment in a composting
plant, an anaerobic digestion plant, and a WtE plant using the GWP indicator. Biowaste treatment in
WHE is investigated in detail using a small case study. Correctly, an energy production-related analysis
is used to examine the influence of the WtE plant mode of operation on environmental performance.
The following text describes the investigated treatment methods and lists the specifications of the
chosen treatment facilities.

2.2. Fermentation and Composting Processes

2.2.1. Description

Composting is a naturally occurring process of aerobic breakdown of natural matter by
microorganisms. Reyes-Torres et al. [22] carried out a systematic review of green waste composting.
The raw input material for composting is biowaste, as defined earlier. The process itself is relatively
simple. However, the composting plant has to be controlled and operated well. In another case, there
is an increased risk of excess odour, and greenhouse emissions production, low quality of the output
products, and the process itself can be considerably slower [22]. Details of the composting process and
technology used can be found in [23] and are not described in this paper in detail.

Fermentation, when compared with composting, occurs without access to oxygen—it is an
anaerobic process. It is also often described as the anaerobic digestion process. The input material
for this treatment process is any biologically degradable compound called the substrate. The output
products are two—digestate, which is usually present in liquid form; and biogas with its two main
components, methane and carbon dioxide. The process of anaerobic digestion is a complex of chemical
reactions and its description and other details on fermentation processes are given in, for instance,
in [12]. Fan et al. [24] analysed the carbon emission footprint in pre-and post-treating MSW in
fermentation processes.

An LCA analysis is used to determine GHG production from these two processes. As the reference
unit, the disposal of one ton of separately collected biowaste (SEP-BIO) is set.

The following processes are to be considered within the system boundaries (Figure 2): the
specific waste treatment process (fermentation, composting) itself, including the further treatment
of intermediates from the disposal process and all linked material and energy, flows related to the
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need for materials and supplies. In addition, the emissions from the collection and transport of
the inputs (SEP-BIO) are considered. Additional benefits such as energy and secondary materials
(e.g., fertilisers, organic matter) result from the disposal processes. Corresponding amounts of
energy or products/articles do not need to be produced conventionally from primary processes. The
environmental impacts that would be associated with the conventional manufacturing/production
of each of the substituted primary raw material are thus “saved” or “avoided”. The provision and
maintenance of infrastructure (construction, service and repair of buildings, machine, industrial
facilities) are not considered, as they are not expected to have a decisive influence.
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Figure 2. System boundaries for separately collected biowaste (SEP-BIO) treatment routes:
(a) composting; (b) fermentation.
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2.2.2. Specifications

The collection of biowaste for both treatment methods is realised by door-to-door collection.
The GWP value of 1.25 kg(COz)eq,twaste_lkm‘1 was considered for a collection vehicle [25] and value
of 0.088 kg(C02)eq,’cwaste_lkm_1 for a EUROS truck [26] used in transport. The distance driven by the
collection vehicle was estimated as 10 km, and the transport distance to a treatment facility was set to
50 km for both cases.

In the case of the composting plant, it is assumed that 10% of composting plants are open and 90%
of the plants are closed. Any impurities are separated, and the plants produce ready-made compost
only. The amount of compost yield is 440 kg/t of biowaste. As for the anaerobic digestion plant, a
continuous dry fermentation with composting of solid fermentation residues was supposed. The
biogas yield is assumed with 100 my?®/t of biowaste.

2.3. WEE Process

Waste can also be effectively treated in WtE facilities. Typically, large WtE plants thermally treat
RES by incineration and the released heat is recovered using CHP production. According to [27],
approximately 27% of all MSW generated in EU28 in 2014 was processed by incineration with energy
recovery. In case of WtE, which is of the most importance in this paper, positive values of GWP are
so-called GWP burdens, and they are the result of production of GHG and release of their emissions
into the air.

On the other hand, negative values are GWP credits, and they characterise decrease in global
production of GHG, thanks to the replacement of fossil fuels and primary raw materials. GWP
calculation method for WtE plant is based on the work [15], where the author introduced inventory
analysis. Here, GHG production is calculated similarly following the same assumptions and data.

To operate the WHE facility effectively and sustainably;, it is essential to pay attention to a range of
conditions—one of them is also the input waste composition. Table A1l in Appendix A lists the RES
composition used in the calculations in this paper. Biowaste share for particular RES composition is
relatively high (28.9%) when compared to other components. Waste composition significance and
its effect on the efficiency and operating conditions of the plant was described in [15]. Biowaste is
characterised by zero content of fossil-based carbon. Therefore, its incineration is free of GWP burdens
and generates GWP credits as replacement of traditional fossil-based resources. On the other side,
its calorific value is only 4.6 GJ.t™!, which is quite low when compared, e.g., with plastics.

Modelling Approach

In the following text, the calculation of GWP of the WHE plant is described in detail. All the
calculations were done using a computational model designed in Microsoft Excel. The calculation
procedure itself consisted of several steps. To be able to assess GWP credits, the amount of energy
recovered from the treatment process had to be determined. In this case, a techno-economic model of a
WHE (TE model) thoroughly described in [17] was used and is briefly discussed further in the text. The
values of GWP burdens were determined from the basic combustion equations and the amount of
the products (CO;y). Both of this information is highly influenced by the waste composition and its
properties such as the content of fossil-based carbon and calorific value of the waste., A specialised
tool called JUSTINE, available at the workplace of the authors, was used to satisfy the requirement
for high-quality data estimation. This tool is further described in [28]. After gathering both GWP
credits and GWP burdens, a simple balance was performed and the net GWP obtained by the approach
is summarised in [17]. Using this method, the resulting GWP of thermal treatment of RES without
distinguishing its components can be readily determined. However, the paper aims to determine the
GWP of biowaste component of RES.

To obtain such information, a concept of marginal change was proposed in this contribution. This
concept is widely applied in economics. We then speak about marginal cost. The marginal cost concept
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has been employed in the field of waste management in a complex [15], where the impact of RES
components on WTE plant economy has been investigated. However, the authors are not aware of any
application of this concept for GWP analysis.

ii

1ii

Figure 3 hows the steps required to apply such an approach in this case:
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Figure 3. Calculation concept using the marginal change approach to evaluate GWP related to
processing components of residual waste (RES) in waste-to-energy (WE).

Firstly, the overall GWP for the whole amount of RES processed in WtE per year is calculated
according to the procedure described in the previous paragraph, and according to [17], the
resulting GWP is denoted as reference one and corresponds to the current composition of RES,
GWPREFERENCE-

Secondly, the marginal change of the input RES is defined, and its effects on results are assessed.
The marginal change is the diversion of a specific amount of one of the waste components from the
original composition of RES—in this case, biowaste. This change is denoted as myarcNAL, and
it expresses the biowaste removed from the input RES, i.e., the amount of input RES processed
in WTE per year is decreased. The calculation procedure in the step (i.) is then repeated. The
overall balance of the WTE plant is slightly modified, and the calculations lead to a new GWP
value, which is called GWP a1 ternaTIVE. This value, therefore, represents the overall GWP for the
whole amount of RES processed in WTE per year decreased by mpaRGINAL-

Finally, based on the assumption that the marginal change is exclusively related to one of the RES
components, the GWP corresponding to the specific component—biowaste, in this case—can be
computed. Such value is denoted as GWPcomp or GWPgj0, and results from a simple equation:

GWPRrgrERENCE — GWP ALTERNATIVE
GWPcomp = GWPgio = 1I\I’lICI\/IARGH\IAL = '

)

Such a component-specific GWP calculation is a base for WtE process evaluation, according to

system boundaries displayed in Figure 4.
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Figure 4. System boundaries for biowaste treated with other components of residual waste (RES-BIO)
in WE plants.

The case study considered in this paper is adjusted to suit current European conditions and is

mainly focused on the Czech Republic. The input waste data, technological advancement, infrastructure
availability (e.g., heat distribution network), and WtE plant specifications were chosen accordingly:

RES composition is listed in Table A1 in Appendix A and was estimated specifically for The Czech
Republic using tool JUSTINE [28].

The fuel mix for power and heat industry in the Czech Republic used for GWP calculations is
given in Table A2 in Appendix A.

The WHE plant capacity was selected as 100 kt of RES per year. Technological specifications are
according to [17]. The released heat is utilised in a heat recovery steam generator (HRSG) to
generate superheated steam at 4 MPa and 400 °C. This steam is further used in cogeneration
by the employment of extraction condensing steam turbine. In such type of turbine, the ratio
between heat and power can be freely adjusted. Heat is exported in the form of hot water and
supplied into the district heating system. The exported electricity is sold to the national electricity
grid. The operational hours of the plant are stated as 8000 h/y.

The amount of biowaste diversion is 5%, which at plant capacity yields approximately 1.45 kt of
biowaste per year.

The processes considered within the system boundaries are of the same nature as given for
composting and fermentation.

3. Results

The results obtained by both LCA inventory and GWP inventory are presented below.

3.1. Composting

The environmental impact of biowaste treatment by composting is summarised in Figure 5. The

overall value of GWP burdens of biowaste composting is 94.9 kg(COz)eq.twa,;te_1 consisting from
environmental burdens from collection and transport (16.9 kg(COz)eq.twaSte_l) and from the treatment
itself (78 kg(COz)eq.twaSte_l). On the other side, a positive effect—GWP credits with a value of
—152 kg(C02)eq.twaste‘l—result mainly from the substitution of primary resources such as fertilisers
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or substrates. The net GWP value of biowaste treatment, including transport and collection, is equal to

~57.1 kg(CO2)eq-twaste -
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Figure 5. The overview of the environmental impact of biowaste composting expressed using GWP

via SEP-BIO.

3.2. Fermentation

Figure 6 shows the environmental impacts of a biowaste recycling process via fermentation. In
this case, the net GWP result of this process, including biowaste transport and collection, is reduced by
206.1 kg(COy)eq-twaste *- GWP credits are mainly obtained by the substitution of primary resources as
well as from the saved energy and yield —-315 kg(COz)eq.twaste‘l_ On the contrary, burdens from the
fermentation process only are nearly similar to that of composting with a value of 92 kg(COz)eq.twaste'l.
Burdens from collection and transport are the same as in the previous case, thus 16.9 kg(CO3)eq-twaste-
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Figure 6. An overview of the environmental impact of biowaste fermentation expressed using GWP,
via SEP-BIO.

3.3. Incineration with Energy Recovery

While composting and fermentation processes use SEP-BIO (separation is done by
producers/citizens), WtE handles biowaste present in residual waste (RES-BIO).

Figure 7 shows the resulting GWP of biowaste treatment in the WtE plant as a function of
percentage utilisation of heat production. The horizontal axis displays the ratio between heat and
power production during cogeneration. If the value is equal to 100%, the plant is heat-oriented, and
it maximises the export of thermal energy into the network still working as a combined heat and
power plant. Maximum steam goes through the extraction valve of the turbine. On the other hand,
0% indicates a strictly power-oriented plant, where no heat for export is produced, and electricity
generation is maximised. All the steam flows through the condensing stage of the turbine.

It can be observed that the overall environmental effect of biowaste utilisation is in this case,
always positive. This can be explained as follows: The values of GWP burdens are of the same
value for both cases—before and after biowaste diversion. That is because biowaste component of
RES does not contain any fossil-based carbon and therefore does not participate in GHG production
during oxidisation of waste. On the other hand, GWP credits are related to BIO share. When an
amount of biowaste with a heating value of approximately 4.6 GJ.t™! is removed, both exported heat
and electricity decrease and therefore fewer credits from fossil fuels substitution are obtained. The
highest overall GWP value of —272 kg(COz)eq,t‘,\,aSte_1 is achieved when all the available energy is
exported as heat. If all the energy is exported as electricity, the GWP credits are more than twice lower
at —115 kg(COz)eq_twaSte_l. Please note that although the result of the calculation of Equation (1) is
positive, a positive environmental impact of biowaste treatment in WTE is desired, and therefore, the
value is considered to be negative. The values of both GWP burdens and credits produced per year are
summarised in Table 1 for strictly heat-oriented and power-oriented plants.
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Figure 7. GWP as a function of percentage utilization of heat produced in WtE—the total balance for
RES and contribution of its component biowaste (RES-BIO).

Table 1. Global warming potential (GWP) of residual waste (RES) in waste-to-energy (WtE) before and
after biowaste component diversion.

100% Heat Prod. in CHP GWP 0% Heat Prod. in CHP GWP
Source GWP Impact [kt(CO2)eq.y 11 [kt(COy)eq.y 1
Before After Before After
GHG from waste burden 37.140 37.140 37.140 37.140
incineration

Heat export Credit —49.570 —49.192 0.000 0.000

Electricity export Credit —6.671 —6.656 —26.584 —26.418
Net result overall -19.101 -18.708 10.556 10.723

GWP is sensitive to waste composition, WtE plant efficiency, and fuel mix for power. The result
for electricity-oriented operations is similar to other works published. For example, total emissions of
CO2, eq. with a positive sign (burdens prevail over credits) for WtE operated as a power plant have
been reported in [7]. On the other hand, previous investigations into WtE plants with a high share of
heat delivery are missing, since only a few countries and regions have district heating systems with
sufficient demand on heat, compared to required WtE capacity. The future potential for centralised
systems of heat delivery in Europe has been analysed by the Heat Roadmap Europe initiative (see [29]).

The result of GWP of biowaste can also be compared with GWP of RES, considering it as a mixture
of various components. GWP of RES treatment in the WtE plant as a function of percentage utilisation
of heat production is also shown in Figure 2. Although the lower heating value of biowaste is low,
biowaste is a component of RES, which offers significant credits for WtE operation and RES incineration.

The standard operating mode for a typical WTE plant in the Czech Republic, considering the
seasonal fluctuations of heat demand, would be approximately 75% heat production in CHP. The
structure of GWP burdens and credits of biowaste processing in a WtE plant operating in this mode is
shown in Figure 8.



Energies 2020, 13, 1994 12 of 17

GWP IMPACT WTE (HEAT-ORIENTED 75 %)

40 GWP Credits
{Treatment)

- GWP Burdens

i : 7.6(100%%) Transport & Collection
[ cwr Burdens

=20 (Transport &

Collection)

-196.4 (84 %) Heal export 1o the district heating system (Czech

GWP Ekg tmE]m qw.ule. I]

-36.4 (16 %) Eleciricity export to the national electricity grid (Czech
electricity and heating mix).

-260
Figure 8. GWP impact of biowaste (SEP-BIO) incineration in WtE with heat production with CHP 75%

of the maximum.

The values in this figure were obtained by applying Equation (1); therefore, they express the
difference between the reference and alternative situation. In this case, the net value of GWP is equal
to —225.2 kg(COz)eq,twaSte‘l. The GWP burdens are close to zero because biowaste component of
RES does not contain any fossil-based carbon and therefore no additional GHG is produced. The
GWP credits resulting from heat production are equal to —196.4 kg(COz)eq’cwaste_l and from power
production —36,4 kg(COz)eq_twaste_l. The GWP burdens resulting from transport are estimated at 7.6

kg(COZ)eq.twaste_l-

3.4. Biowaste Treatment Methods Comparison and Discussion

Based on the data above, the environmental performance of the three previously discussed ways
of biowaste treatment can be compared in Figure 9.

Each of the net results of individual treatment method is negative, which means all of the
abovementioned methods are beneficial from an environmental point of view, thus saving GHG.

The least credits are obtained by biowaste composting, which is also considered as a less
investment-demanding method. The values of GWP for treatment in anaerobic digestion plants and
WIHE plants are comparable—depending on the operational mode of WtE. If the WtE plant is mostly
heat-oriented, its environmental performance is more favourable than treatment by fermentation.
However, if the WtE plant is strictly power-oriented, it generates fewer GWP credits than an anaerobic
digestion plant.

There is a worldwide trend towards environmentally friendly waste management, with an effort
to reduce the consumption of primary raw materials. This trend is known as the circular economy,
and the EU, in particular, is very active in supporting circularity principles in waste management.
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One of the significant achievements of EU legislation is the gradual implementation of the circular
economy package. Since an increase in the share of municipal waste recovered materially to 65% by
2035 is obligatory for EU member states, WtE appears as a less important part of the system. Instead,
separate collection of various fractions of MSW is stipulated. Reduction of RES is anticipated at the
same time. In this respect, the separation of biowaste is becoming more and more popular and common.
The two basic treatment methods of separated biowaste are composting and fermentation. The easiest
and at the moment, the most widespread method, is composting. When compared with fermentation, it
has fewer requirements for technical equipment and is less demanding on both capital and operational
costs. From an environmental point of view, based on the obtained data, composting is a less-favourable
method of biowaste treatment than fermentation, as worse GWP results suggest. The separation of
biowaste as a single component is connected with the requirement for additional infrastructure such
as specialised biowaste containers and collection, which increases the price. A collection of biowaste
as a component of RES and its subsequent incineration with energy recovery in WtE plant can help
avoid the extra expense. The simple GWP evaluation and related energy production-related analysis
showed that the environmental impact of this method heavily depends on the operational mode of the
plant. Based on the calculations performed, strictly power-operated WtE plants using normal steam
parameters perform environmentally worse than anaerobic digestion plants. However, environmental
performance improves with increased heat production in CHP. The more waste heat is used to export
heat, the better results are obtained. The operational mode, CHP, proved to be the decisive parameter
for the environmental performance of the WtE plant.

Considering these results, biowaste treatment as a component of RES incinerated in WtE showed
the most significant environmental potential and should not be excluded from the range of choices of
biowaste treatment methods during waste management planning. The results of this small case study
correspond with the results in [12] with WtE proving to be more environmentally-friendly under certain
conditions and at the current state of technological development. While composting and fermentation
methods are currently more favoured (recycling) than waste incineration with energy recovery for
biowaste streams, the contribution of WtE is also significant when heat is positively utilised.

The presented result is subject to boundary conditions. The figures presented are based on data
for the Czech Republic. The most important aspect is the composition of RES and energy mix, which
could be country-specific (see Appendix A). The extent of variation is in accordance with previous
studies, where comprehensive sensitivity analysis was done (e.g., in [8]).

The need for sustainable energy production through MSW treatment is also highlighted in the
study [30]. However, it should be pointed out that material products from composting and fermentation
have the potential to provide nutrients (especially phosphorus) and organic matter to supply the soil.
This additional environmental benefit with a view to the conservation of resources cannot be provided
by WtE use of biowaste. A more detailed study further exploring both environmental and economic
aspects of biowaste treatment in chosen plants should be conducted and then reviewed. The research
presented in this paper confirmed that the potential of biowaste treatment can be environmentally
beneficial and must be further explored.

The results of the calculations and, especially the methodology of marginal change, can also be
further used in more detailed stages of waste management planning, e.g., when solving so-called
reverse logistic problems, which are tools used for the detailed description of waste streams and
complex waste management systems planning [19]. The methodology could be applied to other
components of RES, which can provide input data for the reverse model, where components of RES are
considered in detached problems. For example, plastics treatment chains are hot candidates for further
investigation and optimisation due to recent unfavourable changes in the secondary material market.



Energies 2020, 13, 1994 14 of 17

60
40
20

BIOWASTE TREATMENT METHODS TRADE-OFF

-57 -108 =206 -225
-20

-40
-60
80 | SEP-BIO

-100

0 SEP-BIO
-140

-160
-180
-200

5 oC t
220 AP SEP-BIO
.240 Olncineration (power-onented)

aFementation RES-BIO

280 Oincineration (typical operation 75 % heat oriented)
7 RES-BIO

mincineration (heat-oriented)
-300

GWP [ka(CO,) g buaste ']

-260

Figure 9. Biowaste treatment methods’ comparison, SEP-BIO and RES-BIO alternatives.

4. Conclusions

Biowaste separate collection and its subsequent treatment by composting or fermentation are
considered a sustainable way of handling this waste stream. First, an inventory of GHG for a
composting process and fermentation process was carried out. The modelled cases suited current
European conditions and are mainly focused on the Czech Republic’s conditions. The net GWP
value of biowaste treatment by composting, including transport and collection, was equal to —57.1
kg(COZ)eq.twaSte‘l. Positive effect resulting in GWP credits, which result mainly from the substitution
of primary resources such as fertilisers or substrates, are burdens from the collection, transport, and
treatment itself. Much positive effect can be achieved through fermentation, where net GWP of —206.1
kg(COz)eq.twaste_1 can be achieved. In comparison with composting and fermentation, WtE processes
biowaste present in residual waste. Therefore, the effect of biowaste incineration as a component of
residual MSW was investigated next. A simulation model based on a marginal change concept was
proposed for this purpose. Since net GHG emissions (burdens plus credits) are, in the case of WtE,
dependent on heat utilisation rate (district heating systems), the primary goal of the case study was to
carry out an energy production-related analysis. In the case of high heat delivery (75% of the thermal
output of the boiler), the effect is comparable with the impact of fermentation/composting. In the case
of missing heat demand (electricity generation), separate collection and fermentation is preferred.
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Appendix A

The share of biowaste on the total composition of RES can vary greatly depending on different
factors such as economic and social development of the country, legislation, or geographical location.
It has to be highlighted that accurate and reliable data on waste composition is a critical input for
environmental assessment calculations [31]. Consequently, a great deal of attention has to be paid
when assessing these data. In this paper, the composition of RES for the Czech Republic obtained using
tool JUSTINE was used. Such values would also be typical for other similarly developed countries
in Europe.

Table A1. RES composition for the Czech Republic obtained using tool JUSTINE [28] for 2016.

Fossil-Derived Carbon

Component RES Composition [%] Calorific Value [G].t™1]

[kgt1]

Metals 2.68 0.0 0.0

Glass 5.12 0.0 0.0

Paper 7.78 0.0 13.0

Composite packaging 2.99 219.0 18.0

Plastic 9.32 0.0 34.0

Biowaste 28.92 0.0 4.6

Textile 5.72 172.0 15.0

Mineral waste 3.32 19.0 0.0

Hazardous waste 0.62 416.0 17.0

Electronic waste 0.42 441.0 229

Other combustibles 14.38 45.0 44

Fine fraction (under 40 21.73 46.0 51
mm)

Total 100 101.3 8.46

Table A2. The fuel mix for the power and heat industry in the Czech Republic (Slivka, 2011) [32].

Power Heat
Share CO;, Production Share CO; Production
Reference (%] [kg(CO,)GJ 1 of Reference (%] [kg(CO,)/GJ 1 of
Produced Power] Produced Heat]
Coal 51 337 Coal 59 112
Natural gas 8 187 Natural gas 24 62
Nuclear 30 0 Other gases 4 73
Water 1 0 Renewables 9 0
Solar 3 0 Heating oil 4 85
Wind 1 0
Biomass 6 0
Total 100 187 Total 88

References

1.  Directive 2008/98/EC of the European Parliament and of the Council of 19 November 2008 on Waste and
Repealing Certain Directives. Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=
CELEX:32008L0098&from=EN (accessed on 6 February 2019).

2. Laso,].; Garcia-Herrero, I.; Margallo, M.; Bala, A.; Fullana-i-Palmer, P.; Irabien, A.; Aldaco, R. LCA-Based
Comparison of Two Organic Fraction Municipal Solid Waste Collection Systems in Historical Centres in
Spain. Energies 2019, 12, 1407. [CrossRef]

3. Vakalis, S.; Moustakas, K. Applications of the 3T Method and the R1 Formula as Efficiency Assessment Tools
for Comparing Waste-to-Energy and Landfilling. Energies 2019, 12, 1066. [CrossRef]

4.  Kong, D.; Shan, J.; Iacoboni, M.; Maguin, S.R. Evaluating greenhouse gas impacts of organic waste
management options using life cycle assessment. Waste Manag. Res. 2012, 30, 800-812. [CrossRef] [PubMed]


https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32008L0098&from=EN
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32008L0098&from=EN
http://dx.doi.org/10.3390/en12071407
http://dx.doi.org/10.3390/en12061066
http://dx.doi.org/10.1177/0734242X12440479
http://www.ncbi.nlm.nih.gov/pubmed/22588112

Energies 2020, 13, 1994 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Ardolino, F; Parrillo, E; Arena, U. Biowaste-to-biomethane or biowaste-to-energy? An LCA study on
anaerobic digestion of organic waste. |. Clean. Prod. 2018, 174, 462-476. [CrossRef]

Laurent, A.; Bakas, I,; Clavreul, J.; Bernstad, A.; Niero, M.; Gentil, E.; Hauschild, M.Z.; Christensen, T.H.
Review of LCA studies of solid waste management systems—part I: Lessons learned and perspectives. Waste
Manag. 2014, 34, 573-588. [CrossRef]

Arena, U.; Ardolino, F,; Di Gregorio, F. A life cycle assessment of environmental performances of two
combustion- and gasification-based waste-to-energy technologies. Waste Manag. 2015, 41, 60-74. [CrossRef]
Dong, J.; Tang, Y.; Nzihou, A.; Chi, Y.; Weiss-Hortala, E.; Ni, M.; Zhou, Z. Comparison of waste-to-energy
technologies of gasification and incineration using life cycle assessment: Case studies in Finland, France and
China. J. Clean. Prod. 2018, 203, 287-300. [CrossRef]

Giiereca, L.P; Gasso, S.; Baldasano, ].M.; Jiménez-Guerrero, P. Life cycle assessment of two biowaste
management systems for Barcelona, Spain. Resour. Conserv. Recycl. 2006, 49, 32-48. [CrossRef]

Pubule, J.; Blumberga, A.; Romagnoli, A.; Blumberga, D. Finding an optimal solution for biowaste
management in the Baltic States. J. Clean. Prod. 2015, 88, 214-223. [CrossRef]

Thomsen, M.; Seghetta, M.; Mikkelsen, M.H.; Gyldenkeerne, S.; Becker, T.; Caro, D.; Frederiksen, P.
Comparative life cycle assessment of biowaste to resource management systems—A Danish case study. J.
Clean. Prod. 2017, 142, 4050-4058. [CrossRef]

Di Maria, F; Sisani, F.; Contini, S. Are EU waste-to-energy technologies effective for exploiting the energy in
bio-waste? Appl. Energ. 2018, 230, 1557-1572. [CrossRef]

Zhou, Z.; Tang, Y.; Chi, Y,; Ni, M.; Buekens, A. Waste-to-energy: A review of life cycle assessment and its
extension methods. Waste Manag. Res. 2018, 36, 3-16. [CrossRef]

Mehta, Y.D.; Shastri, Y.; Joseph, B. Economic analysis and life cycle impact assessment of municipal solid
waste (MSW) disposal: A case study of Mumbeai, India. Waste Manag. Res. 2018, 36, 1177-1189. [CrossRef]
[PubMed]

Martinez-Sanchez, V.; Hulgaard, T.; Hindsgaul, C.; Riber, C.; Kamuk, B.; Astrup, T.F. Estimation of marginal
costs at existing waste treatment facilities. Waste Manag. 2016, 50, 364-375. [CrossRef]

Xin-gang, Z.; Gui-wu, J.; Ang, L.; Yun, L. Technology, cost, a performance of waste-to-energy incineration
industry in China. Renew. Sust. Energ. Rev. 2016, 55, 115-130. [CrossRef]

Ferdan, T.; Pavlas, M.; Nevrly, V,; gomplék, R. Greenhouse Gas Emissions from Thermal Treatment of
Non-Recyclable Municipal Waste. Front. Chem. Sci. Eng. 2018, 12, 815-831. [CrossRef]

Schwarzbock, T.; Rechberger, H.; Cencic, O.; Fellner, J. Determining national greenhouse gas emissions from
waste-to-energy using the Balance Method. Waste Manag. 2016, 49, 263-271. [CrossRef]

Bing, X.; Bloemhof, ].M.; Ramos, T.R.P,; Barbosa-Povoa, A.P.; Wong, C.Y.; Van Der Vorst, ].G.A.]. Research
challenges in municipal solid waste logistics management. Waste Manag. 2016, 48, 584-592. [CrossRef]
Somplék, R.; Smejkalova, V.; Nevrly, V; Pluskal, J.; Pavlas, M. Implementation of Circular Economy through
the Mathematical Programming for the Complex System Evaluation. Chem. Eng. Trans. 2019, 76, 523-528.
[CrossRef]

Jensen, M.B.; Maeller, J.; Scheutz, C. Comparison of the organic waste management systems in the
Danish-German border region using life cycle assessment (LCA). Waste Manag. 2016, 49, 491-504. [CrossRef]
[PubMed]

Reyes-Torres, M.; Oviedo-Ocafia, E.R.; Dominguez, I.; Komilis, D.; Sdnchez, A. A systematic review on the
composting of green waste: Feedstock quality and optimization strategies. Waste Manag. 2018, 77, 486—499.
[CrossRef] [PubMed]

Epstein, E. Industrial Composting: Environmental Engineering and Facilities Management; CRC Press, Tailor &
Francis Group: Abingdon, UK, 2011.

Fan, Y.V.; Klemes, ].].; Lee, C.T.; Perry, S. Anaerobic digestion of municipal solid waste: Energy and carbon
emission footprint. J. Environ. Manage. 2018, 223, 888-897. [CrossRef] [PubMed]

Ecoinvent. Dataset: Municipal Waste Collection Service by 21 Metric Ton Lorry (CH). Information/Dataset
from Ecoinvent Database v3.4. 2017. Available online: https://www.ecoinvent.org (accessed on 23 November
2017).

Ecoinvent. Dataset: Transport, Freight, Lorry >32 Metric Ton, EURO5 (RER). Information/Dataset from
Ecoinvent Database v3.4. 2017. Available online: https://www.ecoinvent.org (accessed on 23 November
2017).


http://dx.doi.org/10.1016/j.jclepro.2017.10.320
http://dx.doi.org/10.1016/j.wasman.2013.10.045
http://dx.doi.org/10.1016/j.wasman.2015.03.041
http://dx.doi.org/10.1016/j.jclepro.2018.08.139
http://dx.doi.org/10.1016/j.resconrec.2006.03.009
http://dx.doi.org/10.1016/j.jclepro.2014.04.053
http://dx.doi.org/10.1016/j.jclepro.2016.10.034
http://dx.doi.org/10.1016/j.apenergy.2018.09.007
http://dx.doi.org/10.1177/0734242X17730137
http://dx.doi.org/10.1177/0734242X18790354
http://www.ncbi.nlm.nih.gov/pubmed/30112976
http://dx.doi.org/10.1016/j.wasman.2016.02.032
http://dx.doi.org/10.1016/j.rser.2015.10.137
http://dx.doi.org/10.1007/s11705-018-1761-4
http://dx.doi.org/10.1016/j.wasman.2016.01.025
http://dx.doi.org/10.1016/j.wasman.2015.11.025
http://dx.doi.org/10.3303/CET1976088
http://dx.doi.org/10.1016/j.wasman.2016.01.035
http://www.ncbi.nlm.nih.gov/pubmed/26856446
http://dx.doi.org/10.1016/j.wasman.2018.04.037
http://www.ncbi.nlm.nih.gov/pubmed/29709309
http://dx.doi.org/10.1016/j.jenvman.2018.07.005
http://www.ncbi.nlm.nih.gov/pubmed/29996113
https://www.ecoinvent.org
https://www.ecoinvent.org

Energies 2020, 13, 1994 17 of 17

27.

28.

29.

30.

31.

32.

Report on the Production and Management of Municipal Solid Waste. Edizione 2016; Rapporti 251/2016; ISPRA:
Ispra, Italy, 2016; ISBN 978-88-448-0791-7.

Pavlas, M.; gomplék, R.; Smejkalova, V.; Stehlik, P. Municipal solid waste fractions and their source
separation—Forecasting for large geographical area and its subregions. Waste Biomass Valor. 2020, 11, 725-742.
[CrossRef]

Moller, B.; Wiechers, E.; Persson, U.; Grundahl, L.; Connolly, D. Heat Roadmap Europe: Identifying local
heat demand and supply areas with a European thermal atlas. Energy 2018, 158, 281-292. [CrossRef]
Halkos, G.; Petrou, K.N. Analysing the Energy Efficiency of EU Member States: The Potential of Energy
Recovery from Waste in the Circular Economy. Energies 2019, 12, 3718. [CrossRef]

Bisinella, V.; Gotze, R.; Conradsen, K.; Damgaard, A.; Christensen, T.H.; Astrup, T.F. Importance of waste
composition for Life Cycle Assessment of waste management solutions. J. Clean. Prod. 2017, 164, 1180-1191.
[CrossRef]

Slivka, V. Study on the State of the Heating Industry; VSB-Technical University of Ostrava: Ostrava,
Czech Republic, 2011.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1007/s12649-019-00764-0
http://dx.doi.org/10.1016/j.energy.2018.06.025
http://dx.doi.org/10.3390/en12193718
http://dx.doi.org/10.1016/j.jclepro.2017.07.013
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methodology 
	Goal and Scope 
	Fermentation and Composting Processes 
	Description 
	Specifications 

	WtE Process 

	Results 
	Composting 
	Fermentation 
	Incineration with Energy Recovery 
	Biowaste Treatment Methods Comparison and Discussion 

	Conclusions 
	
	References

