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Abstract: Cities around the world should prioritize the management of municipal solid waste (MSW).
For this to be effective, there is a strong need to buildup a complex system that involves social,
economic, and environmental processes, leading to a supply chain (5C). The actors involved in
dealing with MSW—from suppliers, collectors, distributors, industries, and managers—should be
engaged in strategic planning. This paper focuses on alternative energy solutions and uses existing
SC models of managing MSW, as well as the existing literature, to identify successful stories in cities
like Bergen and Tensberg in Norway, London in UK and Barcelona in Spain and draw a conceptual
framework for city officials in Romanian municipalities (but not only) to innovate—and convert
MSW in biogas to be used in delivering public services, i.e., public transportation. The article shows
that when the innovation is accepted and well implemented by all actors, the benefits for the citizens
and the municipality are considerably higher than by using conventional methods of collecting and
depositing MSW. The proposed approach is also relevant for implementing the EU environment
policy, where delays are usually observed (as the case for Romania).
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1. Introduction

Many countries have developed strategies targeting renewable energy sources for
replacing fossil fuels and reducing greenhouse gas emissions in the past few decades.
Global warming needs to be tackled by the entire international community: low- and
high-income economies together. However, as expected, it is the latter taking steps to push
environment concerns forward, for example, the establishment of the European Union (EU)
Emissions Trading System in 2005, as well as the amendment of EU directive 2003/87/EC
in 2009, by EU directive 2009/29/EC strengthened the incentives for using alternative
energy sources [1].

In 2005, the Romanian government published a decision (1844 /2005) on promoting
using biofuels and other renewable fuels for transport [2]. According to it, biomass is
defined as the biodegradable part of agricultural products, waste and residues, including
plant and animal substances, forestry and related industries, and the biodegradable part of
industrial and urban waste. Due to its worldwide availability—compared with the reserves
of fossil fuels (natural gas, coal, oil) present in only a small number of countries, and by the
fact that it is producing neutral CO,, biofuels obtained from biomass are globally getting
more attention.

EU, which is seen as a global leader in reducing carbon dioxide emissions, established
the Waste Framework Directive that introduced a five-level hierarchy starting with waste
prevention and minimization, preparation for reuse, recycling, energy recovery and dis-
posal [3]. By doing this, the EU, together with the Organization for Economic Cooperation
and Development (OECD), was trying to raise awareness and increase the consciousness of
all the actors involved in managing municipal solid waste (MSW). Despite this, however,
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the total amount of waste did not decrease significantly over the last ten years [4]. Moreover,
landfilling still continues to be an important option for waste treatment [5,6]; therefore,
efforts are needed to increase prevention and transform waste, making it a reliable option
for alternative energy.

Waste prevention and minimization and its preparation for reuse are mandatory for
a circular economy since they contribute to the general idea of waste reduction. After
reviewing the research outlined in Sustainability (issues 2019-2021), Journal of Cleaner
Production (issues 2019-2021), Waste Management and Research: the Journal for a Sus-
tainable Circular Economy (issues 2019-2021) and Journal of Industrial Ecology Resources,
Conservation and Recycling (issues 2019-2021), one can conclude that much of the focus is
placed on prevention and little on the reuse process from collecting to transforming the
waste into an alternative source of energy—waste to energy (WtE).

Policy interest in MSW is also growing, both internationally (Directive 2006/12/CE [7],
Directive 2014/94/UE [8]), as well as nationally (Bucharest master plan for the integrated
waste management system at the level of Bucharest municipality [9]), and citizens are
starting to pay more attention to the environment [10,11]. MSW management is considered
a strategic issue, often seen on the smart cities” agenda [12,13]. In fact, most smart cities are
building a supply chain (SC) that starts with the waste collection infrastructure, separation
centers, waste processing technics and, a few, up to biogas conversion centers. However,
despite a large amount of literature found on MSW management systems, converting waste
to energy obtained from the biomass chain — biogas — electricity and/or heat receives
little attention. This could be explained by the incumbent high costs and/or complexity of
the logistical operations that may hinder scale implementation [14-16].

Biogas is a substance consisting of (bio)methane (CHjy), around 50-70%, while the
rest is mainly carbon dioxide (CO,) with very few other compounds like H,O (5-10%), N»
(0-3%), Oy (0-1%) [17]. It is obtained through the processes of fermentation or gasification
of biomass in highly specialized centers, and it is considered alternative fuel because the
carbon dioxide eliminated in the atmosphere by converting it comes from the carbon
dioxide currently assimilated by plants during the vegetation period, respectively from
animal feed [18]; according to the Kyoto protocol, this carbon dioxide is considered to be
neutral because it is recirculated in a closed circuit, as opposed to the one from the burning
of fossil fuels, a process that releases carbon dioxide that was assimilated in prehistoric
times, is considered a contribution to the current state of the atmosphere [19].

This article focuses on the WtE concept, an idea that seems to become a viable option
for cities of today. In doing so, it starts from the assumption that biogas has a special role
to play in changing today’s energy supply patterns and then provides a critical analysis of
present developments. More specifically, in Sections 2 and 2.1. European context presents
the actual situation on the researched topic indicating the investments made until the end
of 2020 on European soil and the reasons behind the not-so-big investments, followed by
the current situation in Romania (Section 2.2) and supporting literature (Section 2.3). The
argument proceeds with presenting the most commonly used technologies for converting
WIHE in Section 3—MSW energy production technologies. Further on, the author provides a
framework for building up an SC needed to tackle the MSW, mapped on operational levels
(Section 3.2—Municipal Solid Waste Supply Chains (MSWSCs)). Several interesting and
up-to-date examples of European initiatives at the municipality level are presented in the
Results section, as researchers along with practitioners need iconic models as examples
to compare against other initiatives that are to be implemented. The critical synthesis
of the most relevant particularities and/or ideas discussed in the article is presented in
Section 5—Discussion. Finally, the last section presents the conclusions.

2. Background Information and Context
2.1. European Context

Renewable energy production started to be a topic for discussions back in 1972 in
Stockholm due to the rising concerns on greenhouse gas (GHG) emissions. Since then,
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increasing discussions have aimed at developing strategies and governmental policies to
stimulate the production and use of renewable energy all around the world [20,21].

Europe is leading the industry by producing nearly 3 of the total biogas produced
in the world [5], and this is mostly because biogas technologies are considered the key
to reach the Renewable Energy Directive (RED) [22] and, at the same time, to meet the
requirements of Directive 2006/12/CE; EU 2006 regarding organic waste management [7]
and Directive 2014/94 /UE; EU2014 on alternative fuels infrastructure [8].

According to the European Commission, waste prevention programs—which are
mandatory for every member state, should include recycling as a process in developing
a circular economy, which, again, contribute to the reduction of waste—and, by that, the
circle is closed. Michelini et al. stated in 2017 that the circular economy paradigm is
emphasizing the role of product-service systems as one of the most promising business
models in this field [23], promoting take-back-centered systems as the most efficient way
to recycle. Even though the previous hypotheses were already proven both by researchers
and in practice, the potential has not been yet fully developed.

Recycling and associated processes of recovering energy contribute to creating self-
sustaining production systems, and, in this context, waste is being recognized as a re-
source [24,25]. The total contribution of bio-energy (taking into consideration all potential
resources like agricultural, animal residues, organic waste and, of course, wood) is as
high as 1100 E]J (Exajoule; 1 E] = 10'8 J)—about two times and a half of the global use of
energy as today [26,27]. Globally, one-third of food produced for meeting human needs
is wasted—that is about 1.3 billion tons yearly [28]. Taking this information into account,
there is a strong need to reinforce the potential of biomass by synthesizing earlier research
on this topic.

However, a deep analysis of the related scientific literature shows that the investments
into this field are not yet very attractive. The costs and complexity of the multilevel supply
systems discourage investors from the energy field (detailed discussions about energy
conversion centers in Section 3.2—Municipal Solid Waste Supply Chains (MSWSCs)); a
situation that transcends the strategic level of decision-making process both at national
and international level.

Identifying the location of MSW to biogas conversion facilities attracted the interest
of several scholars. The current level of production and use of biogas around the world,
given the short period since this industry emerged, shows a growing interest in developing
WHE through biogas conversion plants with Europe and the United States leading [29]—
according to the statistics made by European Biogas Association (EBA), in Europe only,
the total number of biogas operating plants increased to 17,783 as of the end of 2017
(Figure 1 presents the European countries seen from developing the number of biogas
plants). However, Asia has its own place due to the high number of anaerobic conversion
plants used by individuals (domestic use) [29].

Committed to reaching carbon neutrality by 2050, European countries made clear
their interest in making biogas a central pillar of their future smart energy system [30].
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Figure 1. Development of (a) the number of biogas plants in Europe, (b) per 1 million inhabitants. Image source: author’s
adaptation after EBA 2019 [29].
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Figure 2. Number of biogas plants in European countries. Image source: author’s adaptation after EBA 2019 [29].
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Germany has been the driving force for many years with 10,971 plants, followed by
Italy with 1655. The rest of the platoon starts with France (742), Switzerland (632) and
United Kingdom (613), as shown in Figure 2 [29].
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Germany is leading from such a huge distance not only because of the volumes but
also because of the policies that started to encourage citizens to buildup biofuel facilities
since the 1970s—farmers were using liquid and solid manure as well as leftovers to generate
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electricity and heat for themselves. In 1991, the country adopted the feed-in tariff system
(StrEG), which offered the citizens the chances to earn back some of the investments (from
6.5 euro cents per kWh up to 7.1 depending on the amount of electricity generated)—this,
of course, together with the ease of accessing the programs, encouraged people even more
to buildup biofuels facilities [31] (the number of biogas plants in Germany increased from
roughly 100 up to 11,000 in thirty years).

Italy and the rest of the first platoon (France, Switzerland and United Kingdom), with
a production of about ! /3 of Germany’s, is using the biogas mainly for electricity in the
industry—therefore, there is not too much interest from the citizen side to develop facilities
and, as it is known to date, the industry is still preferring fossil fuels [32].

In Denmark and Norway, on the other hand, the biogas plants have been primarily
used for producing it in local towns, accounting, to date, about 10% of the volumes in the
natural gas grid [33,34]. Moreover, Denmark is willing to quadruple its biogas production
by 2050 [33], and Italy foresees an eight-time increased use of biogas (mostly produced
by agricultural waste and MSW) by 2030—particularly in the heavy-duty transport indus-
try [33].

However, among all these examples of countries, who embraced biogas technologies,
there are few cities, which provide great examples of how municipalities are tackling the
issue. According to the Global Methane Initiative (GMI) [35], the oldest European initiative
in this regard belongs to Norway, the city of Bergen, and the most integrated into the
local ecosystem is Tensberg, also in Norway (their examples are presented later in this
article). London in the United Kingdom is the largest capital city in Europe, which actively
involved itself in waste management issues [36,37], and the author is considering it as being
a very good example for the rest of large European cities. Spain is providing an interesting
example of public—private partnership (PPP) for promoting the WtE initiatives by bringing
Seat—the Spanish automobile manufacturer, as an investor into this industry [38,39].

2.2. Current Situation in Romania

Considering the available data about annual waste quantities and technologies to
process it [40,41], Romania—situated in the lagger’s corner, as shown in Figure 2, is trying
to buildup facilities meant to improve its position. In 2017 alone, approximately 4 million
tons of MSW (about 200 kg of waste per capita) were generated; 3.44 million tons of them
were treated traditionally (i.e., landfilling). To offer a complete picture, the total amount of
waste generated in Romania is approximately 260 million tons per year, which includes
municipal, industrial and hazardous waste. The cited statistics are providing figures that
show an increased interest in recycling, composting and anaerobic digestion of MSW (from
0.4% in 2007 to 13.9% in 2017; aiming to reach 50% by 2025). In comparison, Norway,
placed in the middle of the chart (Figure 2), is producing approximately 2.5 million tons of
MSW yearly and manages to recycle (by composting and anaerobic digestion) about 39%
of it, using the energy produced this way mostly for vehicles.

Bucharest, the Romanian capital city and also the biggest city in the country, hosting
9% [42] of the Romanian population, produces roughly 20% of the total waste generated
at the national level [9]. To deal with this issue, around the city, there are three enormous
waste disposal landfills facilities able to host around 550,000 tons of waste yearly [9]. The
average recycling rate for all of them is about 10%, the rest being disposed of on landfills
(88%) or incinerated (2%) [43,44].

While in Bucharest, the coverage of waste services is 100% [9], in the rest of the country,
it is around 80%; national reports from the official environmental bodies indicate that the
rest of 20% is illegally incinerated or disposed on unauthorized landfills [45]. Looking
at the numbers and although this situation is seen as a threat, it is also an opportunity
for investors that are willing to buildup WHtE facilities. In this regard, the Bucharest
municipality and other actors involved in environmental studies are looking for solutions.
For the time being, the initiatives are rather modest, but using an evidence-based approach
and replicating the existing facilities to a larger scale (further down, the article offers a
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schematic representation of the MSW facilities in use—Figures 3 and 4), chances to reduce
the existing quantities of waste by transforming it into biogas are increasing.
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Figure 3. Schematic representation of an MSW biogas conversion plant (wet system). Image source: author’s adaptation

after Abbasi et al. [20].
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Figure 4. Schematic representation of an MSW biogas conversion plant (dry fermentation). Left: a screw and piston system;

Right: only screw system. Image source: author’s adaptation after Abbasi et al. [20].

As indicated by the data on the composition of waste provided by sanitation operators
(Table 1), 78.4% of the total waste is biowaste, which makes it subject of transformation
by using the available technologies (some presented in the next section, “MSW to biogas

production technologies”).
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Table 1. MSW composition.

Waste Categories Estimated Composition (Average) %
Organics 57.3
Paper 14.1
Bi Wood 1.5
10 Cotton and wool 3.7
Leather 1.8
Total biowaste 78.4
Petrochemicals 15.0
. Metal 14
Nonbio Glass 5.2
Total non-biowaste 21.6

Source: author’s compilation [9,43].

2.3. Related Works

As stated previously, few studies have investigated WtE through the biomass chain.
Among these, Treichel et al. [36] researched innovation on Biogas Chain and provided
some of the friendliest legal and administrative frameworks existing today, giving many
examples of European (but not only) initiatives. Furthermore, Pfau et al. [46] focused
on considering local needs and feedstock materials as being important to be taken into
consideration when building policies that are aiming to stimulate the production and use
of renewable energy.

Additionally, Scholwin [14] proposed some innovative and very promising technology
for the production of biogas. Besides, Holm-Nielsen and Oleskowicz-Popiel [47] developed
a mathematical process of modeling and optimization process control for biogas plants.
Al Seadi et al. [48] After providing a complete list of categories of biomass appropriate as
feedstocks for biogas production with all the important characteristics, designed the whole
SCs for a future biogas plant. Similarly, Bachmann [15] used engineering and mathematical
models to buildup biogas facilities. The author focused on achieving an efficient plant
installation model that allows optimal use of biomass resources.

Moreover, Beil and Beyrich [49] proposed upgrading biogas to biomethane for better
efficiency since the production phase. They also designed and architecture biogas upgrad-
ing technologies. The authors utilized process schemes of different technologies to cover all
the scenarios. They showed that, due to the biogas upgrading, biomethane could become
one of the most promising renewable energy carriers.

Iakovu et al. [50] provided a critical synthesis of waste biomass-to-energy supply
chain focusing, as well as Kerroum and Hassan [51], on the production of biogas from
municipal solid waste. The researchers designed distributed SCs together with proper
implementation frameworks that need to be understood before investing in this field.
Likewise, Gomez [52] and Viancelli et al. [53] provided overviews of using MSW in biogas
production as an energy option around the world.

The reviewed studies helped understanding the whole picture of what biomass to
the energy supply chain is with a particular focus on transforming municipality waste to
biogas/biomethane and then using it for transport, as an example given by Svensson [54].
Nevertheless, the cited authors are concerned about greenhouse gasses (GHG) and the
positive impact of the biogas chain in reducing them.

3. MSW to Biogas Production Technologies
3.1. Biogas Conversion Facilities—QOuverviews

It is significantly important to have a strategic view over the ramifications of all the
variables and parameters of the technologies available on MSWSCs (Table 2).
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Table 2. MSW energy-producing technologies classification.
Biomass Technologies Conversion Process Type of Energy or Fuel
Produced
Direct combustion Thermochemical He‘at' [55], stez{m 53],
MSW electricity [55], biogas [25]
Gasification - Biogas, syngas [25]

Aerobic decomposition - Biogas [25]

Source: author research on cited literature [25,55].

Frombo et al. developed 2009 a linear programming model for optimizing conversion
center size according to the biomass quantities of a specific SC [56]. The cited authors took
into consideration various technological aspects as well as the economical ones, their model
being used mostly for direct combustion and gasification. A methodology for optimizing
installations of new MSW conversion centers on a regional level is presented by Dornburg
and Faaij as early as 2001 [57].

In 2018 Taifouris and Martin developed an SC based on a multiscale model to evaluate
the potential of residues (e.g., sludge, manure MSW and wood residues) as well as the
size of the plant/reactor and the best location to build [58]. The aim of the model is to
maximize the production of biogas by minimizing the total cost. Their main finding was
that MSW is one of the best waste types because of its availability, while wood (also known
as lignocellulosic residue) is the second due to its higher efficiency when converting it into
biogas.

However, the complexity (showed in a schematic form in Figures 3 and 4 left and
right) and the high costs for building biogas conversion plants, as stated previously, hinder
the investor’s intentions. Moreover, the amount of energy that must be invested in the
process is bigger than what is gained in the form of biogas [20]—muost of the companies that
are producing biogas from waste are either public or they are running on public—private
partnership, because the profits are not necessarily financial, but social (e.g., less pollution,
cleaner cities, etc.). The technology is continuing to improve, and by that, higher efficiencies
are expected through new MSW separation technologies. The more increasing concerns
over gas emissions tend to enhance state support, which may influence investors, making
this energy sector more attractive.

A biogas plant, like the one in Tensberg, Norway, beautifully named “Den Magiske
Fabrikken” (The Magic Factory), is treating 110.000 tons of MSW in the form of food waste
(40%), manure (55%) and liquid industrial waste (5%) since 2008, converting it in, roughly,
6.8 million cubic meters of methane per year (equivalent to 5.3 million liters of diesel), while
the remaining solids are transformed into biofertilizer (approximately 112,000 tons) [59,60].

The size of the biogas plant may vary by several factors [61]:

1.  The amount of organic waste to be used;

The ratio with which household waste is collected;

3. The type of the organic waste (later on the article, a table with the most common
biomass constituents of MSW are provided—Table 3);

4. Local demand of the biogas—assuming that the plant is only feeding local needs and
does not serve as a national or international source of biogas;

5. The climate in the region throughout the different seasons.

N

The amount of recycled water together with other mixing compounds (e.g., manure)
fed into the bioreactor each day has an important effect on its operation and, by that, on its
size. To determine the size of the bioreactor, a mathematical equation, like the following
one, should be used:

BRy = BMy x t, + gs D

where:

BR, = bioreactor volume (m?)
BM, = biomass volume to be used daily (m3 * day 1)
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t, = retention time (days)
gs = gas space—about 10% from the total volume of BR (the place where the biogas
accumulates).

3.2. Municipal Solid Waste Supply Chains (MSWSCs)

As previously mentioned (in the Introduction), one of the most pressing environ-
mental problems of the world is that of solid waste and its major component, namely;,
biodegradable waste (also known as biomass). When disposed on landfills, through anaer-
obic digestion, the biomass generates methane, a process that is to be translated both in
lost energy and global warming [20]. While burning it in the landfills may solve one of the
problems, such as reducing the total amount of waste, it does not bring any real benefits,
such as producing energy.

Several researchers studied the design of waste biomass SCs. In 2010, Iakovu et al.
developed a network infrastructure for the waste to be sent to energy plants [50]; an adapted
version is presented below (Figure 5). As observed, MSWSCs for energy production
generally consists of four subsystems components: (1) waste collection, (2) storing, (3)
transporting and pretreatment and (4) converting it into energy—one considers entering
the SC the moment in which a material is discarded into the waste stream, while the
existence is the moment it is converted into biogas and biofertilizer.

Information flow

Transportation

MSW collection

_| Energy conversion
centers

Transportation

Transportation

}—» Storage

Pre-treatment technologies (e.g. separation)

Products’ flow

Figure 5. Graphical representation of an MSWSC network (author’s adaptation).

The complexity of MSWSC is higher than compared with other biomass SCs due to the
perishable products, as this attribute may alter the transportation and the storage costs by
being a time-dependent activity. In addition, MSWSCs need to be both robust and flexible
to adapt to seasonal changes as this may influence the production of energy and, by that,
the competitiveness of the traditional forms of fuel could unbalance the demands.

However, there are few assumptions to start from when thinking about MSWSCs, and
those are [62]:

e  Waste generation is forecasted with high probability rates for the entire scheduling
periods;
Waste generated in cities is collected by the city collection station;
All costs related to waste collection, transportation as well as other operational costs
are linear functions.

The total MSW, based on the characterization of biomass materials, consists in organic
garbage—70% of the total MSW, plastic and other petrochemicals (i.e., synthetic textile)
constitute another 15% and paper, wood, leather, cotton and wool [63]. The table below
(Table 3) shows the potential of biogas production of different constituents of solid waste
as there are to be found in MSW:
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Table 3. Biomass constituents of MSW.

MSW Biomass Biogas over Biomass Constituents

0, * % HN

Constituents (L kg1, Dry Weight) Methane (%) Energy MJ Energy KWh
Column 1 (C1) Column 2 (C2) Column 3 (C3) Column 4 (C4) Column 5 (C5)
Organics [64] 100400 53 0.1294-0.5175 0.0120-0.0479
Petrochemicals [65] 80-100 56 0.1094-0.1367 0.0101-0.0126
Paper [66] 65-80 52 0.0825-0.1016 0.0076-0.0094
Wood [67] 10-15 51 0.0125-0.0187 0.0012-0.0017
Leather * [68] 25-77 34 0.0208-0.0639 0.0019-0.0059
Cotton and wool * [69] 25-77 65 0.0397-0.1222 0.0037-0.0113

Source: author’s compilation & calculus based on cited literature [64-69].

Explanations: * according to [64-69], processing one metric ton of dry solid waste (i.e.,
cotton, wool or leather) requires a substantial need of water—around 500,000 L. To reduce
the costs for this operation, cow dung (or other types of manure) is used (from 2.5% up to
15% of the mixture), and by that, a better C:N (carbon to nitrogen) ratio is achieved [70].

*xC4 =C2xC3*xp*E 2)

where:

p (tho) = density of methane (CHy), 46.5 kg/m? [71]
E = value of energy (heat) for methane (CHy), 50-55 MJ/kg

xxx C5=Cldxy 3)

where:
1 (eta) = efficiency (MJ to KWh converted at 33% efficiency is 0.0926) [72].

When MSW is made by organic garbage or food waste (e.g., fruits and vegetables),
usually those constituents contain less than 4% volatile solids (VS), while the total solids
(TS) mass rarely exceeds 7%—the rest being comprised of water [19,70].

In a municipal solid waste management (MSWM) system, there are two main pro-
cesses: (1) waste disposal planning and control, together with (2) the distribution pro-
cess [62]. Both of them should be tackled by the government (maybe in partnership with
private companies) due to the lack of efficiency (as mentioned before, what is gained over
the reuse of waste is less than the expenses). The SC continues with the conversion facilities,
which, this time, does not necessarily need to be governmental anymore (or under the
government supervision) and, after the waste is converted into biogas and biofertilizer,
both of those main products are distributed from converting plants to dedicated centers to
reenter the economy [73].

3.3. Constraints
For each city, there are few constraints to be taken into consideration, such as:

1. The capacity of each storage station; this should equalize the amount left from the
previous period plus the waste collected the period taken into consideration;

Ci=Ci_1+WCR*Q )

where:

C = capacity of a storage station (m?);

t = time;

WCR = waste collection ratio;

Q = quantity/volume of waste collected;
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If C; is smaller than the total amount of waste generated in the city in the specified
amount of time (), the costs of biogas may increase because the extra waste should be
transported to another conversion plant, or unwillingly, it might end up on a landfill.

2. Transportation limits; clearly, the total waste transported from the city to distribution
centers and further on the supply chain cannot exceed the transport capacity.

n

WCR+Q < Y vp%0q, 5)
p=1

where:

v = transportation mean (vehicle);
n = the total number of vehicles available for MSW transportation;
g = the volume (or quantity) of MSW transported by each unit/vehicle;

Delayed transports should also be considered.

4. Results

When biogas technologies and innovation is accepted and well implemented by all
actors, the benefits for the citizens and the municipality are considerably higher than by
using conventional methods of collecting and depositing MSW. The following examples
are among the best practice cases found across Europe [14,35-39,53].

4.1. Bergen Example

Bergen, Norway’s second-largest city, offers one of the best, if not the best, MSW
management system, which is capable of handling thirty tons of waste per day straight
from the households, using airflow alone throughout an underground pipe system without
requiring on-street waste containers [74] (however, those being still in use by the pedes-
trians). Using this system, the second constraint, as described in the previous section, is
overcome.

From its first installation, in the year 2010, the system was developed to such an
extent that today it serves 8953 households and businesses plus 1200 public waste inlets
covering an area of roughly 800,000 m? and being able to transport the waste extremely
fast (70 km/h) outside the city where the waste collection station is [75].

4.2. Tonsberg Example

Following the Bergen example, the city of Tensberg—part of the Oslo Region Alliance
(Osloregionen), developed the system even more, making it a part of the Norway circular
economy by recycling food waste for 1.2 million inhabitants annually into climate-friendly
biogas for vehicles (i.e., public busses in the whole region are using it), as well as biofertiliz-
ers and bio-CO, for the production of new food (i.e., tomato farms in the region are using
both products for growing their plants and fruits that, in the end, are given to citizens as
interest for the effort of sorting and collecting their waste) [76].

4.3. London Example

Since opening in February 2014, East London Biogas Plant processes up to 35,000 tons
per year of MSW and already diverted more than 97,831 tons of waste from landfill produc-
ing over 39,487 MWh of renewable power—enough to power approximately 2000 homes.
The process also produces 42,000 tons of biofertilizer used by local farmland [77,78].

4.4. Barcelona Example

Car manufacturer Seat announced in spring 2019 that they would be launching a
project entitled “Life Metamorphosis” for converting organic waste into biomethane in
Barcelona [39]. The company outline that all the waste collected at the Ecoparc 2—one
of the four big environmental equipment infrastructures of biological and mechanical
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treatment of municipal waste in Barcelona [38,79], is transformed into biogas that would
be injected into the gas supply network. Moreover, the car manufacturer was testing a
number of cars working with this biomethane to see and understand the effect on their
engines after being driven a minimum of 30,000 km each [39].

There are many other success stories that create ground to identify new actions
and collaboration projects that contribute to accomplish this vision of using MSW for
fueling the transport system of tomorrow [80-82]. The total operational cost associated
with transforming MSW into biogas should take into consideration the entire SC (from
waste disposal facilities to handling and waste storage stations and distribution centers,
transportation, disposal and biogas production), which, as already stated throughout the
article, may be higher than the financial gain. However, as undertaken here, a broader
analysis shows that, from a social point of view, as well as environmental by reducing
pollution and waste recycling, the benefits are immeasurable—see the case of Bergen
and/or London. In addition, by participating in the circular economy, MSW management
shows a huge potential in the long run—as in the case of Tensberg.

The cost-benefit ratio of converting MSW to biogas depends on the following fac-
tors [70]:

Energy prices;

Tax concessions, if any;

Land prices;

Labor costs;

Construction and material costs;

Prices and markets for biofertilizer;

Quality of both the biogas produced and biofertilizer.

5. Discussion

Although most of the articles in the literature examine the biomass-to-energy con-
version from a technological or ecological approach, few focus on the assessments of the
biomass potential. The present article tackled a niched component of biomass, munici-
pal solid waste (MSW), and how a smart city may benefit from it. Moreover, as already
presented, Romania offers a fertile land for biogas production, and this article is trying to
present the benefits of investing in this industry.

Today, transforming MSW into biogas is one of the most, if not the most, environmen-
tally friendly [83] ways of fueling the cities’ public transportation [84] and making a sizable
contribution to the circular economy.

Of course, there are limitations as well as avenues to improve the large-scale biogas
technology, and they are both institutional and also economic. One needs to observe:

e  The complexity of the whole system. Establishing a self-sustaining institutional system
is a complex activity that may require many resources, capability and initiative. In
this regard, the author considers that private—public partnerships are a great way to
deal with this new perspective of transforming MSW into biogas—Bergen is one of
the most convincing cases of huge scale complexity.

e Individual behavior and waste cycles. The daily behavior of individuals cannot be
precisely predicted (only their aggregation can); in fact, the volume of waste, as well as
its type, are very particular. As such, it is not an easy task to do any prior calculation
of inputs to properly understand the expected outputs. Introducing Smart Metering
may help, but the costs associated with it would be added to the whole project.

e (Technical) acceptance by officials. Introduction and use of biogas require a huge
change in the actual waste collection and deposit. The benefits must be fully observed
and understood by the officials, as well as by citizens, in order for them to accept
the investments. Barriers as management failures and organizational inflexibility are
difficult to overcome [85,86]. Therefore, extra efforts should be made in this regard.

The current scenarios in biogas industry development corroborate with decision-
making and investment initiatives aiming at reducing fossil fuels, increasing using renew-
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able energy and emphasizing the role of the circular economy. For this, new perspectives
on energy production are necessary to be taken into consideration and, of course, political
support.

In this article, the reader visualized the whole MSWHE framework to provide systemic
approaches for Romanian (but not only) researchers, practitioners and investors in their
efforts to further develop better and sustainable MSWSCs networks. Further efforts are
needed to promote waste to biogas processes and reduce the waste amounts from munic-
ipalities in a useful way. In this regard, logistics and SC management are areas of high
importance for success.

6. Conclusions

As presented, MSW management should be considered as a strategic development
director for the municipalities due to the complexity and benefits of its supply chain. MSW
is subject to various impact factors, such as collection techniques, transport and disposal
tools and facilities and of course, conversion plants. At the same time, waste management
implies ethical behavior toward society. As the main product generated by MSW, biogas is
currently the only renewable fuel viable alternative to natural gas being used for the same
purposes and using the same transport infrastructure. Moreover, in the circular economy,
digested MSW could be reused as biofertilizer to cultivate crops that may be used further
on producing biogas.

This article is also trying to encourage Romanian local and national public admin-
istration as well as other interested parties to invest in the biogas industry; in doing so,
the author provided systemic guidance for researchers and practitioners in their efforts to
understand, design and plan MSWSCs up to transform MSW into energy.
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