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Abstract: During the last years, due to the strict regulations on waste landfilling, anaerobic
digestion (AD) of the organic fraction of municipal solid waste (OFMSW) is increasingly considered
a sustainable alternative for waste stabilization and energy recovery. AD can reduce the volume
of OFMSW going to landfill and produce, at the same time, biogas and compost, all at a profit.
The uncertainty about the collected quantity of organic fraction, however, may undermine the
economic-financial sustainability of such plants. While the flexibility characterizing some AD
technologies may prove very valuable in uncertain contexts since it allows adapting plant capacity to
changing environments, the investment required for building flexible systems is generally higher
than the investment for dedicated equipment. Hence, an adequate justification of investments in
these flexible systems is needed. This paper presents the results of a study aimed at investigating how
different technologies may perform from technical, economic and financial standpoints, in presence
of an uncertain organic fraction quantity to be treated. Focusing on two AD treatment plant
configurations characterized by a technological process with different degree of flexibility, a real
options-based model is developed and then applied to the case of the urban waste management
system of the Metropolitan Area of Bari (Italy). Results show the importance of pricing the flexibility
of treatment plants, which becomes a critical factor in presence of an uncertain organic fraction.
Hence, it has to be taken into consideration in the design phase of these plants.
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1. Introduction

In recent years, policy makers, researchers, and practitioners have devoted attention to
environmental sustainability issues both in urban and industrial environments to identify and adopt
sustainable systems configurations compliant with targets and regulations set by the European Union.
In urban area, sustainable mobility [1], energy efficiency [2], and integrated waste management [3] are
the key elements of the “smart city” concept [4]. Between them, waste management is one of the most
critical issue to face with. In 2012, the municipal solid waste production in the world amounted to about
1300 million metric tons, and it is estimated that, in 2025, the production will reach about 2200 million
metric tons per year with approximately 46% organic contents [5]. In many industrialized countries,
organics are the predominant fraction of municipal solid waste [6,7]; therefore, achieving high rates
of separation requires a strengthening of the recovery and enhancement of the organic fraction
of municipal solid waste (OFMSW). Although for many years municipal waste was disposed in
landfills, during the last decade, due to its environmental impact, strict regulations allow landfilling
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only under special considerations [8,9]. In landfills, the natural anaerobic OFMSW degradation
produces a biogas that is generally released to the atmosphere or used for energy production thanks
to its high methane content [10]. A system of wells and pipes collects the biogas and conveys it to
a boiler or turbine where it is combusted to generate heat or electricity, or simply flared [10]. In [11],
the environmental and economic benefits from using landfill methane for energy production are
largely describe. However, due to the large environmental impact of landfills, many of them will
soon be turned off in Europe because of the evolution in legislation [12]. The tendency is, however,
to decrease the amount of waste disposed in landfills which use should be limited to dispose the
remaining waste [13]. This tendency is confirmed by the significant increase of the domestic separation
and collection of waste fractions. Biological treatments represent the sustainable alternative for the
putrescent fraction collected separately. Treatment of biodegradable waste in composting plants is an
environmentally sustainable practice, already in force for twenty years, since it allows the disposal of
the OFMSW without negative impacts on the environment. However, the compost, even in the case of
high quality, has no market in practice, mainly because of large quantities of fertilizers are available at
no cost [14].

Among biological treatments, anaerobic digestion is often one of the most cost-effective, due to
the high energy recovery linked to the process and the limited environmental impact [15,16].
Anaerobic digestion is an additional treatment to compost OFMSW, producing both a good fertilizer
and biogas. Biogas is a versatile renewable energy source, consisting of up to 65% methane and
could be used for replacing fossil fuels in power and heat production [17]. From this perspective,
the anaerobic digestion makes truly sustainable the organic waste cycle management. In comparison
with incineration or landfilling, anaerobic digestion does not represent a potentially polluting process
when the produced biogas is adequately used [16,18] and in many cases the costs are relatively lower
than aerobic treatment [12]. Actually, anaerobic digestion is a promising and sustainable process for
the treatment of organic waste [19–21]. When processing the biogas properly, there is a net reduction
in the methane discharges into the atmosphere, thus decreasing greenhouse emissions, and smells and
the sanitary disadvantages of landfills are avoided [22,23].

Anaerobic digestion, however, has some critical aspects such as the complexity of the start-up
phase of the reactors [24,25], the longer time required to achieve biostabilization in comparison to the
aerobic process [26], and the presence of toxic and inhibiting compounds when the OFMSW treated
is not properly separated from the non-organic waste [13]. Process control needs complex analysis
because it is sensible to different waste composition affecting kinetics [19–21]. Another main issue
related to the anaerobic digestion is the uncertainty on OFMSW conferred to the plant. Since the outputs
of the process (energy, compost, etc.), namely the economic benefits, strongly depend on the amount
of OFMSW to be treated, the uncertainty about OFMSW may undermine the economic-financial
feasibility of such plants.

In light of this, the objective of this study is to investigate how different technologies may perform
from technical, economic and financial standpoints, in presence of an uncertain organic fraction.
This will support the decision-maker in the selection of the proper plant configuration based on the
conditions of uncertainty characterizing the context in which they will operate. In particular, two AD
(Anaerobic Digestion) treatment plant configurations characterized by a different technological process
are considered; they differ each other in the degree of “flexibility” (modularity), i.e., the possibility of
adapting their production capacity in response to the evolution of OFMSW interception. While this
flexibility may be very worth in uncertain and risky contexts since it gives the plant the capacity to
adapt to changing and uncertain environment, the investment required for building flexible systems
is generally higher than the investment for dedicated equipment. Hence, an adequate justification
of investments in these flexible systems is needed. Techniques traditionally used for economic and
financial evaluations, such as those based on Discounted Cash Flows (DCF) analysis, fail in capturing
the value of flexibility embedded in some kind of investments [27]. To address this issue, this paper
uses the Real Options Theory, which, building on the concept of financial option, enables for modelling
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and pricing the flexibility to change the production capacity in response to the evolution of uncertainty
about the OFMSW interception [28,29]

The paper is organized as follows. In the next section, a brief overview of the main OFMSW
treatment technologies is presented. Then, focusing on two AD (Anaerobic Digestion) treatment
plant configurations characterized by a different technological process, Section 3 illustrates the real
options-based model for the economic and financial evaluation of the considered configurations
in presence of an uncertain organic fraction. Section 4 shows the results obtained by applying the
proposed model to the case of the urban waste management system of the Metropolitan Area of Bari
(Italy). Finally, conclusions end the paper.

2. Anaerobic Digestion Technologies of OFMSW

The growing awareness of the negative environmental effects caused by the landfills and
incinerators has led public interest to increasingly focus on more sustainable technologies for the
treatment of the residual wastes. Eligible technologies are those which allow for recovering the matters
and/or the energy from waste, while reducing the volume of residual materials and the potential
of fermentation, and thus pollutant. Mechanical Biological Treatment (MBT), including Anaerobic
Digestion (AD), composting, heat treatment, landfill and a combination of MBT and heat treatment
named Mechanical Heat Treatment (MHT) [30,31] are the technologies most frequently adopted to treat
residual wastes. In particular, during the last years, anaerobic digestion of OFMSW and other organic
waste has been widely used as a form to recover energy in the form of biogas (methane). The large
diffusion of such technology justifies the growing attention that this process has being receiving
from researchers, companies and governmental agencies that are actively working to improve the
processes [12,32].

AD of organic matter has gained much attention thanks to its low cost, low environmental
impact, low production of residual sludge, and recovery of biogas for use as an energy source.
Main components of biogas obtained from the AD of solid waste are methane (48–65%), carbon dioxide
(36–41%), nitrogen (up to 17%), oxygen (<1%) and traces of other gases [33]. AD with biogas production
is the result of an anaerobic reaction chain with several steps: hydrolysis, acidogenesis, acetogenesis,
and methanogenesis [34]. Digestion is not complete until the substrate has undergone all of these
stages, each of them having a physiologically unique bacteria population that requires very different
environmental conditions. The digestion process takes place at mesophilic (35–42 ◦C) or thermophilic
(45–60 ◦C) temperature conditions. Two process types are mainly adopted, namely wet and dry
fermentation. In the first case, the biomass in input to the digester has a solid concentration below 12%,
whereas, in dry digestion plants, solid concentration is higher than 20%. With reference to the process
continuity, AD technologies can be classified into batch and continuous systems. In a batch system,
the reactor is filled with the feedstock and left for a pre-defined period, during which digestion and
biogas production take place. At the end of the period, the reactor is empty, and the process restarts.
In a continuous system, the biomass is regularly fed into the reactor, and at the same time effluent is
discharged [34]. All wet digestion processes are operated continuously, whereas, for dry fermentation,
both batch and continuous processes are adopted [17]. Moreover, a one-stage or a two-stage process can
be adopted. In a one-stage system, all biochemical reactions take place in one reactor, while a two-stage
system consists of a high-loaded main fermenter and a low-loaded secondary fermenter in series
treating the digestate in output from the first. More details on different AD processes and plant
configurations are in [17,34,35].

The AD of solid organic waste has been largely discussed and investigated in scientific literature.
A comprehensive review on specific topics and results obtained in this field are in [12,32]. In 2006,
about 87% of the EU full-scale plants for anaerobic digestion of OFMSW and biowastes were one-stage
systems, and were approximately evenly split between “wet” and “dry” operating conditions [36].
Dry technologies offer many advantages, such as the simple configuration of the reactor and the
low water consumption (if compared with the wet technology). This implies a simplification of
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OFMSW pre-treatment and digestate post-treatment, thus producing significant environmental benefits.
Main characteristics of the dry technology are listed in Table 1. The next two subsections discuss dry
continuous and batch processes.

Table 1. Advantages and disadvantages of dry processes [35].

Criteria Advantages Disadvantages

Technological
- No need of mixers inside the reactor;
- Strength and resistance to heavy inert materials and plastic;
- No hydraulic short circulation.

Waste with low content of solid
substance (<20% TS) cannot be
treated alone.

Biological
- Low loss of biodegradable organic matter in the pre-treatment;
- High Organic Loading Rate (OLR) applicable;
- Resistance at peak concentrations of substrate or toxic substances.

Minimum possibility of diluting
inhibitory substances and
excessive organic loads with fresh
water.

Environmental
and economical

- Minimum and economic pre-treatment;
- Reduced volumes of the reactors;
- Reduced use of fresh water;
- Minimum reactor heating request.

High investment costs due to
equipment used for treatment.

2.1. Continuous Processes

Research during the 1980s demonstrated that in case the wastes were kept in their original solid
state, i.e., not diluted with water, biogas yield and production rate values were comparable with those
of wet systems [37–39]. The main challenge of this technique was handling, pumping and mixing
solid streams rather than keeping biochemical reactions going at high total solid (TS) concentration
values [35].

Many dry continuous technologies are available, but one of the most spread in the market is
the Dranco digestion technology that was developed by studying and optimizing the spontaneous
“dry” digestion that takes place in a landfill. The Dranco process is well suited for the treatment of
various waste streams such as bio-waste, mixed waste, industrial organics, paper waste, market waste,
rural waste, manure, sewage sludge, and others. The process operates at 50–58 ◦C with retention time
(residence period of the organic matter in the reactor) of 20 days [40].

Main stages of the Dranco process (see Figure 1) are:

1. Organic fraction is pre-treated to reduce its size (d < 40 (mm)).
2. Pre-treated organic fraction is mixed with a small amount of steam and a large amount of digested

residue coming from the digester.
3. The mixture is pre-heated and pumped to the top of the digester.
4. Depending on the feeding rate, the mixture takes from two to four days to reach the bottom of

the digester; meanwhile, biogas obtained rises and exits from the digester through the roof and
floes to the gas storage.

5. The digested residue is extracted from the bottom of the digester by means of screws hanging
underneath the conical outlet and is sent to further composting or is used as organic compost.
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2.2. Batch Processes

In batch processes, the digestion reactor is filled with organic material with a high content of
solids (30–40% TS) with or without inoculum (material obtained in previous fermentation). Thus,
the organic material ferments and the percolation liquid that is produced during the degradation
process is constantly re-circulated. The process temperature is high (about 40 ◦C). In the past, batch
systems were limited in the market but, because of their affordability and simplicity, they are now
finding greater application. More details on this technology can be found in [17,34,35]. For the aim of
this paper, dry batch processes are mainly considered for their modularity.

Between dry batch processes, a simple single-step batch process, such as Bekon, is considered.
The different stages of degradation (i.e., hydrolysis, acid and methane formation) take place in the
same digester. Bio-waste needs no liquidation phase, as is in wet fermentation. Instead, it is constantly
moistened with its own percolation liquid, thus guaranteeing ideal living conditions for bacteria.
Fermentation occurs at mesophilic temperatures of 34–37 ◦C, obtained heating floors and walls
of the digesters. They are gas-tight, concrete, oblong, garage-like chambers and can be filled and
emptied with wheel or front-end loaders. Several digesters may be built next to one another and run
simultaneously in progressive biogas production stages, to guarantee continuous biogas production.
To achieve a constant gas production, at least three fermenters must be operated in parallel run with
different start-up times [17,34]. Given the modularity of construction, the plant’s capacity may easily
be increased. The increase in the capacity of this plant does not require huge additional investments or
additional costs during the overall project lifecycle.

Main stages of the Bekon process (see Figure 2) are:

1. Organic matter, or bio-waste, is loaded in the reactor with a substratum already fermented.
2. Percolation liquid is collected and then re-sprayed over the biomass in the digester.
3. The produced biogas is pumped into a combined heat and power unit (endothermic engine).
4. Once the fermentation process is completed, the digesters are emptied and the digested residue

either undergoes further composting or is used as organic compost.
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3. The Evaluation Model

The two technologies presented in previous sections are characterized by a different level of
“flexibility”. Bekon is the technology characterized by the higher flexibility, thanks to its modularity.
It allows the expansion of the production capacity during the operating stage to meet the possible
increase of OFMSW quantity intercepted. At the same time, the investment of Bekon as well as the
operating costs are higher than those of Dranco. The choice between these two technologies should
also take into account the benefits produced by the flexibility as well as the higher costs to identify the
most appropriate technology for the context in which they will operate.

In this paper, the Real Options Theory (ROT) is adopted to address this issue. ROT was developed
in the financial world to evaluate the financial options; since then, it has been used in the real world
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where it is proposed as a theory that overcomes the limits of the traditional techniques for investment
evaluation. ROT allows analyzers to take into account the managerial flexibility that characterizes
many real world investments, i.e., the ability to react actively to uncertainty [27]. A real option, in fact,
is defined as the right, but not the obligation, to take some actions in the future at a fixed predefined
cost [43]. Thus, from the ROT perspective, the possibility of expanding the production capacity, if
convenient, by developing “additional modules”, can be modelled as a real option, and particularly
an expansion option [27]. Several techniques have been proposed to price real options. Most of them
originate from the financial world, such as Black-Scholes formula [44], binomial model [45], simulation
model [46], and others. These models, however, can be difficult to apply to real cases which present
several uncertainties (not only financial, but also technical) and where their assumptions are often
violated [47,48]. Monte Carlo simulation is proposed as the alternative method to overcome the
discussed limits of financial techniques [46].

Dealing with the issue of technology selection in presence of several sources of uncertainty, this
paper adopts Monte Carlo simulation as option pricing technique.

In the case of a plant equipped with Bekon technology, its capacity at initial time could be
determined based on the expected organic fraction to be intercepted for the next year (Year 1),
with an initial investment I0. Then, every year managers will consider the possibility of expanding
the capacity based on the organic fraction expected to be treated in the following years as well as
the convenience of such expansion. Particularly, the expansion option for this generic year will be
exercised whether the expected benefits (i.e., revenues produced by the expansion itself for all the years
until the end of the plant useful life, N) are higher than costs. Figure 3 shows the decision-making
process for exercising the expansion option.
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Let OF(i) be the organic fraction intercepted at the generic Year i, with I = 1, . . . , N, and Pg the
biogas that can be produced for each unit mass of volatile solid in OFMSW. Both variables are affected
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by uncertainty. In particular, OF(i) is a random variable depending on the citizens behavior and public
initiatives and incentive policies. Pg varies depending on several factors, such as the quality of OFMSW
(i.e., purity) as well as the technology adopted. Pg is modelled as a uniform distribution, with different
parameters values for the two technologies (see Equation (1)).

Pg = UNIFORM(Pg
min,Pg

max). (1)

Then, it is possible to estimate the net biogas Bg(i) that can be produced every year (without
considering the possible dispersion in the plant), and consequently the total energy produced Ep(i)
and the total energy that can be sold Es(i) (that is, the energy produced without the fraction consumed
by the plant). Biogas production rate was evaluated as:

Bg(i) = [OF(i)·VS%]·Pg, (2)

where VS% is the percentage of volatile solid in OFMSW.
The energy produced Ep(i) and the energy sold Es(i) are computed according to Equations (3)

and (4):
Ep(i) = Bg(i)(1 − BBT) LHV ηe, (3)

Es(i) = Ep(i) − Ec(i), (4)

where BBT is the fraction of biogas burned in the security torch, LHV the biogas lower heating value,
and ηe the combined heat and power electrical unit efficiency. Ec(i) is the electrical energy consumed
by the plant.

At the generic Year i, the model considers the available capacity CP(i) and whether it can process
the amount of organic fraction expected next year OF(I + 1). Otherwise, the model will consider the
need for expanding the production capacity. The expansion capacity can be determined as:

int sup

[
OF(i)− CP(i − 1)

∆CexpB
min

]
∆CexpB

min, (5)

where ∆CexpB
min is the minimum expansion capacity for Bekon technology.

To assess the convenience of exercising this option, it is necessary to look at costs and revenue
produced by it until the end of useful life of the plant (N):

−IB
t + ∑N

i=t

pe

[
EB,AE

s (i + 1)− EB,BE
s,max(i)

]
+ pINC

[
EB,AE

p (i + 1)− EB,BE
p,max(i)

]
+
(

pOF − cB
op

)[
OF(i + 1)− CPB,BE

max (i)
]

(1 + r)i−t ≥ 0 (6)

where pe is the price of electricity; Es
B,AE and Ep

B,AE are, respectively, the energy sold and produced
after the expansion; Es,max

B,BE and Ep,max
B,BE are, respectively, the quantity of energy sold and produced

before the expansion when the plant works at the maximum production capacity; pOF the price that
the firm receives for each unit mass of waste processed; CPmax

B,BE the maximum production capacity
available before the expansion (that is, the maximum organic fraction that can be processed by the
plant without expansion); pINC is the incentive that the firm gets for each unit of electricity produced;
cOP

B is the operating cost of Bekon technology for each unit mass of OFMSW processed; and r is the
discount rate. If the option exercise is not convenient, the evaluation process is applied referring to the
next year, until the end of the useful life.

This way, the model determines whether and when the option exercise is convenient,
and consequently assesses annual revenue and costs.

The Net Present Value (NPV) of the plant with Bekon technology can be determined as:
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NPVBekon = ∑N
i=0

peEB
s (i) + pOFOF(i) + pINCEB

p (i)− cB
opOF(i)− IB

i

(1 + r)i , (7)

where Es
B(i) and Ep

B(i) are the energy sold and the total energy produced, respectively, at the i-th year
from the plant with the Bekon technology, and IB

i the investment at the i-th year in this plant.
Dranco technology is not flexible, that is, the manager has to decide, a priori, at initial time the

production capacity of the plant on the basis of the expected OFMSW that could be intercepted in
the future. This capacity, of course, could be greater or smaller than the real intercepted amount of
OFMSW. If the organic fraction is greater than the production capacity, the excess quantity could not
be processed. In the case of Dranco technology is adopted, the NPV of the plant can be evaluated as:

NPVDranco = ∑N
i=0

peED
s (i) + pOFOF(i) + pINCED

p (i)− cD
opOF(i)− ID

i

(1 + r)i , (8)

where Es
D(i) and Ep

D(i) are the energy sold and the total energy produced, respectively, at the i-th year
from the plant with the Dranco technology; cD

op is the operating cost of Dranco technology for each
unit mass of OFMSW processed; and ID

i is the investment at the i-th year in this plant (in this case,
the only non-zero value is the one at i = 0).

4. The Case Study

In this section, a numerical example to test the model is illustrated. A plant for the treatment of
OFMSW produced from citizens of a specified territorial area in the south of Italy (Metropolitan area
of Bari) has been considered. The data were collected by interviewing two technical managers actively
involved in the waste management of the Metropolitan area of Bari. In addition, other unavailable data
were assumed on the base of realistic market values, technical conditions and literature sources. Table 2
shows the data about the waste production in the Metropolitan area of Bari and the amount (percentage
of total municipal solid wastes (MSW)) of fractions (metal, glass, paper, organic, and plastic) separately
collected (the unit mass adopted in the case study is metric ton (Mg or t). Two plant configurations
(the former adopting the Dranco technology and the latter the Bekon technology) are evaluated and
compared using the model described in the previous section.

Table 2. Plant users basin parameters ([49]).

Municipalities Population MSW (t/y) Separate Collection 2008 Separate Collection 2009

9 497,593 287,000 16.1% 17.6%

The quantity of electrical energy annually produced is uncertain and depends on some stochastic
variables, such as the quantity of OFMSW collected and the efficiency of biogas conversion processes.
Differences could be addressed to the technology adopted, too.

As far as the trend of the organic fraction is concerned, it has been assumed that, on a yearly basis,
the rate of OFMSW collected increases of a quantity modeled by means of a random variable ∆OF(i):

OF(i) = OF(I − 1) + ∆OF(i)

with OF(0) the initial value of OFMSW collection rate. ∆OF(i) values were estimated based on historical
data on OFMSW collection rate in 20 Italian regions during seven years. By observing collected data,
different magnitude in the increase of the OFMSW collection rate has been observed for different initial
OFMSW collection rate values. According to initial OFMSW collection rate values, four categories
have beed identified, each of them characterized by a different range of the initial rate (see Table 3) and
data sets (Occurrences (#) in Table 3). For each category, the mean and the standard deviation values of
∆OF were computed. To obtain the forecast curve of the percentage of OFMSW collection rate over
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the plant useful life, we assume ∆OF values as a proxy of the gradient of the curve in each range of
OFMSW collection rate as defined in Table 3.

In the geographic area under consideration, the initial rate of OFMSW collection is 5%.
The mean value of the OFMSW separate collection rate during the expected life of the plant

(20 years) is depicted in Figure 4. A mean upper bound value of 70% for OFMSW collection rate has
been considered, since it is the value observed on average in the period 2001–2010 of the separate
collection of biodegradable waste as a whole (organic waste, paper, wood, and textiles) in Italy.

Table 3. Historical data analysis results.

Category 1 2 3 4

OFMSW collection rate <10% 10–20% 20–30% >30%
Occurrences (#) 73 25 10 6

OFMSW collection rate increase:
Mean 0.8% 2.1% 3.6% 2.9%
StDev 2.4% 3.9% 4.0% 2.2%
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Table 4 shows the technical data of the plant for the two technologies. Data on biogas production
are from [40]. It is assumed that, on a yearly base, the 10% of the produced biogas is burned in
a security torch to consider unavailability (maintenance and failures) of the engine supplied with the
biogas. Electricity consumption data assumed refer to the overall process for both technologies.

The economic data adopted for the economical and financial evaluation are listed in Table 5.
The estimation of the economic data has been based on data collected on other similar projects and/or
provided by public agencies and stakeholders, and experts’ opinions.

Table 4. Technical data of Bekon- and Dranco-equipped plant assumed.

Parameter Value Unit

Probabilistic Parameters

Pg (Bekon) Uniform (240,530) m3 of biogas/t of volatile solids

Pg (Dranco) Uniform (550,780) m3 of biogas/t of volatile solids

Correlation coefficient biogas production
in Dranco and Bekon 0.8 -

Deterministic Parameters

Useful life of the plant 20 Years

Biogas methane concentration 60 % (in volume)

Biogas burned in security torch 10 % (in volume)

Engine-generator electrical efficiency 40 %

Treatment and post treatment
(composting) electricity consumption 18 (Bekon); 128 (Dranco) kWh/t of OFMSW
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Table 5. Economical data adopted in the simulation.

Parameter Value Unit

Common data

pOF 40 €/t
pe 0.08 €/kWh

pINC 0.088 €/kWh

Bekon data

cop
B 35 €/t

∆Cexpmin
B 2500 t

Investment for ∆Cexpmin
B 976.19 k€

Dranco data

cop
D 20 €/t

CPmax
D 50,000 t/year

Initial investment 20,000 k€

As far as the incentives are concerned, the Italian law allows producers to get incentives for
the first fifteen years of production. The production capacity in the case of Dranco technology was
determined by calculating the 75% of the expected organic fraction intercepted at the 20th year.

The Monte Carlo simulation with 10,000 trials was run by using the software Crystal Ball.
The outputs of the model are shown in Figure 5 and Table 6.

Table 6. NPV simulation results (k€).

Parameter Bekon (a) Dranco (b)

Mean −131 −6592
Median 44 −6304
StDev 626 4679

Minimum −10,103 −32,959
Maximum 1220 8084
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Data obtained from the simulation show that, in this case, Bekon is more convenient than Dranco.
The probability of NPV Bekon being positive is about 55%, while in the case of Dranco technology it is
about 7%. This can be explained by observing that the Bekon plant capacity can “fit” the organic fraction
curve better than Dranco that presents a too high overcapacity for the first years. In other words,
contrarily to Dranco, the Bekon process has the flexibility to adapt its capacity to the evolution of the
organic fraction (if it is convenient). To analyze the possible dependency of the technology convenience
on the “temporal evolution” of the organic fraction interception, two other scenarios (A and B) were
considered, as Figure 6 shows. As shown in Table 7, in the case of trend A, Bekon technology equipped
plant is more convenient than Dranco one. In fact, as discussed in the reference trend, the plant
equipped with Dranco technology has an overcapacity for too many years and only at the end of its
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useful life the plant starts operating at its full capacity. This makes it inconvenient from an economical
point of view. On the other side, the plant that uses Bekon technology can have a low production
capacity for the first years, and then, if convenient, expand its capacity to meet the new organic
fraction collected.
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Table 7. NPV simulation results.

Technology Mean (k€) Median (k€) StDev (k€) Min (k€) Max (k€) Prob (NPV > 0)

Trend A
Bekon −750 −295 1200 −8412 1085 34.00%
Dranco −13,089 −13,068 4430 −29,401 2945 0.12%

Reference
Scenario

Bekon −131 44 626 −10,103 1220 55.55%
Dranco −6592 −6304 4680 −32,959 8084 6.96%

Trend B
Bekon 595 520 597 −1613 3180 87.88%
Dranco 11,470 12,301 3303 −5625 17,287 100%

On the contrary, trend B shows the opposite situation: Dranco becomes more convenient than
Bekon. In fact, the plant with Dranco technology almost works at full capacity since the beginning.
The plant with Bekon process has a low initial capacity, but, in the next years, it can be expanded to
treat the increased quantity of collected organic fraction. However, it can happen that, at the generic
Year t (e.g., t = 10, 11, . . . ), the expected value of organic fraction intercepted increases, but the
expansion option is not convenient. In other words, the revenues generated by the option exercise are
lower than costs: the expected increase or the number of years when the plant can work until the end
of its useful life are not enough to economically justify the capacity expansion. This means that the
plant is probably unable to process a great part of the organic fraction collected.

Finally, two other cases were considered. We assumed that the hypothetical investor can choose
when the plant will start to work. As Figure 7 shows, this is equivalent to translating the origin of the
axes (the initial time is set at Year 5 and 10, respectively, for scenario 1 and 2). The initial fraction of
waste intercepted increases and the temporal evolution is different.
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Simulation results obtained are shown in Table 8.

Table 8. NPV results of simulation for scenarios 1 and 2.

Technology Mean (€) Median StDev (k€) Min (k€) Max (k€) Prob (NPV > 0)

Reference
Scenario

Bekon −131 44 626 −10,103 1220 55.55%
Dranco −6592 −6304 4680 −32,959 8084 6.96%

Scenario 1
Bekon 199 257 457 −4783 1849 78.59%
Dranco −123 366 4949 −20,678 11,739 52.75%

Scenario 2
Bekon 703 694 557 −3533 3390 91.71%
Dranco 9164 9779 3800 −11,796 17,115 97.48%

Passing from the base case scenario to scenario 1, the difference of convenience between Bekon
and Dranco becomes smaller, until it reverses: in scenario 2, Dranco becomes more convenient than
Bekon. The reason is always the same. The flexibility of Bekon is valuable when the values of organic
fraction change considerably, but gradually, during the years, increasing from very low quantity in the
first years to high quantity at the end of the useful life. On the contrary, if the variation of values is not
so considerably (even at the beginning the organic fraction collected is high) or the variation is not
gradually during the time, the flexibility of Bekon is less worth than Dranco.

5. Conclusions

In this paper, the feasibility study of a plant producing biogas and compost from OFMSW has
been carried out. Two different plant configurations have been compared. They differ in the technology
implemented for the anaerobic digestion of the OFMSW. Continuous and batch processes have been
analyzed. Batch processes are designed to be simple, but biogas yield is not stable. Consequently,
some technology providers (e.g., Bekon) operate a range of digesters in parallel. This provides
high flexibility in capacity to this kind of plant. Thanks to the more stable biogas yield obtained
with continuous processes, equipment configuration could be optimized, thus reducing unit costs.
The above-mentioned remarks are valid in a context in which the demand of waste treatment is
stable over time. However, many municipalities in EU are now approaching innovation in waste
management that determines variations in organics collection service and treatment. In this context,
flexibility of treatment plants is a critical factor and must be considered in the design phase of these
plants. Traditional techniques adopted to evaluate financial and economic performance of investment
project do not allow investors to assess the value of this flexibility. To overcome such a limit, in this
paper, a methodology based on ROT has been adopted. The methodology supports the financial and
economic performances of this type of plants taking into account their flexibility. The methodology
has been applied to a full-scale case study. Results obtained proved its capability in identifying the
most suitable technology for a given forecasted trend of OFMSW collected.

6. Limitations and Further Research

This study investigates how different technologies for OFMSW treatment may perform from
technical, economic and financial standpoints, in presence of an uncertain organic fraction. Two AD
(Anaerobic Digestion) treatment plant configurations characterized by a different technological process
are considered; they differ each other in the degree of “flexibility” (modularity), i.e., the possibility
of adapting their production capacity in response to the evolution of OFMSW interception. A real
option based model which is able to price the value of flexibility embedded in such technologies is
developed to support the decision-maker in the selection of the proper plant configuration based on
the conditions of uncertainty characterizing the context in which they will operate.

The main limitation of this study lies in having developed some managerial implications about the
use of such technologies based on results obtained by applying the model to a single case study. For the
sake of generalizability, further research will be devoted to applying the model to other municipal
contexts, characterized by different initial OFMSW collection rate and population density. This will
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strengthen the results of the study. Another major limitation comes from the continuous progresses
on these technologies, which improve the technical and economic performance of such plants and
thus make the input data, and consequently results, not so up-to-date. Actually, this limitation is only
apparent since the model can be easily revised with more up-to-date values coming from both scientific
literature and providers of technologies.
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