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ABSTRACT

The present study focused on a comparison of two technologies applied in the me-
sophilic anaerobic digestion, namely a conventional wet one and a dry batch one.
The considered substrate was the source sorted organic fraction of municipal solid
waste (SS-OFMSW) and the input flow rate, for the study case, was 35,000 Mg/year.
The analysed systems included the pre-treatment of the SS-OFMSW, anaerobic di-
gestion, upgrading of biogas to biomethane and aerobic post-treatment for the pur-
pose of obtaining compost. The comparison was made by the calculation of three
indicators: net present value, total primary energy and CO, equivalent emissions,
with the aim of providing elements for choosing the most appropriate technology for
the specific case. The results obtained demonstrated the finding of worse values by
the total primary energy indicator for the dry batch technology, providing a saving of
approx. 21% lower compared to the wet one. In terms of CO, equivalent emissions,
the dry batch anaerobic digestion technology provided a better indicator than the wet
anaerobic digestion system. Sensitivity analysis revealed the finding of an opposite
result only when high specific gas production values were assumed for wet anaero-
bic digestion, and low specific gas production values for the dry batch technology.
From an economic perspective, the results indicated a preference for the dry batch
technology due to a higher net present value and a shorter period of return of the
investment. This finding was also confirmed by a Monte Carlo uncertainty analysis,
showing how the dry batch system featured a 90% of possibility of achieving a higher

1. INTRODUCTION

The source sorted organic fraction of municipal solid
waste (SS-OFMSW) is a highly biodegradable material.
Thus, biological processes are the preferred methods for
processing and treating SS-OFMSW, allowing subsequent
material and/or energy recovery (Righi et al., 2013). Biolog-
ical processes include treatments such as composting and
anaerobic digestion (AD) for biogas production and they
account for 95% of current biological treatment operations
for organic waste (Oldfield et al., 2016). Even if compost-
ing is an energy intensive process, due to the need for
forced aeration, it may provide energy savings (0.39 kJ/kg
of produced compost), on a life cycle assessment (LCA)
perspective, as a consequence of the avoided chemical
fertilisers, with a limited increase of energy consumption
compared to landfill (+20%) (Blengini, 2008). AD is the best
option in terms of total greenhouse gas (GHG) emissions
when compared with food waste incineration or landfill
(Evangelisti et al., 2014).

economically sustainability versus the wet technology.

Today, the installed capacity of anaerobic digestion is
fast increasing (Mata-Alvarez et al., 2014). Since 2009, the
number of biogas plants in Europe has approximately tri-
pled and reached about 11,000 units at the end of 2016
with an installed electric capacity of 10,000 MW (EBA,
2017).

Italy is also following this trend. In 2016, the munici-
pal solid waste (MSW) disposed in landfills was about 7.4
million Mg, 50% less than in 2010. Approximately 5.7 mil-
lion Mg of MSW are currently processed in biological treat-
ment plants (+10% compared to 2015). About 2 million Mg
are fed to integrated aerobic/anaerobic treatment plants,
and about 250,000 Mg are treated in anaerobic digestion
plants. Integrated systems are spreading at the national
level, showing an increase of 29% in the amount of treated
waste in the last two years (ISPRA, 2017).

AD processes can be classified according to the total
solid (TS) content of the substrate in the reactor. In the
wet AD, the SS-OFMSW is mixed with water (or other liquid
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streams) to reach a TS content lower than 10-12%, and it is
degraded in reactors whose ideal model is the continuous
stirred-tank one. In a semi-dry AD (10-20% of TS) and dry
AD (20-40% of TS) plug-flow or batch reactors are usual-
ly used to handle high values of TS (Mata-Alvarez, 2002).
The wet AD is well known and suitable for co-digestion with
high liquid content waste (such as sewage sludge), thus
reducing costs for pumping and mixing systems. How-
ever, investment costs remain quite high because of the
equipment required for pre-treatments and the consider-
able amount of process water to be cleaned. Conversely,
the dry AD requires minimal pre-treatments and no mixing,
reduced reactor volume and process water, but it is charac-
terised by a lower biogas production (Cecchi et al., 2005).
In the last decades, a large number of studies were
made about the AD processes and technologies, especial-
ly regarding the anaerobic treatment of the SS-OFMSW, its
process design aspects and its potential for energy recov-
ery (Chatterjee and Mazumder, 2016). Within this frame-
work, the dry AD represents a well-established technology
for the MSW treatment in Europe (Brown and Li, 2013). For
this type of AD, some studies assessed the influence of the
initial TS content of the organic matter in the digester and
the related biogas generation (methane yield). Fernandez
et al. and Forster-Carneiro et al., for a mesophilic lab-scale
AD, respectively of OFMSW and food waste, operating in
batch mode, evaluated a higher methane production for a
process with 20% of TS rather than 30% of TS (Fernandez
et al., 2008; Forster-Carneiro et al., 2008). Zhang and Banks
also found that, processing the same organic matter, the
methane yield of a wet AD was higher than that of a dry
AD (Zhang and Banks, 2013). Numerous studies focused
on the operating parameters of food waste AD and on the
comparison between different management strategies of
MSW, among such AD technologies, have been carried
out (Ren et al., 2018). However, to the best of the authors’
knowledge, few works are available about the compre-
hensive comparison between wet and dry AD in terms of
environmental impacts, energy and economics. Luning et
al. made a comparison between a full-scale dry process
(Valorga dry technology) and a wet process, concluding
that the choice between the two technologies was highly
dependent on the environmental standards of the AD prod-
ucts at the national level (Luning et al., 2003). Colazo et
al. estimated the loss of potential biogas production due
to the loss of organic matter in the pre-treatment steps
of two SS-OFMSW AD facilities (BTA wet and Valorga dry
technologies) and the associated environmental burdens
of the rejected material disposal. They concluded that the
pre-treatments required for the wet process generated
a higher amount of rejected materials (161 kg per Mg of
OFMSW in the dry case vs. 337 kg per Mg of OFMSW in
the wet case), in which a high amount of organic fraction
(about 76% of the rejected material) is lost and that the
incineration disposal for such rejects was more favourable
than the landfill disposal (Colazo et al., 2015). Daniel-Grom-
ke et al., measuring the GHG emissions of twelve AD plants
of bio-waste, indicated that each plant showed a very dif-
ferent emission rate (Daniel-Gromke et al., 2015). Only An-
gelonidi and Smith quantified the environmental and eco-

nomic performances of eight AD plants of MSW and food
waste, among which two technologies based on gas-proof
box-shaped reactors working in batch mode at mesophilic
temperatures, herein referred to as dry batch AD (Angelon-
idi and Smith, 2015). They showed how the dry batch tech-
nologies had benefits in terms of flexibility over the accept-
ed feedstock, but worse energy and economic indicators.
However, at industrial scale, dry batch AD seemed to be an
appealing solution for the treatment of the organic fraction
resulting from a mechanical sorting process of MSW (Di
Maria et al., 2012).

Within this framework, we highlight that a comprehen-
sive comparison of the available AD technologies con-
sidering at once environmental implications, energy and
economics, and also including pre-treatments, fate of the
rejected materials and effective biogas production, was
not yet fully reported in previous literature. We believe that
such a comparison could help in highlighting benefits and
drawbacks of the AD technologies.

Global primary energy consumption grew strongly in
2017, having the fastest growth since 2013 (British Pe-
troleum, 2018). Moreover, the energy sector still depends
mostly on fossil fuels whose combustion contributes to
greenhouse gas (GHG) emissions (IPCC, 2014). The calcu-
lation of GHG emissions from different plants, such as AD
plants or composting plants, could help in understanding
the impacts and suggesting improvements for emission re-
duction strategies in the waste sector (Friedrich and Trois,
2016; Marchi et al., 2017). Complementary economic and
financial analysis, aimed at evaluating the costs (negative
and/or positive) of a product or system during its life (Sul-
livan et al., 2014), would help to clarify the potential role of
waste management plants.

Therefore, the main objective of this study is to analyse
two possibilities for the anaerobic treatment of SS-OFMSW
- the dry and the wet technologies — looking at the results
in terms of costs, primary energy and CO, equivalent emis-
sions. Specifically, we include within the studied systems
the pre-treatments, the disposal of the rejected materials,
the biogas exploitation. This type of approach is not so com-
mon in the international literature, while it can help in pro-
viding elements for choosing the appropriate technologies.

Among the dry AD technologies, the dry batch mes-
ophilic one is selected in particular for its simplicity and
ability to treat substrates with high content of dry sub-
stance (such as SS-OFMSW), avoiding potential problems
related to pumps and stirrers, with expected lower energy
consumption. Additionally, the dry batch technology can
handle entering substrates containing undesired materi-
als, thus not requiring intensive pre-treatments for the SS-
OFMSW. As reported by Qian et al. (Qian et al., 2016), in
recent years due to these advantages, this type of dry AD
has gained enormously in importance in the field of waste
treatment. A conventional wet mesophilic technology is
considered for comparison. Furthermore, in both the cas-
es, it is assumed to upgrade the produced biogas to biom-
ethane. The entire plants are preliminarily sized for a study
case (35,000 Mg/year).

In the following sections, after the description of the
context where the case study is located, the main data
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about mass balances, energy consumptions and economic
parameters are reported; then, the evaluation methods are
explained; finally, the results are shown according to the se-
lected evaluation methods, also analysing their sensitivity
with respect to key parameters.

1.1 Abbreviations

AD: Anaerobic digestion

GHG: Greenhouse gas

HRT: Hydraulic retention time

i%: Rate of return

LCA: Life cycle assessment

LHV: Low heating value

MSW: Municipal solid waste

NPV: Net present value

0O&M: Operation and maintenance
SGP: Specific biogas production
SS-OFMSW: Source sorted organic fraction of
municipal solid waste

TPE: Total primary energy

TS: Total solid

TVS: Total volatile solid

W: Water

1.2 Units
1Mg=10°%g

2. MATERIALS AND METHODS
2.1 Case study

The analysis is carried out for a study case plant, lo-
cated in Arezzo, in central Italy. At this industrial site, the
company — AISA IMPIANTI S.p.A. — presently operates a
mechanical sorting process of mixed MSW, a waste-to-en-
ergy plant and a composting plant. The mechanical sorting
process consists of a shredder for opening the bags and
reducing the size of the mixed MSW, an electromagnet for
the extraction of the metals, a rotating drum screen for the
separation of the above sieve fraction, mainly composed of
dry materials, and the passing sieve fraction, mainly com-
posed of biodegradable humid fraction. The dry flow, char-
acterised by low moisture content (not exceeding 25%) and
rich of materials such as plastics and paper (respectively
about 30% and 25% of the dry flow), presents rather good
fuel properties because of its significant low heating value
(LHV), generally higher than 15 MJ/kg (Di Lonardo et al.,
2012). Thus, it is sent to combustion for energy recovery
through a moving-grate waste-to-energy plant. On the other
hand, the biodegradable humid fraction, characterised by
relevant organic matter with moisture content of 40-55%
by weight (Di Lonardo et al., 2012), is processed by an
aerobic biological process for biostabilisation through an
aerated (turned) windrow. The biological stabilisation and
decomposition of this biodegradable humid fraction pro-
duce a final stable product, free of pathogens, which can be
applied as lining and capping of landfill sites. Additionally,
about 23,000 Mg/year of SS-OFMSW are fed to the com-
posting process, also present in the same industrial site.
The composting of SS-OFMSW produces a nutrient-rich
matter suitable for land application. The amount of SS-

OFMSW is constantly increasing year after year thanks to
the implementation of improved separate collection meth-
odologies. In Arezzo, in 2017, the separate waste collection
increased by 15% with respect to the year 2015 (Agenzia
Regionale Recupero Risorse S.p.A., 2017). Thus, AISA IM-
PIANTI S.p.A. is planning to build an AD plant able to treat
35,000 Mg/year upstream of the composting process; their
aim is to evaluate the best technology choice for their spe-
cific case.

Thus, the different technical possibilities for process-
ing 35,000 Mg/year of SS-OFMSW by anaerobic digestion
producing biogas, further upgraded to biomethane, are
compared from the economic point of view and by per-
forming balances of CO, equivalent emissions and primary
energy, also comparing the results with those calculated
for conventional aerobic composting. In order to carry out
such analyses, a preliminary modelling of the two alterna-
tive processes is provided in the following paragraphs.

2.2 Wet anaerobic digestion process

In order to process 35,000 Mg/year, the plant is fed by
a steady flow of about 96 Mg/day of SS-OFMSW. The SS-
OFMSW entering the plant is originated from door-to-door
collection within Arezzo Municipality. The observed SS-
OFMSW still presents a large quantity of undesired materi-
als. However, it is consistent with other common cases in
Italy, as reported in Micolucci et al. (Micolucci et al., 2018).
Thus, even if the entering material comes from the source
sorted collection system, the quality is still not pure, and
about 30% of undesired materials (mainly plastics, glass-
es, metals, inert) must be removed in a pre-treatment step,
which uses a pulper. During such a pre-treatment process,
also part of the biodegradable fraction is, unfortunately,
removed. This amount is estimated as an additional 16%,
with respect to the undesired materials (Khoshnevisan et
al., 2018), clearly representing a loss of potential biogas
production.

Thus, about 61 Mg/day of pre-treated flow is directed to
the mesophilic anaerobic digestion. Table 1 reports the es-
timated mass flow rates before and after the pre-treatment
step and their characteristics in terms of TS, total volatile
solid (TVS) and water (W).

Assuming that the wet anaerobic reactor operates with
a TS content equal to 10%, the amount of required water for
dilution is calculated, resulting equal to about 98 Mg/day
(or 98 m?3/day): this amount can be obtained downstream
of the wastewater treatment of the process liquid effluent.
Providing that the hydraulic retention time (HRT) equals to
20 days, the required volume for the digester is about 4,000
m3.

According to Mata-Alvarez (Mata-Alvarez, 2002), the
generated biogas volumetric composition is 60% CH,, 38%
CO,, 250 ppm H_S and 2% H,0. Additionally, the specific gas
production (SGP) is estimated to be 0.589 Nm?of produced
biogas per kg of TVS supplied to the reactor (Mata-Alva-
rez, 2002), obtaining about 95 Nm? of biogas per Mg of
SS-OFMSW entering the plant (i.e. referring to the entering
amount before the pre-treatment). The biogas daily flow
of about 9,116 Nm?/day is sent for upgrading, producing
5,526 Nm?3/day of biomethane. For the upgrading process,
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a biomethane purity (CH, content) equal to 97% and meth-
ane losses equal to 2% (Sun et al., 2015) are considered.
The produced digestate, with 3.5% TS, is sent to a cen-
trifuge for the solid-liquid separation step, producing about
16 Mg/day of solid part (25% TS) and 133 Mg/day of liquid
part. The liquid part, rich in organic compounds and nutri-
ents, is sent to the wastewater treatment plant (provided
that it is built in the same site), and, after this process, 98
Mg/day are recirculated for the digester substrate dilution.
The solid fraction is sent for aerobic composting with a spe-
cific compost production rate of 39% of the entering matter
(Boldrin et al., 2010; Saer et al., 2013). Usually, to ensure
the proper aeration during the composting process, ligno-
cellulosic wastes are added to the digestate as structuring
materials. However, lignocellulosic wastes are not consid-
ered within the studied system, given that they would be
composted anyway (with or without the digestate).

2.2.1 Energy consumption

For the wet AD process, electricity and fuel consump-
tions for processing and handling the material are consid-
ered. Electricity consumption for the pre-treatment and
the anaerobic digestion phase is set at 55 kWh per Mg of
processed material (IPPC, 2006). For the solid/liquid sep-
aration process, an average consumption of 45 kWh per
Mg of dry matter is estimated (Masotti, 2011), while for the
composting of the solid fraction, discharged by the centri-
fuge, the estimation is 20 kWh/Mg (Torretta et al., 2014). A
consumption of 0.65 kWh is assumed per each m? of liquid
effluent treated in a wastewater process, based on primary
and secondary treatments (Campanelli et al., 2013). At the
time of writing, the biogas upgrading technology is not yet
defined, and thus an average preliminary value of electricity
consumption equal to 0.22 kWh/Nm?3 of entering biogas is
estimated (Sun et al., 2015).

Diesel fuel is consumed by the operating machines
used to feed the pre-treatment section as well as to the han-
dling and movement of the heaps for the composting plant.
The diesel consumption is estimated 0.78 I/Mg according
to the experience of AISA IMPIANTI S.p.A.. Also, the diesel
consumption for the transportation of the pre-treatment
discards to landfills is considered, assuming a transporta-
tion distance of 100 km and a freight lorry transport with 26
Mg of capacity able to cover 2.8 km using one litre of diesel
(Ministero delle Infrastrutture e dei Trasporti, 2009).

2.2.2 Costs

Investment, mortgage, operation and maintenance
(O&M) costs are considered. Revenues from the SS-OFMSW
gate fee and biomethane selling are accounted for. For the
wet AD process, the investment cost for the construction
of the anaerobic digestion plant (pre-treatment, anaerobic
digester, wastewater treatment, biogas upgrading and ad-
ditional aerobic post-treatment) amounts to approximately
€ 11,399,900, of which 61% is financed with an interest rate
of 3.5% for 10 years (the resulting mortgage is thus equal
to 839,071 €/year). Table 2 summarises the annual O&M
costs and revenues. With reference to typical Italian market
conditions, the diesel price, the waste landfilling cost and
the gate fee specific revenue are respectively 1.51 € per

litres, 90 € per Mg of waste and 62 € per Mg of SS-OFMSW
treated. For AISA IMPIANTI S.p.A., the average electricity
price is 63 €/MWh because the plant (see the waste-to-en-
ergy plant) is a self-producer of electric energy. According
to the Italian incentive scheme for biomethane injection
into the natural gas grid (GME-Gestore Mercati Energetici,
2018) and its use in the field of transportation (Ministero
dello Sviluppo Economico, 2018), the biomethane sale rev-
enues are, respectively, equal to 22.738 €/MWh and 375 €/
CIC (where 1 CIC is equal to 5 Gcal of biomethane). After
10 years, the incentive due to the use of biomethane in the
transport sector (CIC) will be reduced by 85%.

2.3 Dry batch anaerobic digestion process

For the dry process, we examine the technology based
on gas-proof box-shaped reactors, operating in batch mode
at mesophilic temperatures. The amount of SS-OFMSW en-
tering the plant daily is the same as in the previous case
(96 Mg/day). Also, the characterisation in terms of TS, TVS
and W is the same as that reported in the first column of
Table 1. However, in this second case, only a light pre-treat-
ment is considered, based on waste simple shredding and
producing 3% of water losses (to be processed in a waste-
water treatment plant). Therefore, the stream fed to anaer-
obic digestion is about 94 Mg/day, according to the details
reported in Table 3. In order to promote the anaerobic deg-
radation, part of the digestate must be recirculated into the
batch reactor as inoculum, in the ratio 1:1 with the fresh
waste (Patinvoh, 2017). Thus, the mixture entering into the
batch anaerobic digestion reactor is 188 Mg/day.

The volume of each batch reactor is 1092 m® and it can
be filled up to a maximum height of 4 m. Therefore, the vol-
ume of the material inside the reactor can be 780 m®max-

TABLE 1: Entering flows and their characteristics before and after
the pre-treatment step in the wet technology.

SS-OFMSW SS-OFMSW after pre-treatment .

[weight %] [Mg/day] [weight %] [Mg/day] .
TS 26 25 26 16
TVS 84 * 21 97 * 15
w 74 71 74 45

*as percentage of TS

TABLE 2: Summary of O&M costs in the case of the wet technol-
ogy.

Costs [€/year] Revenues [€/year]
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Staff 360,000 Gate fee 2,170,000
Maintenance 348,560 Biomethane 1,729,741
Diesel 74,274 Biomethane * 628,373
Electricity 182,180 - -
Disposal costs 1,134,000 - -
Other expenses 300,559 - -
Total costs 2,325,299 Total revenues 3,899,741
Total revenues * 2,798,373
* from the 11" year
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imum, that is about 500 Mg of material loaded inside the
reactor, assuming 0.7 Mg/m? of density for the SS-OFMSW.
If we consider a process duration of 30 days, the number of
batch reactors required to process the entering SS-OFMSW
is equal to 10.

According to Neri et al. (Neri et al., 2018), the generated
biogas volumetric composition is the same as in the previ-
ous case: 60% CH,, 38% CO,, 250 ppm H_S and 2% H,0. Fur-
thermore, a precautionary SGP equal to 0.345 Nm? of pro-
duced biogas per kg of TVS supplied to the reactor (Nagao
et al,, 2012) is considered, resulting in about 75 Nm? of
biogas produced per Mg of SS-OFMSW entering the plant
(i.e. before the pre-treatment). The daily flow of dry biogas
is actually about 7,204 Nm&/day. Biogas is then sent for
upgrading, producing 4,380 Nm?3/day of biomethane. For
the upgrading process, a biomethane purity (CH, content)
equal to 97% and methane losses equal to 2% (Sun et al.,
2015) are assumed.

For the dry AD process, the produced digestate is about
179 Mg/day, of which 94 Mg/day is recirculated back to
the reactor as inoculum. The remaining 85 Mg/day is sent
for aerobic composting, where, after the biostabilisation, a
mechanical treatment is applied to remove undesired ma-
terials (compost refining), thus generating some solid dis-
cards. The residues are therefore less than in the wet case
(about 30% of the stream entering the plant), without signif-
icant losses of organic matter during the overall process-
es. For this reason, the discards are composed mainly of
plastics, glasses, metals and inert. For the composting pro-
cess of the digestate, the same specific compost produc-
tion rate of 39% of the entering matter (Boldrin et al., 2010;
Saer et al., 2013) is used. Also, in this case lignocellulosic
wastes are required; however, they would be composted
anyway (with or without the digestate) and therefore they
are not included within the studied system.

2.3.1 Energy consumption

Electricity and fuel consumptions for processing and
handling the material are included also in this case. The
estimated electricity consumption for the light pre-treat-
ment and the anaerobic digestion phase is now set at 30
kWh per Mg of processed material (Gunatilake, 2016). The
presumed consumption for the composting section is 20
kWh/Mg (Torretta et al., 2014). The same consumption of
0.65 kWh is assumed per each m?® of liquid effluent treat-
ed in a wastewater treatment process (Campanelli et al.,
2013), yet, in this case, we assume the process to be out-
side the plant site. For the biogas upgrading, the same av-
erage value of electricity consumption equal to 0.22 kWh/
Nm? of entering biogas is estimated (Sun et al., 2015).

The assumed diesel consumption for the light pre-treat-
ment section and the composting process is equal to 0.78
I/Mg. The transportation distances of the compost refining
discards to landfill and of the liquid effluent to the waste-
water treatment plant are here presumed to be 100 km.

2.3.2 Costs

Investment, mortgage, O&M costs are also estimated
for this second case study together with the revenues from
the SS-OFMSW gate fee and biomethane selling.

The investment cost for the construction of the anae-
robic digestion plant (light pre-treatment, anaerobic dige-
sters, biogas upgrading and additional aerobic post-tre-
atment) amounts to approximately € 9,379,500, of which
53% is financed with a rate of interest of 3.5% for 10 years
(the resulting mortgage is equal to 596,135 €/year). Table 4
summarises the annual O&M costs and revenues. The spe-
cific costs and revenues are the same as in the wet case.

2.4 Evaluation methods

The two different technical alternatives are evaluated
through a preliminary economic analysis and balances of
energy and CO, equivalent emissions.

By accepting the estimated costs, the discounted cash
flow analysis is calculated through the net present value
(NPV) method (Equation 1). This analysis is conducted by
subtracting the present values of cash outflows (including
initial cost) from the present values of cash inflows over
a period of 20 years. The cash flow for each year is first
calculated; then, the present value of each one of them is
estimated by discounting its future value at a periodic rate
of return (i%), here established to be equal to 6%, accor-
ding to the data provided by AISA IMPIANTI S.p.A. From the
costs reported in Tables 2 and 4, the annual balance can be
calculated for both the cases.

N
CF

NPV(L,N) = (].Tl)t
t=1

M
where i is the rate of return, N is the total number of periods
(20 years), tis the period (1 year), and CF is the annual cash
flow [€/year].

The energy balance is carried out by considering the
consumption of electricity and fuels and the energy pro-

TABLE 3: Entering flows and their characteristics before and after
the pre-treatment step in the dry batch technology.

SS-OFMSW SS-OFMSW after pre-treatment
[weight %] [Mg/day] [weight %] [Mg/day]
TS 26 25 27 25
TVS 84* 21 84* 21
w 74 71 73 69

*as percentage of TS

TABLE 4: Summary of O&M costs in the case of the dry batch tech-
nology.

Costs [€/year] Revenues [€/year]

Staff 360,000 Gate fee 2,170,000
Maintenance 286,785 Biomethane 1,370,921
Diesel 101,394 Biomethane * 498,022
Electricity 128,558 - -
Disposal costs 952,560 - -
Other expenses 247,291 - -
Total costs 2,076,588 Total revenues 3,540,921
Total revenues * 2,668,022

* from the 11" year
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duced in the form of biomethane from the anaerobic di-
gestion. In this study, as energy indicator, the total primary
energy (TPE) is considered because it accounts for differ-
ent types of energy, being defined as the energy potential
presented by energy flows in their natural form. To convert
the electric energy to primary energy, an average efficiency
value equal to 0.41 (D.Lgs 192/2005, 2005) is considered,
in accordance with the common practice for all Italian cas-
es. For the fuels, primary energy is calculated on the basis
of the LHYV, respectively assuming 42,900 kJ/kg for diesel
and to 35,860 kJ/Nm? for biomethane.

The CO, equivalent emissions, calculated according to
the method reported in IPCC Synthesis Report (IPCC, 2014),
provide an environmental indicator of the human activities
impact on the global climate (Wiedmann and Minx, 2007).
For the CO, balance, the following contributions are con-
sidered: emissions due to the production of the required
electricity; emissions due to the production of the required
fuels and their combustion; emissions of CH, losses from
the upgrading process; emissions from the landfilling of
the separated discards and wastewater treatment; avoid-
ed emissions for the production and combustion of natural
gas displaced by biomethane; and avoided emissions from
the compost use. The adopted values for the specific emis-
sions of each process are reported in Table 5.

The CO, equivalent emissions deriving from the diesel
combustion are calculated through the stoichiometric fac-
tor equal to 3.67 kgCO,/kgC. Assuming a carbon content in
the diesel fuel equal to 0.86 kgC/kgDiesel and a diesel den-
sity equal to 0.85 kg/I, for each litre of burnt diesel the CO,
emissions result equal to 2.69 kgCO,/I. The emissions of
CO, deriving from the natural gas combustion are calculat-
ed through the stoichiometric factor equal to 2.75 kgCO,/
kgCH,. The avoided emissions for natural gas production
and the emissions deriving from diesel production, final
disposal of residues to landfill and wastewater treatment
are retrieved from Ecoinvent 3.0 (Wernet et al., 2016).

For both the TPE and CO, balances, the process based
on the direct composting of the same amount (35,000 Mg/
year) of the SS-OFMSW is included in the comparison con-
sidering the following consumptions: 20 kWh/Mg of elec-
tricity (Torretta et al., 2014); 0.78 I/Mg of diesel according
to the experience of AISA IMPIANTI S.p.A.. The compost
production rate is assumed to be 39% of the entering mat-

TABLE 5: Assumed specific CO, equivalent emissions (avoided
emissions have negative values).

Process Unit Value Source

Electricity kgCO,/kWh : 0.318 (ISPRA, 2018)
Diesel production kgCo,/I 0.50 Ecoinvent 3.0

Diesel combustion kgCo,/I 2.69 Calculated
Methane losses kgCO,/kgCH, 28 (IPCC, 2014)
Landfill discards kgCO,/kg 0.502 Ecoinvent 3.0
Natural gas production : kgCO,/Nm? : -0.21 Ecoinvent 3.0

Natural gas combustion : kgCO,/kgCH, : -2.75 Calculated

Compost use kgCO,/Mg -69 (Boldrin et al., 2010)

Wastewater treatment kgCO,/m? 0.385 Ecoinvent 3.0

ter (Boldrin et al., 2010; Saer et al., 2013). Residues from
compost mechanical refinement are then sent to landfill,
considering a transportation distance of 100 km.

3. RESULTS AND DISCUSSION

For the considered case study, the results are reported
in the following paragraphs showing the economic analy-
sis, the balances of TPE as well as the CO, equivalent emis-
sions.

3.1 Economic analysis results

Figure 1 shows the discounted cash flow trends over
the considered time for the wet and dry batch technolo-
gies. Based on the theory of finance (Sullivan et al., 2014)
and by comparing two types of investment, the process
that shows the highest NPV is certainly preferable. In this
instance, the discounted cash flow analysis result is more
favourable for the dry batch case; at the same time, the
NPV is higher.

For the first 10 years, the simple annual balances obtai-
ned for the wet and dry batch technologies (easily calcula-
ble from Tables 2 and 4) are both positive (net profit) and
equal to € 1,500,168 and € 1,464,333, respectively. From
the 11" year, the net cash flow of the wet technology beco-
mes significantly lower than the dry batch one, thus confir-
ming a better economic performance of the dry batch case,
which has a return of the investment of about 10 years (vs.
about 19 years for the wet case). In this case study, the
dry batch AD technology has a lower biomethane revenue;
however, the lower costs for electricity and waste disposal
to landfill provide a higher NPV than in the wet AD case.

3.2 Energy balance results

Table 6 shows the contributions to the TPE balance for
the composting, the dry batch anaerobic digestion and the
wet anaerobic digestion. Quite obviously, the two anaero-
bic digestion processes provide much better performanc-
es (negative values, meaning savings) than the compost-
ing case. This result is due to the energy recovery, in terms
of biomethane. The dry batch technology provides lower
savings of energy because of the lower production of bi-
omethane. Though, at the same time, the energy required
for the process - especially the pre-treatments and waste-
water treatment - is also lower. Considering the overall
anaerobic digestion process contribution, the dry batch
AD technology requires 42% of primary energy less than
the wet one. However, for the dry batch technology, the ex-
pected biomethane production is lower. This also means
that its upgrading energy balance (electricity requirement
+ biomethane energy) gives smaller negative contribution
(21%) than in the wet system. Also, the consumptions for
the aerobic biostabilisation process are larger for the dry
batch technology (300%) because of the larger amount of
composted digestate .

Overall, for this case study, the TPE balance is worse in
the dry batch case in comparison to the wet process, with
savings lower by about 21%. The result is also in agree-
ment with the assessment made by Angelonidi and Smith
(Angelonidi and Smith, 2015).
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FIGURE 1: Discounted cash flow analysis for the wet and dry technologies.

3.3 CO, balance results

Table 7 shows the contributions to the CO, balance for
the composting, the dry batch anaerobic digestion and the
wet anaerobic digestion.

For all the cases, the balances are positive because
the positive emissions are higher than the avoided (neg-
ative) ones. This result is also found in other case studies
(Daniel-Gromke et al., 2015). The results are dominated by
the high contribution to the CO, balance deriving from the
landfilling of large amount of residue. However, in both the
anaerobic digestion cases, the balance is better than in
the composting case (which is characterised only by the
avoided effects from compost usage) thanks to the avoid-
ed emissions for the biomethane production.

The use of compost in the dry batch AD technology
gives greater negative contribution than in the wet case
(-249%), but the biomethane production provides less
avoided emissions (21%). In general, the total contribu-
tion of the AD phase in the dry batch system gives -43%
Mg CO,/year than in the wet AD. The total CO, emissions
are lower in the dry batch AD case (-24%) because of the
moderated impacts of the anaerobic digestion energy re-

quirements, the upgrading operations and the waste dis-
posal to landfill.

The opposite results of the CO, balance and TPE bal-
ance are mainly due to the CO, contributions not related to
energy input/output, namely compost avoided emissions,
methane losses and emissions from landfill discards.

3.4 Sensitivity analysis

In the field of AD processes, data on SGPs are by nature
subject to variability. SGP values directly affect the produc-
tion of biogas/biomethane, influencing the main contribu-
tions to the previously shown balances (energy, CO, and
economics). Thus, a sensitivity analysis with respect to
this parameter is necessary, in order to better evaluate the
effective contribution of energy recovery in terms of bio-
methane. For this reason, the reference SGPs of both wet
and dry AD technologies, respectively equal to 0.589 and
0.345 Nm? of produced biogas per kg of TVS (Table 8), are
changed. According to the SGP values retrieved from liter-
ature (Angelonidi and Smith, 2015; Cecchi et al., 2005), a
variation of +/- 20% is considered with respect to the used
reference values.

TABLE 6: Total primary energy comparison of the considered technologies.

Composting Dry batch AD Wet AD
[MWh/year] [MWh/year] [MWh/year]
Anaerobic digestion process : Electricity pre-treatments + AD 1,050 1,925
Electricity centrifugation 86
Electricity wastewater treatment 0.5 31
Diesel 287 277
Aerobic biostabilisation Electricity 488 410 117
Diesel 277 246 46
Upgrading Electricity 580 732
Biomethane energy -15,924 -20,092
Transportation to landfill Diesel 147 147 175
Total primary energy Energy 912 -13,203 -16,702
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TABLE 7: CO, emission comparison of the considered technologies.

Composting Dry batch AD Wet AD
[Mg CO,/year] [Mg CO,/year] [Mg CO,/year]
Anaerobic digestion process Electricity pre-treatments + AD 334 612
Electricity centrifugation 27
Wastewater treatment 0.3 19
Diesel 91 87
Aerobic biostabilisation Electricity 155 130 37
Diesel 87 77 15
Use of compost -657 -551 -158
Upgrading Electricity 184 233
Biomethane production -3,370 -4,252
Methane losses 633 798
Landfilling of process residues : Diesel 46 46 55
Waste landfilling 5,313 5,313 6,325
Total emissions Co, 4,944 2,887 3,798
TABLE 8: SGP variation for the wet and dry batch AD technologies.
-20% -10% Ref +10% +20%
Wet AD SGP [Nm?3/kg TVS] 0.471 0.530 0.589 0.648 0.707
SGP [Nm3*/Mg SS-OFMSW] 75 85 95 105 115
Dry batch AD : SGP [Nm?¥/kg TVS] 0.276 0.311 0.345 0.380 0.414
SGP [Nm?®/Mg SS-OFMSW] 60 67 75 83 90

The TPE and the total CO, equivalent emissions of the
wet and dry batch AD systems are recalculated according
to the SGP variation. The modified results of TPE and CO,
equivalent emission balances are detailed respectively in
Table 9 and Figure 2.

In Table 9, “TPE wet” is the total primary energy indica-
tor calculated for the wet case, while “TPE dry” is the total
primary energy indicator calculated for the dry batch case.

Even if we consider a dry batch AD process with high
performances, the “TPE dry” is better than the “TPE wet”
only when the wet AD has quite low SGP values. So, in gen-
eral, we expect that the TPE indicator is almost always bet-
ter for the wet case.

The SGP variation corresponds to different energy
yields, also leading to the modification of the CO, balance.
In Figure 2, the modification of the CO, balance is repor-
ted as the difference between the CO, emission (ACO,)
values calculated for the two considered systems (Equa-
tion 2):

2

In Figure 2, the ACO, variation is reported as a function
of the different SGPs of the two technologies.

From Figure 2, it is observed that ACO, is lower than
zero (the black part of the graph) in the 2% of the cases: for
these cases the CO, balance of the wet AD is better (low-
er) than the CO, balance of the dry AD. This only happens
when high SGP values are assumed for the wet AD and low
SGP values for the dry batch AD.

For the rest of the cases (98%), the CO, balance of the
wet AD technology is worse (higher) than the CO, balance
of the dry AD one.

ACOZ = COZ Wet AD = COZDryAD

The sensitivity analysis for the CO, balance shows that
the conclusions are poorly influenced by the estimated val-
ues for the SGP, confirming that, in this case study, the CO,
balance is in general better for the dry batch technology.

The sensitivity of the economic results to the SGP value
variation is also investigated by a Monte Carlo uncertainty
analysis. For both wet and dry batch AD cases, 1000 ran-
dom values of SGP are generated between the maximum
and minimum values reported in Table 8. For each SGP val-
ue, the NPV is recalculated. When the NPV is negative, the
initial investment is not justified.

For the 1000 random SGP values generated for dry
batch AD, the NPV remains positive (Figure 3b).

On the contrary, for the 1000 random SGP values gen-
erated for the wet AD, 50% of the NPV values are negative,
meaning that the investment is not economically sustaina-
ble in 50% of the cases (Figure 3a).

Finally, the i-th NPV modification is calculated as the
difference between the i-th NPV (ANPVi) values calculated
for the two compared cases (Equation 3):

ANPVi = NPVi pry Ap - NPVi wet AD

@)

quantifies the difference between the times that the
NPV output of the dry batch AD system is higher than that
of the wet AD system.

TABLE 9: TPE variation according to different SGPs of the consid-
ered AD technologies.
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-20% -10% Ref +10% +20%
TPE wet [MWh/year] : -12,722 : -14,712 : -16,702 : -18,692 : -20,683
TPE dry [MWh/year] : -10,117 | -11,683 | -13,203 : -14,769 : -16,290
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According to this method, the dry AD batch technology
may reach 90% possibility to have a higher economically
sustainability than the wet AD one.

4. CONCLUSIONS

Dry batch anaerobic digestion technology and conven-
tional wet anaerobic digestion technology were compared
for the specific case: 35,000 Mg/year of source sorted or-
ganic fraction of municipal solid waste of AISA IMPIANTI
S.p.A. (Arezzo, Italy).

The total primary energy indicator resulted worse for
the dry batch anaerobic digestion technology in compari-
son to the wet one, providing a savings of about 21% less.
The results were confirmed by the sensitivity analysis,
showing that very high specific gas production values for
the dry batch case were necessary to close the gap be-
tween the two cases.

In terms of CO, equivalent emissions, the dry batch an-
aerobic digestion technology provided a better indicator
than the wet anaerobic digestion system. The opposite re-
sult was obtained only when high specific gas production
values were assumed for wet anaerobic digestion and low
specific gas production values were assumed for the dry
batch technology.

From an economic perspective, the results indicated a
preference for the dry batch technology due to a higher net
present value and a shorter period of return of the invest-
ment. This finding was also confirmed by a Monte Carlo
uncertainty analysis, showing how the dry batch system
featured a 90% possibility of achieving a higher econom-
ically sustainability versus the wet technology.
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