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Abstract: This study performed a Life Cycle Assessment (LCA) on recovery strategies of dredged
contaminated marine sediments in a large Mediterranean port located in central Italy (Tuscany) in
order to find the most environmentally sound solution. The study considered marine sediments
polluted by potentially toxic elements (PTEs) and/or organic compounds, two different sediment
particle sizes and the combined use of three soil remediation technologies: soil washing, electroki-
netic treatment and enhanced landfarming. The analyzed scenarios depended on the sediment
properties and characteristics of the treatment technologies investigated, and were compared with
the corresponding reference scenarios, consisting of the landfilling of dredged contaminated sedi-
ments. The LCA results show that scenarios associated with sediment recovery generated potential
environmental impacts lower than the corresponding reference scenarios. Almost all the impact
categories considered in the CML-IA baseline method showed an environmental convenience in the
recovery of contaminated sediments, especially for abiotic depletion and global warming. Future
studies should focus on optimizing the combined use of multiple technologies and reducing the
resource consumptions related to their implementation in order to achieve both environmental and
economic benefits.

Keywords: LCA; marine sediments; contamination; recovery; remediation; soil washing; electroki-
netic; enhanced landfarming; PTEs; hydrocarbons

1. Introduction

Nowadays, resource scarcity and climate changes are growing issues all around
the world that researchers and practitioners will have to address in the near future [1].
Adopting “zero waste” thinking seems to be the right way for sustainable development [2].
These matters are part of the objectives of the circular economy, which calls for the resource
recovery by considering waste as a product to be reused in order to achieve environmental
and economic benefits without compromising the next generations [3,4].

In view of this, the recovery of dredged contaminated marine sediments represents
a viable way to contribute to the ongoing paradigm shift. Indeed, marine sediments are
often affected by pollution due to industrial, civil and port activities, and their removal is
strictly necessary, involving very expensive operations in several aspects [5].

This study compared the potential environmental impacts due to the recovery or land-
filling of contaminated marine sediments located in a large port of central Italy (Tuscany).
Generally, management of marine sediments is governed by Italian Legislative Decree
152/2006, which provides guidelines for dredging activities, aimed at the maintenance of
river and coastal areas, and for the reuse of decontaminated fractions after appropriate
treatments. Until the recent past, the most common management strategy of contaminated
marine sediments was landfill disposal; however, this option is considered a potential risk
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for human health and the environment due to the release of contaminants and represents
an environmentally unsustainable solution today.

Treatment Technologies Considered in This Study

Treatment of contaminated marine sediments can be achieved by means of several
technologies, most of which are related to soil remediation [6,7]. The available treat-
ment technologies differ in characteristics, and their use depends on sediment properties,
such as particle size and type of pollution [8,9]. Therefore, we considered three treat-
ment technologies, which may be combined among them, to treat sediments polluted by
potentially toxic elements (PTEs) and organic compounds, namely: soil washing (SW),
electrokinetic (EK) treatment and enhanced landfarming (EL).

Soil washing treatment is an ex situ technology for soil remediation. It is generally
applied to coarse-grained soils (50–60%) and is capable of removing PTEs, radioactive
materials and organic pollution [10–12]. This technology is based on physical and/or
chemical mechanisms. In the first case, soil washing implements a particle size separation
of soil: theoretically, contaminants should be concentrated mainly into smaller fractions,
while coarse fractions should be decontaminated. In the second case, contaminants are
mainly dissolved in water solution by the use of chemicals for PH manipulation, in order
to improve transfer capacity from soil to water solution [13,14].

Electrokinetic treatment is usually applied to low-permeability soils for PTE removal.
It is an electrical process where electrodes are placed in the ground and a low-intensity
direct current is applied. Electrokinetic remediation is often applied to wet soils, involving
electrokinetic flows that cause the migration of charged particles and water towards the
electrodes, as positive ions are attracted to the negatively charged cathode, and negative
ions are attracted to the positive charged anode [15,16]. Specifically, electrokinetic flows
occurring in the process are electroosmosis, electromigration and electrophoresis: these
transport mechanisms allow for soil reclamation by collecting contaminants in the electrode
wells [17,18]. On the other hand, the presence of an electric field can lead to several
unpredictable reactions to the system; hence, research studies are continuously looking for
process optimization [19]. Specifically, in order to understand the mechanisms involved
and improve treatment processes, efforts have been made by exploring:

1. The implementation of additive chemicals for pH control, which is a crucial aspect
for the proper functioning of the electrokinetic process [20];

2. The application of a periodic electric potential [21];
3. The development of mathematical models to predict contaminant extraction, which

can be 1D or 2D models [22–27].

The treatment can be applied both in situ and ex situ.
Enhanced landfarming is an evolution of the basic landfarming treatment, which is a

well-established soil remediation technology based on the biodegradation of contaminants
by microorganisms [28]. Landfarming is generally applied ex situ for soil remediation
by hydrocarbon and organic pollution in fine-grained soils [29,30]. It is widely consid-
ered a cost-effectiveness treatment but, on the other hand, the complex kinetics of the
bioremediation processes require experience and constant monitoring of pH, moisture and
nutrient content [31]. In fact, difficulty in the management of the bioremediation process
and the long times required for contaminant removal represent the greatest limit of the
basic landfarming treatment. In this regard, enhanced landfarming treatment seeks an
improvement in bioremediation performance, in terms of both time and removal efficiency.
In particular, two techniques are mainly applied: Bioaugmentation and Biostimulation.
Bioaugmentation involves inoculation in the soil of harmless microorganisms particularly
efficient in the removal of contaminants, such as bacteria and fungi, while biostimulation
consists of the addition of nutrients in soil, such as nitrogen and phosphorous, in order to
feed microorganisms and encourage their growth [32,33].
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Considering the above descriptions, it should be noted that the sediment particle size
represents a limit for the implementation of the remediation technologies considered in
this study, as they can only treat soils with specific particle size ranges.

The novelty of this study is in the assessment, from a life cycle perspective, of the
combined application of the aforementioned technologies for the remediation of marine
sediments contaminated by mixed pollution, in order to evaluate the best recovery strategy
in environmental terms.

The Life Cycle Assessment (LCA) approach was born to quantify environmental
impacts associated with a product during its entire life cycle. Only in recent decades has
the LCA approach been applied to soil and water remediation processes, since waste is
considered a potential source of matter or energy that could be recovered [4,34].

Nevertheless, to the best of our knowledge, there are still a few applications of LCA
to the remediation of mixed polluted soils by combining multiple treatment technologies.
Most of the studies found in the literature focused on a single pollution type, namely, soil
contaminated by organic pollutants [35–39] or PTEs [40]. In particular, a few studies were
concerned with the marine sediments [41] and treatment technologies considered in this
paper.

Kim et al. (2014) [42] reported an environmental assessment on the remediation of a
multimetal-contaminated site by electrokinetic treatment.

Vocciante et al. (2016) [43] used an LCA approach to investigate the global warming
potential due to an innovative electrokinetic configuration in a 168 m3 soil reclamation.

Hou et al. (2014) [44] implemented a hybrid LCA method to evaluate the sustainability
of river sediment remediation by soil washing.

Instead, concerning enhanced landfarming, we found more widespread and inter-
esting LCA applications to composting treatments, as they are very similar treatment
technologies. For instance, refs. [45,46] conducted environmental assessments on food
waste composting: the strong similarities found between these technologies allow us to
take important references for our case study.

2. Materials and Methods

The study performed an LCA related to the treatment of 30,000 tons of contaminated
saturated sediments, following the LCA phases defined by ISO 14040:2006 [47] and ISO
14044:2006 [48], namely, goal and scope definition, inventory analysis, impact assessment
and interpretation.

2.1. Goal and Scope Definition

This project evaluated the potential environmental impacts due to treatment of con-
taminated marine sediments in a large Mediterranean port located in the center of Italy.
Marine sediments were dredged in two different docks of port, showing two different
particle sizes: particle size C, containing more than 50% of coarse sand (density 1.5 t/m3,
moisture content 25%), and particle size F, made up of 80% clay (density 2 t/m3, moisture
content 40%). Therefore, various options for their reclamation are possible. The aim of this
study was to investigate scenarios for the treatment of contaminated marine sediments
with different characteristics, in order to find the most environmentally sound strategy.

The on-site sediment pollution (Table 1) was estimated by analyzing 32 sediment
samples dredged in port. Sample analysis aimed at calculating the average concentration
of the contaminants located at a depth of 0.5 m from the seabed. On-site concentrations
evinced that potentially toxic elements (PTEs), polycyclic aromatic hydrocarbons (PAHs),
polychlorinated biphenyls (PCBs) and hydrocarbons exceeded regulatory concentration
limits by 4, 7, 2 and 14 times, respectively. The functional unit of 30,000 tons was chosen
because it represents a sufficient quantity, for which the recovery of marine sediments may
be convenient compared to landfill disposal, for both economic and environmental reasons.
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Table 1. On-site contaminant concentration.

Contaminant Limit Concentration * [mg/kg] On-Site Concentration [mg/kg]

Antimony 10 40
Arsenic 20 80

Beryllium 2 8
Cadmium 2 8

Cobalt 20 80
Total Chrome 150 600

Mercury 1 4
Nickel 120 480
Lead 100 400

Copper 120 480
Selenium 3 12

Tin 1 4
Thallium 1 4

Vanadium 90 360
Zinc 150 600

Benzo (a) anthracene 0.5 3, 5
Benzo (a) pyrene 0.1 0.7

Benzo (b) fluoranthene-s 0.5 3.5
Benzo (k) fluoranthene-s 0.5 3.5
Benzo (g–h–i) perylene-s 0.5 0.7

Chrysene 5 35
Dibenzo (a–e) pyrene 0.1 0.7
Dibenzo (a–l) pyrene 0.1 0.7
Dibenzo (a–i) pyrene 0.1 0.7
Dibenzo (a–h) pyrene 0.1 0.7

Dibenzo (a–h) anthracene 0.1 0.7
Indeno (1, 2, 3) pyrene 0.1 0.7

Pyrene 5 35
Total PCBs 0.06 0.12

Hydrocarbons C < 12 10 140
Hydrocarbons C ≥ 12 50 700

* Limit concentrations established according to Italian Legislative Decree 152/2006.

Furthermore, 30,000 tons represent a reference unit for the port under study. For both
docks, approximately 300,000 tons of marine sediments are dredged every year. After
dredging, sediments are transported to a temporary storage for analysis: about 10% of the
dredged sediments contain hazardous pollutants and need be treated or sent to landfill.
Instead, the remaining sediments (about 90%) are placed in overwhelmed cases, as they
contain low contamination levels.

System boundaries included all the materials and processes involved in the treatment
steps, from sediment transport to the treatment site, to reuse and/or dispose of landfill
(Figure 1). The final allocation of the sediments depended on the assumptions made in
the scenarios and treatments supposed for the contaminant removal. In particular, this
study considered three treatment technologies for soil remediation: soil washing (SW),
electrokinetic treatment (EK) and enhanced landfarming (EL). These technologies may be
combined among them, as they remove different categories of contaminants, and their use
may depend on the sediment particle size. Figure 2 shows the action plan followed for this
project, explaining the decision-making process adopted and the characteristics of the treat-
ment technologies considered. As mentioned, it should be noted that contaminant removal
was not always allowed due to the limited effectiveness of the treatment technologies con-
sidered, and this led to the recovery or landfill disposal of sediment fractions, based on the
technologies available. Obviously, even the untreated fractions may be recovered through
different technologies not included in this project, such as phytoremediation [49,50].
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The dredging phase was not included, as it is common to all scenarios analyzed.
Potential environmental impacts due to the construction of machinery and equipment used
were not included, assuming they already exist and will continue to operate. Indeed, it is
expected that machinery and equipment will have a certain useful life once built, while
potential environmental impacts due to treatment phases occur continuously over the
years.

Scenario Analysis

As mentioned, SW is a water-based treatment that implements physical or chemical
mechanisms for soil remediation. In our project, we implemented the first option, consisting
of soil particle size separation and contaminant concentration into the smaller fractions,
while coarse materials should be decontaminated after treatment. Because of this, SW
technology is applied as the first treatment when it is appropriate, and its results influence
subsequent choices.

SW experimental tests were conducted on sediments with particle size C using a solid-
to-liquid ratio of 1:1 and showed two different contaminant distributions after treatment.
In the first case, called best case, the contaminant distribution was as expected (Table 2),
as contaminants were mostly transferred to clay. On the other hand, the second case,
called worst case, showed a distribution far from the ideal behavior (Table 2), resulting
in a large quantity of PTEs in the coarse sand. It should be noted that PAHs, PCBs and
hydrocarbons showed the same percentage of distribution for each case and respected
the ideal distribution behavior of contaminants even in the worst case. As expected,
experimental tests showed a negligible contribution of water in contaminant removal;
hence, it was cautiously assumed that all contaminants remained in the soil fractions.

Table 2. Contaminant distribution after soil washing treatment.

Distribution
Case Contaminants Coarse Sand Fine Sand Clay

Best case

PTEs 5% 7% 88%
PAHs 2% 2% 96%
PCBs 2% 2% 96%

Hydrocarbons 2% 2% 96%

Worst case

PTEs 35% 18% 47%
PAHs 6% 10% 84%
PCBs 6% 10% 84%

Hydrocarbons 6% 10% 84%

In view of this, the analyzed scenarios were based on the SW results, depending on
the fraction type to be treated later. As mentioned, SW treatment can be applied to soils
consisting mainly of coarse sand and, therefore, it was applied only to sediment with
particle size C. Pilot-scale experimental tests showed a particle size separation performed
by soil washing treatment equal to 55% of coarse sand, 30% of fine sand and of 15% clay.

The first LCA study (Figure 3) concerned sediments with particle size C. Considering
the best contaminant distribution, the so-called best case, sand fractions were decontami-
nated after SW treatment and ready for reuse, while the clay fraction was still contaminated
by all contaminant categories. In this case, two scenarios were possible: landfill disposal
or recovery of the clay fraction by removing contaminants through EK and EL treatments.
Obviously, sand fractions were always recovered.
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Instead, considering the worst contaminant distribution, the so-called worst case,
both sand and clay fractions were found to be contaminated after SW treatment. In this
case, the only possible scenario was to recover the clay fraction and dispose of the sand
fractions in landfill, since it is not possible to remove PTEs. Indeed, while hydrocarbons
could be removed from fine sand fraction by EL, EK treatment cannot be applied to both
sand fractions, as it requires low-permeability soils [52].

The second LCA study (Figure 3) concerned sediments with particle size F. As men-
tioned, sediments with particle size F contained a very high percentage of clay (80%).
Because of this, they could be considered as a clayey soil and it was possible to investi-
gate a single scenario in which all sediments were recovered without implementing the
SW treatment. Indeed, as shown in Figure 2, in fine fractions, PTEs can be removed by
EK, while PAHs, PCBs and hydrocarbons can be removed by EL treatment. It should be
noted that this scenario was independent of the distribution cases described above, as soil
washing treatment was not implemented.

The aforementioned studies considered the real case where dredged sediments were
contaminated by all contaminants (mixed pollution) listed in Table 2. In addition, two
virtual case studies were examined, in which dredged sediments were assumed to be
contaminated only by PTEs or organic compounds (PAHs, PCBs and hydrocarbon). The
two virtual case studies considered all data and assumptions adopted in real cases, resulting
essentially in the same scenarios to analyze. The only difference concerned the virtual
scenario in which dredged sediments were assumed to be contaminated only by organic
compounds, and SW treatment was implemented considering the worst contaminant
distribution. In fact, after the particle size separation, even fine sand could be recovered
by EL, as there were no PTEs that could not be removed in fine sand using treatment
technologies taken into account (Figures A1 and A2, in Appendix A).

The scenarios were nominated using letters and numbers referring to particle size, con-
taminant distribution, initial pollution and final destination of the sediments, identifying
the scenario analyzed as explained in Table 3.
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Table 3. Scenario nomenclature.

Parameter Code Decoding

Sediment particle size C Coarse-grained
F Fine-grained

Contaminant distribution
after soil washing treatment

B Best distribution
W Worst distribution

Initial pollution of dredged
sediments

M Mixed
H PTEs
O Organic

Sediment final destination
0 Landfill
1 Landfill/reuse
2 Reuse

It was assumed that EK and EL treatments lasted both six months in order to achieve
a contaminant removal efficiency of 99% and obtain a contaminants concentration below
the regulatory limits in any case. Several studies in the literature showed excellent results
in contaminant removal by using treatment technologies considered in this project [28,53].
Moreover, our pilot-scale experiments on soil remediation by EK and EL treatments showed
considerable results, reaching removal peaks of 72.8% (in 95 days) for PTEs and 97.8% (in
126 day) for organic compounds, respectively. For this reason, the assumption of a 99%
contaminant removal rate in six months seemed plausible.

Finally, each scenario was compared with the corresponding reference scenario,
consisting of the landfilling of sediments without any treatment, namely, Scenario M0,
Scenario H0 and Scenario O0. It should be noted that potential environmental impacts due
to the landfill disposal of sediments depend exclusively on the total amount of contami-
nated sediments discharged to landfill and, therefore, reference scenarios were independent
of the other parameters.

2.2. Life Cycle Inventory (LCI)

Inventory analysis covered all input and output data to describe material and energy
flows involved in system boundaries. The inventory was compiled by combining data
collected from experimental tests on sediments and data retrieved from literature, while
background data were provided from the ecoinvent 3.6 database; in particular, secondary
impacts due to energy and fuel consumption were retrieved from the ecoinvent database.

2.2.1. Treatment Site

Pilot-scale experimental tests were carried out within the port area. As mentioned,
the aim of this study was to investigate the best sediment recovery strategy from an
environmental perspective, hoping for a continuous treatment of dredged contaminated
sediments. It was therefore assumed that a large treatment site would be built 1 km away
from the dredging area. Within the site, the use of building machines with a power of
100 kW [43] was supposed for sediment handling in all treatment phases.

2.2.2. Soil Washing Treatment

On the basis of pilot-scale experiments carried out on sediments with particle size C,
for treatment on an industrial scale it was assumed that a soil washing machine capable
of treating 25 tons of sediments per hour, consuming 5 kWh/t and using a solid-to-liquid
ratio of 1:1 would be used [44,54]. Although this ratio is rather low compared to other
studies [55], water consumption would still be considerable on an industrial scale, so
a water recovery system is necessary. Because of this, a reverse osmosis treatment was
supposed: considering the industrial plants available on the market, two reverse osmosis
plants with a power of 11 kW and a maximum flow rate of 13 m3/h should be sufficient to
obtain a water recovery of 85% [56], resulting in a 15% supply of clean water every hour.
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Water recovery raised the problem related to the disposal of brines. In fact, brine
management still has many uncertainties, and their discharge into the sea is not allowed
when brines were produced in decontamination processes [57]; therefore, the only viable
option was to assume landfill disposal for the brines. Nevertheless, considering a feed
water salinity of around 10,000 mg/L [56,57], after reverse osmosis treatment the brines
would still contain a moisture content too high for landfill disposal. In view of this, a drying
process was assumed in order to achieve a dry solid percentage of 80% [58]. According
to catalogues of industrial machinery available on the market and the literature, it was
assumed that a belt dryer consuming 0.8 kWh of thermal energy and 0.0375 kWh of
electrical energy per kg of evaporated water would be used [59].

2.2.3. Electrokinetic Treatment

For electrokinetic treatment on an industrial scale, it was assumed that sediments were
placed in large square-shaped tanks. Inside the tanks, the sediment thickness was assumed
to be equal to 3 m, while the surface depends on the sediment volume to be treated, based
on the analyzed scenario. Moreover, the treatment was assumed to be carried out in a
greenhouse having a height of 5 m and a surface sufficient to contain sediments and to
perform operational phases.

The number of anode electrodes and cathode electrodes also depends on treatment
surface. In this regard, we assumed to divide treatment surfaces into 2 m × 2 m square
meshes, with electrodes placed on the vertices of these meshes [43]. Electrodes were
assumed to be arranged in vertical wells with a 10 cm diameter in which catholyte (basic)
and anolyte (acid) solutions can circulate in two independent circuits thorough the use
of pumps. The total electrolyte circulating in the system was assumed to be equal to the
volume of the installed electrode wells and the pipes connecting them.

However, it should be noted that water electrolysis generates hydroxides at the
cathode and hydrogen ions at the anode, forming acid and alkaline fronts that move
towards opposite electrodes by an electric field, based on particle charge. Because of this,
acid dosage is fundamental to avoiding contaminant precipitation in porous medium due
to alkaline fronts moving in the opposite direction, favoring contaminant migration [5].
Nitric Acid (HNO3) was used to maintain sediment pH under acidic conditions at the
cathode, assuming a consumption of 5.6 kg per sediment ton [43]. Based on experimental
tests and data retrieved from the literature, the energy consumption of the system was
assumed to be 82 kWh/m3, considering an available power of 50 kW, a maximum electrical
current of 10 A and a maximum voltage of 48 V [60]. These parameters were deliberately
considered to be low in order to contain electricity consumption.

As shown during experimental tests, metal removal efficiency decreases after a certain
period of time, and the electrolyte needed to be changed or reconditioned. As with SW
treatment, water consumption would be considerable on an industrial scale, so a water
recovery system is required. Because of this, a reverse osmosis treatment was supposed.
The reverse osmosis process was modelled to achieve full electrolyte treatment every 24 h,
resulting in 85% water recovery and 15% supply of clean water every day. Electrolyte daily
flow depends on the scenarios analyzed, as they consider different sediment volumes to
be treated. In any case, energy consumptions of the assumed reverse osmosis plants were
estimated on the basis of the technical characteristics provided by catalogues available on
the market.

After reverse osmosis treatment, it was assumed that brines were placed inside trays
to facilitate natural evaporation [61], exploiting the thermal efficiency available inside the
greenhouse. Because of the above-mentioned reasons, it was assumed that brines were
disposed of in landfill.

As mentioned, the EK treatment was assumed to be carried out in a greenhouse, also
allowing for the collection of gas emissions produced during the remediation process
(especially chlorine emissions) in a defined volume and their treatment before being
released into the environment. For our case, the treatment of gas in scrubber was supposed,
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involving energy and calcium carbonate (CaCO3) consumptions. Laboratory tests showed
a calcium carbonate consumption of 0.5 kg per sediment ton, assuming a full air change
in the greenhouse every 30 min. Energy consumption was estimated by considering a
scrubber with a maximum flow rate of 20,000 m3/h and a total power of 29.5 kW, including
the fan.

2.2.4. Enhanced Landfarming Treatment

Landfarming treatment is a biodegradation-based process for soil remediation. As
mentioned, this study explored the potentiality of the enhanced landfarming. EL seeks to
improve and speed up the contaminant removal process by adding different additives [62].
The technique used is known as bioaugmentation and, in our case, landfarming treatment
was enhanced by the inoculation of Fusarium oxysporium fungi, which is able to work in
extreme conditions, such as in the case of marine sediments containing high salinity [63,64].

EL treatment was modelled by combining literature data and data provided by labora-
tory tests carried out on a small sediment mesocosm. For our LCA model, it was assumed
that sediments were placed by building machines in piles 30 m long and with a trapezoidal
cross section of 10.5 m2. Pile volume was assumed to be formed by sediments and wood
chips, added as bulking material in order to keep an optimal moisture content during the
process (about 60%) and to favor the formation of pore spaces for the aeration of the inner
part of the piles [45,46]. Furthermore, the action of the wood chips is useful to obtain a
pH value of the sediments close to 7. In fact, after the EK treatment, the pH of sediments
is strongly acidic due to HNO3 dosage, and the acidity could inhibit biodegradation pro-
cesses; therefore, a neutral pH value is required during EL treatment. A 4:1 weight ratio of
sediments to wood chips was considered in each pile [45], assuming a wood chip density
of 0.5 t/m3.

Maintaining a certain moisture content requires above all the use of water and pile
overturing, in order to encourage aeration and microbial activity. Concerning water
consumption, considering similarities between landfarming and the composting process, a
water consumption of 80 m3 for every 800 m3 of pile was assumed. Instead, it was assumed
that piles were turned twice a month by using a turner machine. Regarding turner machine
energy consumption, given the comparable dimensions of piles, based on our experience
we were allowed to take into account data provided in [46]: according to the authors, on
average, a turner machine turns a pile in 10 min, consuming 22 L of diesel per hour.

The above-mentioned data are common to a basic landfarming process but, as stated
earlier, we performed a treatment of enhanced landfarming by implementing the inocula-
tion of Fusarium oxysporium fungi. Fungi growth took place in an aerated and mixed reactor
by adding malt wheat for encouraging fungi growth. Becarelli et al. (2019) [65] estimated
that a 90 m3 reactor running for two months should satisfy our need on an industrial scale.
Instead, considering an inoculum of 10%, fungi growth would require 167 L of water per
sediment ton, containing 20 grammes of spray malt wheat diluted in each liter of water.
The temperature of the experimental reactor was kept between 20 and 25 ◦C.

Leachate produced by the biodegradation process was assumed to be recirculated
back to the piles [45]. Treatment of gas emissions is not required, as emissions were
mainly related to CO2 of biogenic origin, which is assumed not to contribute to global
warming [66,67].

2.2.5. Landfill Disposal

Potential environmental impacts included disposal of contaminated sediments and
brine, landfill management operation and transport of waste to sanitary landfill. The
distance between the port and the sanitary landfill is around 50 km.

2.2.6. Sediment and Water Reuse

Sediment reuse was intended for fractions that showed contaminant concentrations
below regulatory limits after treatment. A material reuse in the port where they were
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dredged was supposed. Environmental impacts due to the transport of decontaminated
sediments to the port were considered.

However, sediment reuse induced a series of avoided impacts, namely, the extraction
and marketing of filling and construction materials (clay and sand, specifically). Water
recovery systems assumed for soil washing and electrokinetic treatment also resulted in
avoided impacts, as tap water consumption was limited.

2.3. Impact Assessment

Life Cycle Impact Assessment (LCIA) was performed in Simapro 9.1.1 using the
midpoint CML-IA baseline V3.02/EU25 method, developed by the Institute of Environ-
mental Sciences of the Leiden University [68]. The CML method is well established and
widely applied in several fields, especially in the study of solid waste management system
LCA [69].

3. Results and Discussion

The results of our LCA study, conducted according to the assumptions explained in the
previous sections, are shown in Table 4. For each impact category considered in the CML-IA
baseline method, Table 4 shows the percentage differences among the potential impacts
generated by each analyzed scenario with respect to the corresponding reference scenario.
Negative values of percentage differences indicate that the analyzed scenario has lower
potential environmental impacts than the respective reference scenario for the considered
category; on the contrary, positive values mean higher potential impacts. Figures 4 and 5
show the contribution analysis of three indicators that are representative of the results
found, namely, global warming, terrestrial ecotoxicity and acidification. For brevity of
notation, the contribution analysis is shown only for the real case studies, showing the
contribution of the individual processes that occurred in sediment remediation.

From an overview in Table 4, it can be said that the recovery of contaminated marine
sediments generally leads to a reduction in potential environmental impacts, regardless of
the sediment particle size and contaminant distribution. However, considering Scenarios
CBM1 and CBM2, it should be noted that, for some impact categories, partial sediment
recovery is more beneficial than the recovery of all fractions.

Focusing on real case studies, positive values of the percentage differences occur in
two scenarios and refer to a few impact categories, namely, abiotic depletion (fuel), ozone
layer depletion and acidification.

Concerning Scenario CWM1, the contribution analysis of acidification (Figure 5) shows
that the highest impact is due to landfill disposal of the sand fractions, while avoided
impacts due to recovery of the clay fraction and water are negligible. In fact, because
of the worst contaminant distribution after SW treatment, in the scenario CWM1, only
clay fraction can be recovered, which represents 15% of the sediment with particle size C.
Scenarios CBM1 and CBM2 confirm that acidification is strongly influenced by avoided
impacts, as the recovery of large quantities of sediments makes these scenarios particularly
advantageous, despite the fact that the treatment of 30,000 tons of sediments generates
non-negligible environmental impacts.

On the other hand, although the avoided impacts are considerable (all sediments are
recovered), in the scenario FM2, acidification is not an advantageous indicator, because
of the high contributions given by EL and, above all, EK (Figure 4). In particular, the
greatest impacts are due to the energy consumption in EK and the use of wood chips as
bulking material in EL. Therefore, even if all sediments are recovered, treating 30,000 tons
of sediments by EK and EL requires high consumptions and negatively affects acidification.

Instead, global warming and terrestrial ecotoxicity are particularly sensitive to landfill
disposal, considering both particle size F and C (Figures 4 and 5). Therefore, potential envi-
ronmental impacts associated with them decrease as the fractions of sediments disposed of
in landfill decrease. Contributions given by avoided impacts are negligible for these two
impact categories.
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Table 4. Life cycle impact assessment of the scenarios.

Scenario
Abiotic

Depletion [kg
Sb eq.]

Abiotic
Depletion
(Fuel) [MJ]

Global
Warming [kg

CO2 eq.]

Ozone Layer
Depletion [kg
CFC-11 eq.] *

Human
Toxicity [kg

1.4-DB eq.] **

Fresh Water
Aquatic

Ecotox. [kg
1.4-DB eq.] **

Marine
Aquatic

Ecotox. [kg
1.4-DB eq.] **

Terrestrial
Ecotox. [kg

1.4-DB eq.] **

Photochemical
Oxidation

[kg C2H4 eq.]

Acidification
[kg SO2 eq.]

Eutrophication
[kg PO4 eq.]

CWM1 −63% 73% −11% 50% −9% −14% −13% −12% −11% 26% −11%
CBM1 −391% −147% −87% −172% −104% −86% −87% −87% −90% −222% −91%
CBM2 −471% −140% −101% −164% −120% −101% −102% −99% −104% −216% −104%
FM2 −483% 15% −94% 20% −109% −100% −98% −85% −90% 2% −87%

CWH1 −89% 62% −12% 38% −11% −14% −13% −15% −13% 16% −13%
CBH1 −391% −147% −87% −172% −104% −86% −87% −87% −90% −222% −91%
CBH2 −497% −151% −101% −176% −122% −101% −102% −102% −105% −227% −105%
FH2 −651% −58% −97% −59% −121% −101% −100% −100% −99% −64% −96%

CWO1 −174% 4% −43% −17% −48% −45% −45% −39% −42% −56% −43%
CBO1 −391% −147% −87% −172% −104% −86% −87% −87% −90% −222% −91%
CBO2 −490% −156% −102% −180% −124% −101% −103% −100% −104% −234% −105%
FO2 −588% −85% −99% −77% −129% −101% −103% −87% −95% −107% −96%

* CFC-11 = Trichlorofluoromethane. ** 1.4-DB = 1.4-dichlorobenzene.
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Scenarios in which dredged sediments are contaminated either by PTEs or organic
compounds (virtual case studies) show almost always negative values (environmental
advantages compared to the corresponding reference scenarios), even if they represent
unlikely situation in the real world, as it is rare to deal with soil polluted by a single
category of contaminants [70,71]. Irrespective of this, the absence of PTEs or organic
compounds in sediments does not require, respectively, the use of EK or EL treatment,
avoiding the potential environmental impacts they cause. For this reason, virtual case
studies are particularly environmentally friendly.

Concerning scenarios where sediments are contaminated by PTEs, only Scenario
CWH1 shows positive values for the same impact categories analyzed earlier. This is
always due to the fact that EK treatment allows one to recover only the clay fraction, which
represents a small portion in sediments with particle size C.

On the other hand, Scenario CWO1 shows a higher value than the corresponding
reference scenario in just one impact category since, as mentioned, the absence of PTEs
allows for the recovery of the fine sand fraction by EL treatment, increasing the avoided im-
pacts deriving from material recovery and decreasing the landfill disposal of contaminated
sediments. In view of this, future studies will have to consider remediation technologies
with fewer constraints.

An LCA on recovery strategies of contaminated marine sediments was performed
in this study, considering different sediment particle sizes and contaminant distributions.
The study considered three treatment technologies for soil remediation, all of which have
different characteristics.

The results show an environmental convenience in the treatment of marine sediments
contaminated by PTEs and/or organic compounds.

We are aware that results were affected by the limited number of remediation tech-
nologies taken into account in this study; therefore, future research may concern the
application of additional technologies (e.g., phytoremediation) and the identification of
suitable chemicals to regulate sediment pH in order to optimize sequential EK and EL
treatments.

Further efforts will have to concern the reduction in energy and resource consumptions
in order to decrease potential environmental impacts as the quantity of recovered sediments
increases. Moreover, this would lead to a reduction in maintenance and operating costs,
which are important aspects that were not considered in this study.
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