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Abstract: Agricultural activities in Europe cover half of the total area of the continent and are
simultaneously a cause of environmental impact and victims of the same impact. Horticultural or
fruit crops are considered highly intensive and often employ many crop inputs such as fertilizers,
pesticides, and various materials. Strawberry falls into this group, and it has grown in acreage and
production more than others globally. The aim of this study is to compare the environmental impact
of two strawberry cultivation systems in central Italy, a mulched soil tunnel and a soilless tunnel
system. The method used to assess the impact is LCA, widely applied in agriculture and supported
by international standards. The data used are mainly primary, related to 2018, and representative
of the cultivation systems of central Italy. For impact assessment, the method selected was the
CML_IA baseline version. From the results obtained, the two systems show a similar impact per kg
of strawberries produced (e.g., for global warming: 0.785 kg CO2 eq for soilless, 0.778 kg CO2 eq for
mulched soil tunnel). Reduced differences can be observed for the use of crop inputs (greater for
the tunnel) and the use of materials and technology (greater for soilless). The mitigation measures
considered concern the replacement of the packaging (excluding plastic) and the growing medium of
the soilless using perlite and compost from insect breeding.

Keywords: sustainability; environmental impact; soilless; tunnel; agricultural structures; greenhouse

1. Introduction

According to the fifth report of IPCC [1], emission of substances deriving from the
use of fossil fuels was identified as the leading cause of global warming. In 2019 and
2020, UNEP released the annual Emission Gap Report (EGR) [2,3], which found that
greenhouse gas emissions are rising despite the actions taken to protect the climate and
despite a purported reduction due to the pandemic caused by COVID 2019. Based on
this assumption, UNEP itself launched the Roadmap to a Carbon-Free Future identifying
six production sectors that could contribute to the reduction of GHG emissions into the
atmosphere [4]. Among these, the agriculture and food sector is the third after energy and
industry. The measures indicated for the food sector mainly concern the prevention of food
waste as well as the use of sustainable packaging and the purchase of local or 0 km food.
The attention paid to the consumption phase of food rather than to its production lies in the
relationship between diet, human health, and environmental impact [5] stemmed from the
production, distribution, and use of foods. For this reason, there has been a steady increase
in preference for both healthy and environmentally less impacting foods by consumers [6]
who opt for seasonal and 0 km foods and for correctly recycling their residues in accordance
with UNEP indications. In Italy, the effect of increased sensitivity to environmental issues
has resulted in the increase of organic farming (from 2010 to 2018 the hectares of surface
cultivated with organic methods have increased by more than 75%) [7]. Additionally, in
the academic community, several studies have been conducted to assess the environmental
sustainability of different cultivation techniques for the same product [8]. Among the
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many existing crops, fruits and horticultural productions have been highly investigated [9],
while taking into account local conditions and differences existing between traditional or
organic cultivation methods. Environmental sustainability studies have been conducted
on the production of crops such as apples, plums, melons, watermelons [9], mushrooms,
and lettuces.

A popular crop that has recorded a significant increase in world production in recent
decades is that of strawberry (Fragraria × ananassa), which in 2008 exceeded 4 million tons
of annual production with an increase of 24%, compared to the values of the year 2000 [10].
Strawberry is a crop of both economic and health importance [11,12]. According to recent
statistics, the strawberry market recorded the highest increase in sales in the agricultural
sector (+16%) [13]. Strawberry is mainly consumed fresh, and its beneficial effects on
human health are studied mainly due to the high content of antioxidant compounds [14].
Additionally, several environmental studies concerning strawberries have been conducted
in major producing countries such as China, the USA, Spain, and Turkey [9,10,15]. In north-
ern Italy and Switzerland, some authors also investigated the existing differences, in terms
of environmental sustainability, between the various possible cultivation techniques [16]
employed by different companies. The production of strawberries can be carried out in
different ways: in open fields, using mulch material, in a greenhouse, on the ground, or
soilless. In Sicily alone, soilless production of strawberries is carried out on over 350 total
hectares [17]. Each cultivation technique requires similar input such as water, pesticides,
any materials for mulching, or for the formation of a suitable substrate that must be used
in variable quantities. The assessment of the type and amount of pesticides used during
cultivation is critical in many studies since it is necessary to minimize the residues con-
tained in the final product and in the dedicated soil [18]. The goal of pesticides reduction is
mainly to offer a safer and more sustainable product.

Horticultural crops have some of the greatest environmental impacts due to the
inputs needed for production [19]. There has been a growing interest in the cultivation of
strawberries and other highly valued horticultural crops under protective systems such
as greenhouses and tunnels mainly due to market demands for off-season agricultural
products. Although strawberry is a fruit, it is grown as a horticultural species in tunnels
or other similar systems for a period of less than 1 year. The most common cultivation
system in Italy for strawberries is the greenhouse system (mulched or soilless) in terms
of surface used and harvested production (ISTAT statistical category) [20]. A protected
cultivation system is associated with comparably huge profit margins enough to offset the
investments made in the construction and maintenance of greenhouses, tunnels, irrigation,
and mulching systems, which are normally expensive [8,21]. Over the years, many authors
have studied the sustainability of strawberry cultivation and marketing, using different
indices and evaluation methods [8,9,15,16]; among these, the most widespread is LCA
(life cycle assessment). These studies analyzed the environmental impact of open field or
greenhouse cultivation systems in Italy, Switzerland, the USA, Iran, and Turkey. In most
studies, the analysis is “from cradle to farm gate” and the impact per kg of strawberries
produced varies between 0.2 and 5.8 kgCO2eq. However, there is limited information on
the environmental performance of tunnel cultivation systems (mulched and soilless culture
systems) for strawberry production. The principal aim of this study is to evaluate, by
means of LCA, the environmental burden relative to a soilless strawberry production for
central Italy. The analysis considers different commercial packaging systems, with respect
to standard tunnel cultivation (control) from cultivation step to packaging phase.

2. Materials and Methods
2.1. Goal of the Study

The primary goal of the study is to assess the environmental impact related to the
cultivation and packaging of 1 kg of strawberries comparing two different systems, one
with cultivation on mulched soil under tunnel cover bed and the other with soilless tunnel
cultivation. The study has been conducted to overcome a lack of information on the
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environmental impact of these cultivation systems for central Italy. The target audience of
the study includes researchers interested in the LCA field and strawberry producers.

2.2. System Description

The strawberry production under analysis takes place on a farm (Latitude, Longitude
43.063983, 13.723357) located in a small valley (Valdaso) of the hilly territory of Marche
region. The climate is a humid subtropical climate (Koppen–Geiger classification: Cfa)
typically Mediterranean or sub-Mediterranean (Rivas-Martìnez [22]) with average monthly
temperatures that range from 4.4 to 22.7 ◦C and an average annual rainfall of 800 mm with
a concentration in October and November, as shown in Figure 1.
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Figure 1. Average monthly rainfall and temperatures of Monterubbiano municipality (period 1982–2012, source climate-
data.org accessed 14 January 2021).

The farm production is based on double cultivation under the tunnel. Although this
system is generically considered as greenhouses, in reality, the cultivation is not isolated
from the surrounding environment. The tunnels can be opened on all four sides, leaving
only the cover to protect the crop in periods with less intense cold temperatures and to favor
the recirculation of air in the hottest periods. The crops are therefore partially influenced
by the external weather conditions. The temperature affects the development of the crop
and the growth of plants. Water affects soil temperature and relative humidity, which
could influence the development of some pathogens. The first crop system considered
was soil mulched covered with plastic film, and the other was soilless cultivation. The
entire farm was made up of tunnels ranging from 40 to 50 m long and 13 to 15 m wide and
2.2 m tall. The mulched soil cultivation (control), shown in Figure 2, was characterized by
a medium plant density (60,000 p/ha) planted on raised beds covered with black mulched
film. Under the plastic film, a drip irrigation system was installed. The plants were grown
on sandy soil with an organic matter content of 0.2%. The total cultivation cycle of the
transplanted plants was 11 months and the cultivars employed were Clery, Sibilla, Asia,
Tea, Romina, FragolAurea. The total cultivated surface was 750 m2 (50 m long, 15 m wide,
2.2 m tall tunnels).
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The soilless cultivation (Figure 3) was characterized by a medium-high plant density
(100,000 p/ha) planted on a structure raised above the ground consisting of a tubular
bag filled with coconut fiber (40%) and peat (60%). In this production system, fertilizers
are distributed, together with irrigation water, to maximize the water and nutrient use
efficiency. To provide all plants with an optimal supply of inputs, an excess of water is
inevitable, which is recovered and spread to fertilize the near orchard. Additionally, for
soilless cultivation, the estimated plant lifespan was 11 months, and the cultivars planted
were the same. The total cultivated surface was 520 m2 (40 m long, 13 m wide, and 2.2 m
tall tunnels).
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The system boundaries selected is from cradle to farm gate and includes the first two
production steps: cultivation and packaging, as reported in Figure 4. Time boundaries
include all data relative to the 2018 cultivation step, starting from summer 2018 and ending
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in late spring 2019. The technology employed can be considered average and best available
with regard to the mulched soil tunnel scenario and the soilless tunnel scenario, respectively.
Mulched soil tunnel cultivation could be considered as intermediate between open field
cultivation and more modern soilless cultivation in terms of the technology employed.
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The reference year of the reported data is 2018. Information gathered includes total
surface, plant density, amount and type of irrigation system used, amount and type of
tunnel cover and structure, growing medium, fertilizers, and pesticides. A detailed list of
materials and input is reported in Table 1a,b.

Table 1. Life cycle inventories of the systems under analysis: (a) mulched soil tunnel; (b) soilless tunnel.

(a) Life cycle inventory table for mulched soil tunnel production (all data are expressed per the functional unit of 1 kg of fresh packed strawberry).

Input/Output Tunnel Description/Compartment

Plants (p) 1.25
Land occupation (ha) 2.08 × 10−5

Plastics PE (kg) 1 1.35 × 10−2 Greenhouse
Galvanized iron (kg) 1 1.27 × 10−2

Mulching film/bag (kg) 1 1.32 × 10−2 Mulching film
Drip irrigation pipes (kg) 1 1.25 × 10−2 Irrigation
Field operations diesel (l) 6.67 × 10−3

Mulching film laying diesel (l) 4.17 × 10−3 Field operations
Water (m3) 8.77 × 10−1 Irrigation

Plastic tray (RPET) (kg) 3 1.60 × 10−2

Plastic box (HDPE) (kg) 7.50 × 10−2

Wood pallet EPAL 1200 × 800 (p) 3 3.46 × 10−3 Packaging
Wood pallet EPAL 1200 × 800 (kg) 3 8.53 × 10−2

Nails pallet EPAL 90 mm (kg) 3 2.23 × 10−2

Nails pallet EPAL 70 mm (kg) 3 1.74 × 10−2

Nails pallet EPAL 55 mm (kg) 3 9.25 × 10−3

Pesticide1 (kg) 1.14 × 10−5 Spinosad 5.00 × 10−6

Pesticide2 (kg) 2.50 × 10−4 Bacillus subtilis 3.92 × 10−6

Pesticide3 (l) 2.31 × 10−5 Azoxystrobin 5.20 × 10−6

Pesticide4 (kg) 3.34 × 10−5 Cyprodinil 1.25 × 10−5

Fludioxonil 8.32 × 10−6

Pesticide5 (l) 1.03 × 10−5 Penconazole 1.04 × 10−6 Plant protection products
Pesticide6 (l) 8.56 × 10−5 Sulfur 4.38 × 10−5

Pesticide7 (l) 1.00 × 10−5 Clofentezine 4.16 × 10−6

Pesticide8 (l) 1.59 × 10−5 Penconazole 3.00 × 10−7

Water for pesticides (m3) 4 1.67 × 10−4

Organic nitrogen fertilizer (kg) 4 5.56 × 10−2 7-2/3-1/2 NPK
Ammonium nitrate and

Isobutylidenediurea (IBDU) fertilizer (kg) 4 2.78 × 10−2 15-9-15 NPK

Ammonium and ureic fertilizer (kg) 4 3.09 × 10−3 10-52-10 NPK
Ammonium nitrate and ureic fertilizer(kg) 4 3.09 × 10−3 20-20-20 NPK Fertilizers (solid)

Ammonium nitrate fertilizer(kg) 4 1.53 × 10−3 12-30-12 NPK
Ammonium nitrate fertilizer(kg) 4 1.24 × 10−2 10-10-30/23-6-10 NPK
Ammonium nitrate fertilizer(kg) 4 2.28 × 10−3 16-5-25 NPK

Calcium nitrate (kg) 4 1.03 × 10−3 15.5 N
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Table 1. Cont.

(b) Life cycle inventory table for soilless tunnel production (all data are expressed per the functional unit of 1 kg of fresh packed strawberry).

Input/Output Soilless Description/Compartment

Plants (p) 1.33
Land occupation (ha) 1.33 × 10−5

Plastics PE (kg) 1 4.80 × 10−3 Greenhouse
Galvanized iron (kg) 1 2.02 × 10−2

Mulching film/bag (kg) 1 1.33 × 10−2 Growing bag
Peat 60% (kg) 2 4.00 × 10−1 Growing medium

Coconut fiber 40% (kg) 2 2.67 × 10−1

Field operations diesel (l) 4.27 × 10−3

Field operations petrol (l) 3.84 × 10−3

Water (m3) 3.45 × 10−1 Irrigation
Plastic tray (RPET) (kg) 3 4.00 × 10−2

Recycled cardboard (kg) 3 1.40 × 10−1

Wood pallet EPAL 1200 × 800 (p) 3 3.46 × 10−3 Packaging
Wood pallet EPAL 1200 × 800 (kg) 3 8.53 × 10−2

Nails pallet EPAL 90 mm (kg) 3 2.23 × 10−2

Nails pallet EPAL 70 mm (kg) 3 1.74 × 10−2

Nails pallet EPAL 55 mm (kg) 3 9.25 × 10−3

Pesticide1 (l) 5 1.79 × 10−5 Acetamiprid 8.34 × 10−7

Pesticide2 (kg) 5 6.27 × 10−5 Boscalid 1.19 × 10−5

Pyraclostrobin 2.99 × 10−6

Pesticide3 (l) 5 9.99 × 10−6 Bifenazate 4.36 × 10−6

Pesticide4 (l) 5 9.31 × 10−6 Piretrina 3.56 × 10−7

Pesticide5 (l) 5 1.02 × 10−5 Fluopyram 2.18 × 10−6

Trifloxystrobin 2.18 × 10−6

Pesticide6 (l) 5 2.74 × 10−5 Sulfur 1.40 × 10−5

Pesticide7 (l) 5 1.40 × 10−5 Bupirimate 3.34 × 10−6

Pesticide8 (kg) 5 2.14 × 10−5 Azoxystrobin 5.32 × 10−6

Pesticide9 (kg) 5 2.14 × 10−5 Cyprodinil 8.00 × 10−6 Plant protection products
Fludioxonil 5.32 × 10−6

Pesticide10 (kg) 5 1.33 × 10−4 Potassium bicarbonate 5.66 × 10−5

Pesticide11 (kg) 5 4.00 × 10−6 Tau-fluvalinate 9.60 × 10−7

Pesticide12 (l) 5 6.57 × 10−6 Penconazole 6.66 × 10−7

Pesticide13 (l) 5 8.45 × 10−6 Quinoxyfen 3.48 × 10−7

Myclobutanil 3.48 × 10−7

Pesticide14 (l) 5 9.60 × 10−6 Clofentezine 4.00 × 10−6

Pesticide15 (l) 5 7.25 × 10−5 Copper 1.45 × 10−5

Pesticide16 (l) 5 1.34 × 10−4 Potassium salts of fatty
acids 6.40 × 10−5

Pesticide17 (l) 5 2.17 × 10−5 Azadirachtin A 5.20 × 10−7

Water for pesticides (m3) 5 2.37 × 10−4

Nitric acid (kg) 5 3.60 × 10−3

Calcium ammonium nitrate (kg) 5 5.47 × 10−3

Single superphosphate (kg) 5 5.47 × 10−3 Fertilizers (soluble)
Potassium sulfate (kg) 5 2.27 × 10−3

Magnesium sulfate (kg) 5 8.00 × 10−4

The different packaging systems used for mulched soil tunnel production and soilless
tunnel production are due to marketing reasons. For mulched soil tunnel production,
the plastic crates are used mainly due to their ability to protect the strawberries from
mechanical damages during long-distance transport while allowing for stacking (typical of
large-scale organized distribution). For soilless tunnel production, the cardboard used is
suitable for short-distance travel, which does not require stacking (typically used for the
local market).

2.3. System Function, Functional Unit, and Reference Flow

As stated by the ISO standard [23,24], system function and functional unit are defined
at the same time. The functional unit (FU) represents the quantification of the performance
of the system under analysis, while the system function is the same as the performance of
the system (described in qualitative terms). For the specific case study, the system function
is to produce fresh strawberries. The FU selected is 1 kg of fresh strawberry, not considering
the packaging weight both for soilless tunnel and mulched soil tunnel production (packag-
ing is, however, included as a calculated impact on the FU). The reference flow for soilless
production is 75,000 kg/ha·y of strawberries, for tunnel production is 48,000 kg/ha·y.
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2.4. Calculations, Allocation, and Emission Models

The data reported in the inventory table are primary; they were collected with inter-
views and consultation of the official company databases. The data relative to the amounts
of input or agricultural production and packaging are foreground data. Information rela-
tive to input production processes were taken from LCA databases (Ecoinvent v.3.01 and
Agri-footprint (v. 2.0) for agricultural input production and US LCI only for iron produc-
tion) and are background data. The foreground system includes strawberry production
and packaging, and the background system includes, for example, the production of plants,
fertilizers, pesticides, capital goods. In addition to the usual normalization on the FU, some
data have undergone further calculations, which are reported in detail below.

Regarding tunnel structure, galvanized iron has an estimated lifespan of 10 years;
therefore, the value considered in this study is the amount relative to 1 year (total amount
divided by lifespan), as indicated by the farmer. The same calculation was made for the
transparent tunnel covering sheet, which has a lifespan of 3 years. A similar calculation was
made also for the EPAL pallet, as indicated by the Conai Rilegno service in Italy. Rilegno is
a nonprofit consortium body under the supervision of two Italian ministries that operates
within the Italian national packaging consortium (CONAI) in the national collection and
management of wooden packaging. The average reuse of EPAL pallets officially indicated
by Rilegno is about 55%; for this reason, the amount considered in the inventory is 45%,
corresponding to the new pallets produced to substitute the unserviceable pallets [25].

Regarding allocation procedures, due to the production system which concerns only
one product, it was not necessary to adopt any type of allocation.

Emissions calculated relate to the application of pesticides and fertilizers. About
pesticides, the emission model selected is based on Boulard et al., 2011 and Anton et al.,
2004 [26,27]. The greenhouse pesticide emission pattern considers 95% of the active ingre-
dient as released on the ground and on the crop, and 5% released on water. For fertilizer
application, two different models were considered. For soilless tunnel fertilizer application,
the emission model used was proposed by Boulard et al., 2011 [26] and based on Sedilot
et al., 2002 [28], which consider 31% of nitrates and 48% of potassium as leached. For
mulched soil tunnel cultivation, the emission model used for the study considered total N
losses (nitrates) equal to 28% of N inputs [29].

2.5. LCIA Method and Software

The impact assessment method selected was the CML_IA baseline version [30] be-
cause it is one of the most used in the fruit sector [31]. The impact categories included
with a midpoint approach were abiotic depletion potential (ADP) elements [32], ADP fossil
fuels [32], global warming potential (GWP) 100 [33], ozone layer depletion potential (ODP)
steady state [34], human toxicity potential (HTP) inf., fresh water aquatic ecotoxicity poten-
tial (FAETP) inf., marine aquatic ecotoxicity potential (MAETP) inf., terrestrial ecotoxicity
potential (TETP) inf. [35], photochemical oxidation potential (POCP) [36,37], acidification
potential (AP), and eutrophication potential (EP) [38]. All the considered indices use as
measurement unit the quantity of an equivalent reference substance (e.g., in the case of
the GWP category it corresponds to the kg of equivalent carbon dioxide—kg CO2 eq) The
software application used for LCI, LCIA, and partially for interpretation is SimaPro® v. 8.1
with an updated useful database such as Ecoinvent (v.3.01) and Agri-footprint (v. 2.0) for
agricultural processes and US LCI for industrial processes. US LCI was selected because of
the unavailability of detailed information on iron production in Europe.

3. Results

The total impact related to the FU selected for packaged strawberry is reported in
Table 2 and as a relative comparison in Figure 5. Soilless production shows a higher impact
for ADP elements, ODP, FAETP, MAETP, TETP, POCP, AP, and EP and slightly higher for
GWP 100yr. Tunnel production shows a higher impact only for ADP fossil fuels and HTP.
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Table 2. Absolute impact results for soilless and tunnel strawberry production at packaging gate.

Category Unit Soilless Tunnel

ADP (elements) kg Sb eq 1.72 × 10−6 1.52 × 10−6

ADP (fossil fuels) MJ eq 3.46 5.01
GWP (100yr) kg CO2 eq 7.85 × 10−1 7.78 × 10−1

ODP (steady state) kg CFC-11 eq 5.62 × 10−8 1.57 × 10−8

HTP (inf.) kg 1,4-DB eq 1.13 × 10−1 1.28 × 10−1

FAETP (inf.) kg 1,4-DB eq 8.09 × 10−2 6.83 × 10−2

MAETP (inf.) kg 1,4-DB eq 2.38 × 102 2.22 × 102

TETP (inf.) kg 1,4-DB eq 6.43 × 10−4 1.74 × 10−4

POCP kg C2H2 eq 2.90 × 10−4 2.52 × 10−4

AP kg SO2 eq 6.20 × 10−3 4.45 × 10−3

EP kg PO43- eq 2.05 × 10−3 7.48 × 10−4
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Figure 5. Relative impact of Soilless (blue line) and tunnel (red line), system boundaries considered: from cradle to farm gate.

Contribution Analysis

Looking at the contribution analysis reported in Tables 3 and 4 and Figure 6a,b, it is
worthy to note that cultivation is the main contributor for both production systems for
almost all the categories. For tunnel cultivation (Figure 6b), packaging shows a significant
share with respect to cultivation only for GWP and POCP categories for which the total
impact is equally distributed. For the soilless system (Figure 6a), packaging shows a
higher contribution exceeding 50% only for TETP. For all the other impact categories
the contribution of packaging ranges between 9.4(ADP elements for mulched soil tunnel
scenario) and 80.7% (TETP for soilless scenario).
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Table 3. Contribution analysis for the soilless scenario.

Category Unit Cultivation Soilless Corrugated Board Boxes
83.4% Recycled Plastic Trays EUR-Flat Pallet

ADP (elements) % 88.2 1.7 3.3 6.7
ADP (fossil fuels) % 46.8 0.0 33. 8 19.4

GWP (100 yr) % 65.2 20.5 9.3 4.9
ODP (steady state) % 67.2 20.2 9.1 3.5

HTP (inf.) % 39.9 1.6 22. 7 35.8
FAETP (inf.) % 61.9 0.3 24.5 13.3
MAETP (inf.) % 46.2 5.1 34.1 14.6

TETP (inf.) % 19.3 59.9 15.9 4.9
POCP % 71.4 9.7 10.1 8.9

AP % 82.2 6.9 7.0 4.0
EP % 86.5% 4.5% 5.8% 3.2%

Table 4. Contribution analysis for the mulched soil tunnel scenario.

Category Unit Cultivation Tunnel Plastic Trays and Box EUR-Flat Pallet

ADP (elements) % 90.6 1.8 7.6
ADP (fossil fuels) % 77.3 9.3 13.4

GWP (100 yr) % 48.7% 46.3% 5.0%
ODP (steady state) % 74.4 13.0 12.5

HTP (inf.) % 58.1 10.1 31. 8
FAETP (inf.) % 72.6 11.7 15. 8
MAETP (inf.) % 59.0 25.4 15.6

TETP (inf.) % 58.4 23.6 18.1
POCP % 56.0% 33.8% 10.2%

AP % 60.5% 34.0% 5.5%
EP % 69.9% 21.3% 8.8%
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Figure 6. Contribution analysis for soilless (a) and mulched soil tunnel (b) cultivation and packaging.

Due to the high share of the cultivation, it is useful to further assess the contributions
from the input–output materials included in this phase. The contribution analysis for the
cultivation of strawberries in the tunnel scenario is reported in Figure 7. As can be inferred,
the major contributors to the impact are fertilizers, pesticides, capital goods (steel), and
direct emissions of fertilizers (contribution to EP). Galvanized iron also generates an impact
credit for EP, related to the reduction of phosphates in the steel production process and in
particular in the water used in the production stage.
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Figure 7. Impact share of input–output for tunnel cultivation.

The relative impact of input and output in soilless cultivation is shown in Figure 8. The
major contributors to total impact are pesticides, galvanized steel, fuels (diesel, gasoline),
growing medium (coconut husk, peat). Additionally, for soilless production, an impact
credit can be observed for galvanized steel.
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4. Discussions

Considering the total impact of soilless and tunnel cultivation, it can be noted that the
soilless system shows a higher impact on the specific impact categories of ADP elements,
ODP, ecotoxicity group, POCP, AP, and EP. This is due mainly to the high use of agricultural
input (growing medium, fertilizers, pesticides, and materials) even if related to a higher
production than tunnel cultivation. Tunnel production shows a higher impact on HTP
and ADP (fossil fuels) because of the higher use of fertilizers and fossil fuels for soil
management, while the impact on the other categories is lower due to the reduced quantity
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of materials used even if related to relatively low production. GWP could be considered
similar in the two systems. Indeed, looking at contribution analysis of field production, it is
clear that tunnel production is significantly influenced by fertilizers, soil management, and
direct emissions (from fertilizers and pesticides). For soilless production, the contribution
of fertilizers was lower (mainly due to more efficient use of nutrients) while pesticides,
capital goods, and growing medium recorded higher impacts. This is because it is an
intensive crop that requires more propagation material, frequent treatments, substrates,
and dedicated infrastructures to guarantee a higher production as compared to other
systems. In general terms, it could be stated that the tunnel exploits more land and crop
inputs (excluding pesticides), while the soilless more technology and building materials.
Thus, it is difficult to establish which system is more environmentally sustainable since
the various categories selected in some cases show negligible differences, while in other
cases, rather high differences were observed. This implies that a system is more, less,
or fairly sustainable in relation to the environmental objective to be achieved. From the
comparison with the literature shown in Table 5 [8,15,16,39–42] only for the GWP category,
it can be noted that the values calculated in this study were, on average, similar to those
obtained in the studies that focused on greenhouse (GH) cultivation [8,16,39,42], except for
the Japan case, which had a much higher value. In comparison with the results from Italian
case studies [16,40], the calculated values are higher, but it is a comparison with different
systems (open field—OF) that in some cases last for several years. The Marche region is in
central Italy where the climate does not allow efficient open field cultivation similar to that
of southern Italy. However, on average, the production of crops under a protected system
in this climate is more sustainable than in colder climates (considering an annual cycle).

Table 5. GWP for fresh strawberry production from literature. Values were reported to the same functional unit and system
boundary as in the present study.

Reference Country Crop Production System Growing Cycle kg CO2 eq/kg Fresh
Product

Valiante et al., 2019 [16] CH strawberry GH 1yr 1.868
strawberry

Valiante et al., 2019 [16] IT strawberry OF 2yr 0.182
strawberry 3 yr 0.212

Khoshnevisan et al., 2013 [39] IR strawberry GH (tunnel) 1yr 0.585
strawberry OF 1yr 0.695

Khoshnevisan et al., 2014 [8] IR strawberry GH (tunnel) 0.484
strawberry OF 0.147

Peano et al., 2015 [40] IT strawberry OF 1yr 0.324
raspberry OF 1yr 0.192
blueberry OF 1yr 0.168

Tabatabaie et al., 2016 [15] US strawberry California 1.75
strawberry Florida 2.5

strawberry North Carolina 5.48
strawberry Oregon 2.21

Gunady et al., 2012 [41] AU strawberry OF 2.23
Yoshikawa et al., 2008 [42] JP strawberry GH 4.8

Current study IT strawberry Tunnel 0.778
Current study IT strawberry Tunnel soilless 0.785

Considering the cultivation system and the contribution analysis for soilless, the
possible practical mitigation measures concern almost exclusively the growing medium.
Alternatives to peat obtained from coconut husks transported over long distances to Italy
include perlite and compost. Peat is obtained from materials regarded as important carbon
sinks. In the case of perlite, the resulting impact would be lower for almost all impact
categories with more evident savings in the categories of eutrophication and acidification
(−89% and −49%, respectively), and less evident for the other categories (0–8%). For GWP
and TETP, a maximum saving of 15% and 12% could potentially be derived. In the case of
compost, the use of litter from insect breeding such as the black soldier fly (Hermetia illucens)
could be promising. The ability of these insects to treat organic waste is now recognized.
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Based on the results reported by Martenat et al. 2019 [43], the use of black soldier fly
litter would reduce impacts for GWP by about 1.4% (equivalent to an annual saving of
approximately 52 kg of CO2 eq for the system under study). Contribution analysis shows
how the use of different packaging materials can clearly shift the impact contribution.
Considering, for example, the substitution of plastic boxes used in the tunnel system with
cardboard, the impact generated would be lower for different impact categories (−21%
GWP, −21% POCP, −17% AP, −1% EP) and higher for other categories of reduced absolute
impact and, in some cases, of lesser overall importance (+2% ADP elements, +73% ODP,
+221% MAETP). Other possible mitigations that could be subjected to future evaluations
include the replacement of plastic materials with bioplastics, considering the strong current
interest in the topic.
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