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Abstract: Increasing awareness of sustainability in the agri-food sector is leading to a gradual

transition toward lower-impact farming systems, such as organic and biodynamic farming. The

environmental performance of organic wines has largely been compared to that of conventional

wines, and few researchers have investigated the differences between organic and biodynamic wine

production from an environmental point of view. Therefore, in this study, the environmental proles

of two organic and two biodynamic wines produced in two areas in Northeast Italy were assessed by

performing a “cradle-to-gate” analysis according to the life-cycle assessment (LCA) methodology.

Results were used both to compare organic and biodynamic vitiviniculture and to draw overall

conclusions on the environmental performance of each of the analyzed wines in order to identify

environmental hotspots and provide recommendations to stakeholders. Production of the glass

bottles was identied as the main source of environmental burden in all four systems, followed either

by the production and use of fertilizers and pesticides, or the use of agricultural machinery. Results

also showed that biodynamic wines seem to be responsible for lesser environmental impacts than

organic ones.

Keywords: agri-food; organic; biodynamic; wine; life-cycle assessment (LCA); environmental

1. Introduction

Due to growing awareness of the environmental consequences of human activities,

sustainable development has become, over recent years, one of the main goals of

many organizations and institutions at international, national, and regional levels.

Among the most important initiatives is the United Nations 2030 Agenda for Sustainable

Development, which, within its 17 goals, specifically aims to “promote sustainable

agriculture” (Goal 2) as well as to “ensure sustainable consumption and production”

(Goal 12) [1]. The wine industry, like all agri-food production, faces a large number

of environmental issues [2], contributing to global and local concerns that are largely

ignored by the media, regulators, consumers, and sometimes, by the winery operators

themselves [3]. However, in recent years, thanks to increased awareness by institutions,

producers, and especially, consumers [4–7], the need for lesser environmental impacts in

wine production has progressively become more relevant [8–11], stimulating the search

for environmentally sustainable viticultural practices, such as organic and biodynamic

methods. This transitional pattern is also justified by the fact that literature indicates

the agricultural phase as the main environmental hotspot in the life cycle of many food

products, including wine [12–14].

Both organic and biodynamic management systems are characterized by low chemical

inputs and the adoption of a series of practices that aim to foster the ecological stability of

the grapevine. Common practices include the use of green manure, low tillage or no-tillage,

the use of composted farmyard manure, integration with other crops, and a ban on synthetic
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fertilizers, pesticides, and genetically modied organisms. The use of copper and sulfur

against grape pathogens is currently allowed by organic and biodynamic standards. The

main difference between organic and biodynamic management systems is the adoption, by

the latter, of preparations, as indicated by Steiner [15], to improve soil fertility and plant

health. Biodynamic farmers state that these preparations have positive effects on different

aspects of farming activities, but the actual benets from biodynamic preparations are still

under investigation. Indeed, recent literature reviews have reported controversial results.

Chalker-Scott [16] highlighted the lack of signicant evidence that the preparations could

improve soil structure and fertility, modify microbial activity, increase crop yields, or control

pathogens. On the contrary, more recent reviews [17,18] have pointed out that biodynamic

management has positive effects on plants and soil health. Apart from these positive

effects on ecosystems, the question of the actual quality of biodynamic wines—compared

to conventional and organic ones—is still open (see, e.g., Döring et al. [19] and Cravero [20]

for extensive reviews). It should also be investigated how the chemical and sensory char-

acteristics of biodynamic wines can be affected by factors other than viticulture practices,

such as, for instance, winemaking processes [21,22].

In the EU, organic wine production is regulated by specic norms and standards that

have been updated over the years. Currently, Regulation 848/2018/EU, which entered

into force on 1 January 2022, and several implementing and delegated acts dene the

organic production of food, including wine [23]. The same norms also recognize biody-

namic farming as a specic type of organic agriculture. The main authority concerned

with biodynamic agriculture is the Demeter Association, the international organization

for biodynamic agriculture and viticulture, which provides standards, guidelines, and

biodynamic certication [24]. Most biodynamic wine producers have two certications:

the organic one, released by third-party inspection bodies following the standards of the

EU; and the biodynamic one, released by Demeter. Both are released after a three-year-long

conversion period from conventional methods [23,24]. During recent decades, the organic

wine market has been continuously growing. In contrast with a global trend that shows

a reduction in the area of land planted with vines, the world’s area under organic grape

cultivation has progressed in 15 years from 87,655 ha in 2004 to 467,760 ha in 2019, cor-

responding to 6.7% of the world’s grape-growing area [25]. In Europe, nearly 400,000 ha

is currently organic, with Spain, France, and Italy being the countries with the largest

organic-grape land area (each with over 100,000 ha) [25]. Among organic wine producers,

a limited number produce biodynamic wines. The number of farms Demeter-certied for

wine production has steadily increased, doubling within the last 20 years; France now

accounts for about 300 biodynamic wine farms, followed by Italy, which accounts for almost

70 [26]. Accurate data on the diffusion and trends of biodynamic wine production are,

however, difcult to provide as biodynamic vineyards and wine producers are statistically

included in the organic producers group.

In this context of a necessary reduction in the environmental burdens of wine produc-

tion and an equally necessary increase in transparency for the consumer, a set of recent

studies tried to evaluate the environmental prole of wine using different tools and method-

ologies, among which life-cycle assessment (LCA) has increasingly gained relevance and

popularity, as it allows for comprehensive analysis from a life-cycle perspective. Within

LCA studies, wine has become one of the most investigated agri-food products in several

countries, such as Italy, Spain, France, Portugal, Canada, Australia, and Greece (see, e.g.,

Petti et al. [14], Ferrara et al. [27], and Maiesano et al. [28] for extensive reviews; see [29–41]

for more detail, among others published in the last decade). In these studies, LCA was used

to estimate the environmental impacts of wine production (a “cradle-to-gate” approach) or

the wine industry (a “cradle-to-grave” perspective) to identify hotspots and determine best

practices to minimize the environmental footprint. However, to our best knowledge, only

Villanueva-Rey [33] took biodynamic viticultural practices into consideration, specically

carrying out a comparative LCA between conventional, biodynamic, and intermediate

conventional–biodynamic viticulture methods in Northwestern Spain, and concluding that
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biodynamic management of the vineyards produces the lowest impacts per unit of product

(1.1 kg of grapes).

As organic and biodynamic farming systems are increasingly becoming the subject

of public debate, we considered it appropriate to investigate and compare the relative

environmental performances of these two agricultural practices when it comes to wine

production. Therefore, a cradle-to-gate LCA was used to assess the environmental prole

of two organic and two biodynamic wines, produced by four small wineries in two areas

of Northeast Italy, a region historically devoted to wine production and with a currently

ourishing wine industry.

2. Methods

The LCA method was applied according to the technical standards issued by the

ISO [42,43]. The analysis was carried out with the support of SimaPro 8.3.0 software [44].

2.1. Goal and Scope

The study aimed to identify environmental hotspots in the life cycle and investigate

to what extent the adopted agricultural approach inuences the overall environmental

performance of the wine. A cradle-to-gate study was performed: the entire wine production

process, from grape cultivation to the winemaking, including bottling and packaging, was

considered, whereas distribution, retail and consumption were not taken into account. The

selected functional unit (FU) was one bottle of wine (i.e., 750 mL of wine) and referred to

the grape harvested in 2016.

2.2. System Boundaries

The system under study included all the major material and energy flows associ-

ated with grape growing, winemaking, and bottling (Figure 1). The boundaries of the

system included all the processes, materials, and activities related to grape production

(trellising, field operations, fertilization, treatments, harvest, transport, etc.), wine-

making (use of winemaking equipment, refrigeration, bottling, etc.), and packaging

(glass bottle, cork, heat shrink capsule, etc.). Farm construction and the production

of agricultural machinery and winemaking equipment were not included in the anal-

ysis due to: (i) lack of data, (ii) exclusion of capital goods in previous LCA studies

on wine [14,33,37], and (iii) assumption that these elements do not have a relevant

contribution to a single bottle of wine (since they last many years and can therefore

be considered negligible) as suggested by Point et al. [29]. Other processes that were

excluded from the system’s boundaries due to the impossibility of retrieving accurate

data were electricity consumption for lighting in the winery facility, the use of cleaning

products, and the nursery stage of vine plants. It should be noted that the grapevine

plants under study were between 25 to 70 years old and the number of plants replaced

per year was on average very low (between 1% and 4%), and for this reason, the nursery

stage was negligible [19]. Production-related emissions for copper, sulfur, and pyrethrin

were included in the analysis, but field-level emissions were not, due to a lack of data

and the current absence of site-specific models to estimate the fate of those emissions in

air, soil, or water [2,13,29].
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Figure 1. System boundary, including the wine’s life-cycle stages considered in the study.

2.3. Systems under Study and Data Acquisition

The wineries under study were all located in Northeast Italy, in two different areas:

two in Gambellara (Vicenza province) and two in Corno di Rosazzo (Udine province)

(Figure 2). The Gambellara territory extends onto both hilly and at areas, and ranges in

altitude from 30 to 360 m a.s.l. [45]. Gambellara sits on volcanic soils that are very fertile

and rich in mineral content, and thus particularly suitable for wine-grape cultivation. The

two wineries, ORG1 and BD1, are located close to each other with less than 400 m between

the two facilities. Both are certied organic, but BD1 also adopts biodynamic farming

and winemaking practices. Both are small family-run businesses, growing the traditional

Gambellara grape varieties, Garganega and Durella. ORG1 and BD1 cultivate 14 and 7.5 ha

of vineyards, respectively, distributed mostly on the volcanic hills of Gambellara. The

municipal area of Corno di Rosazzo ranges from 60 to 210 m a.s.l. [45], mostly on a hilly area

extremely devoted to viticulture. The two wineries selected in this area, ORG2 and BD2,

are also small family-run companies and are located next to one another, with about 600 m

between them. They mostly grow local grape varieties, such as Ribolla Gialla, Friulano,

Verduzzo, and Malvasia Istriana. ORG2 owns 12 ha of vineyards, while BD2 owns 30 ha.

Both wineries are certied organic, with BD2 also being biodynamic.

To perform a better comparison, the same type of wine was selected for wineries within

the same location—a sparkling white wine made with 100% Garganega for Gambellara

wineries, and a still white wine made with 100% Friulano for Corno di Rosazzo wineries.

In addition, it was assumed that the wineries had to be similar in size, production capacity,

and product quality (Table 1). Wineries within the same location have analogous types of

soil and solar orientation of the vineyards.
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Figure 2. Geographical location of Gambellara (VI), where ORG1 and BD1 are located, and Corno di

Rosazzo (UD), where ORG2 and BD2 are located, in the Veneto and Friuli-Venezia Giulia regions of

Northeast Italy, respectively.

Table 1. General description of the organic and biodynamic wineries selected in Gambellara and

Corno di Rosazzo in 2016. Data on wine type and related land extension, and grape and wine

production are limited to the wine selected for the life-cycle assessment.

Company Wine
Vineyard
Extension

(ha)

Grape
Production

(kg)

Wine
Production

(L)

Gambellara (VI)

ORG1 Organic
Sparkling white

wine, 100%
Garganega

0.87 8077 5250

BD1 Biodynamic
Sparkling white

wine, 100%
Garganega

0.76 11,700 9360

Corno di Rosazzo (UD)

ORG2 Organic
Still white wine,
100% Friulano

0.70 6285 4400

BD2 Biodynamic
Still white wine,
100% Friulano

2.60 22,000 15,000

2.4. Life-Cycle Inventory

Primary data concerning eld operations and the winemaking process were directly

collected through the use of a questionnaire, compiled by the four farmers selected for the

study, with data referring to 2016 production (Table 2). Secondary data referring to back-

ground processes (e.g., provision of glass, fertilizers, metal wire, wooden poles, or electricity

production) were taken from the Ecoinvent v3 database provided in SimaPro 8.3.0. [46].

Table 2. Inventory of input data for the four systems (data per functional unit (FU): one 0.75 L

wine bottle).

Inputs Units Gambellara (VI) Corno di Rosazzo (UD)

ORG BD1 ORG2 BD2

Vineyard materials (trellis system)
Concrete (poles) g 169.8 63.7 - 91.0
Untreated wood (poles) m3 - 6.23 × 10−6 1.81 × 10−4 1.68 × 10−4

Iron (stakes and twist ties) g 0.628 - 0.0128 -
Galvanized iron (wire) g 1.070 - 0.164 -
Steel (wire) g - 0.3190 - 0.400
Paper (twist ties) g - - 0.0426 -
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Table 2. Cont.

Inputs Units Gambellara (VI) Corno di Rosazzo (UD)

ORG BD1 ORG2 BD2

Fertilization and pest management
N-fertilizer g 2.59 - - 4.16
P-fertilizer (mostly P2O5) g 4.31 - - 3.64
K-fertilizer (mostly K2O) g 6.04 - - 1.04
Sulfur (mostly SO3) g 4.29 - - -
Cattle manure g - 0.0219 - 0.0315
Silica dust g - - - 0.0070
Water L - 0.0077 - 0.0156
Wastes
Plastic g 2.140 - - 0.208
Cardboard and paper g - - - 0.067
Pest management
Copper-based compounds g 0.615 0.262 1.32 0.312
Sulfur g 5.742 5.729 5.547 3.580
Pyrethrin g - - - 0.091
Water L 0.80 0.1731 1.1083 0.0949
Wastes
Plastic g 0.143 0.128 0.0511 0.005
Cardboard and paper g 0.857 0.160 0.120 0.0175
Agricultural Machinery use
Energy from fuel
combustion (diesel)

MJ 0.3695 0.2057 0.8556 0.2358

Energy from fuel
combustion (gasoline)

MJ - - 0.2332 -

Transport (from vineyard to winery)
Transport with
agricultural tractor and
trailer

tkm 0.00317 0.00383 0.01009 0.00140

Winemaking
Grape g 1154 940 1072 1100
Electricity from renewable
source (photovoltaic)

kWh - 0.00559 0.01458 0.02775

Electricity from grid kWh 0.03831 0.00186 0.01856 0.01189
Water L 0.214 0.096 0.853 0.010
SO2 g 0.012 - 0.056 0.064
Citric acid g - - 0.51 -
Wastes
Cardboard and paper g - - - 0.0006
Packaging materials
Glass, partially (15%)
recycled (bottle)

g 650 415 550 400

Cork g - - 6.0 6.0
Steel (crown cork) g 2.0 2.0 - -
Printed paper (label) g 2.0 2.0 2.0 2.0
Polylaminate (capsule) g 1.0 1.0 1.0 1.0
Wastes
Plastic g 2.57 1.44 1.71 0.03
Cardboard and paper g 2.14 1.20 2.56 1.15

2.4.1. Vineyard Materials

The farmers provided information regarding the structure of their trellis systems,

indicating the materials (concrete, wood, steel, etc.) of the components and the number

of items (poles, stakes, or extension for the metal wire). The four farms utilized different

materials in their vineyards. Concrete poles were entirely used in ORG1 vineyards and

wooden poles were present in ORG2 exclusively, while BD1 and BD2 both had concrete and

wooden poles in their vineyards. The producers specied that wooden poles were untreated
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and preservative-free. Specic information regarding physical characteristics of the trellis

system components (weight, volume) were obtained from the materials supply companies

of the vineyards. Based on this information, the weight of concrete poles was assumed to

be 35 kg; the volume of wooden poles, 0.03 m3; the weight of iron stakes, 0.45 kg; and the

weight of various metal wires, 0.02 kg/m. As the trellis system is a permanent capital good,

an estimation of the lifespan of that component was made as well. Based on information

obtained from the wineries, supply companies, and literature, the different materials were

assumed to have the lifespans listed below:

- Concrete poles: 30 years

- Wooden poles: 12 years

- Iron wires and iron stakes: 20 years

- Galvanized iron wires: 50 years

- Steel wires: 60 years

- Paper twist ties: 1 year

- Iron twist ties: 2 years

The impact of manufacturing and distributing these materials was allocated to the

2016 vintage by dividing the material quantities by their respective lifespans.

2.4.2. Fertilization and Pest Management

Being either organic or biodynamic, none of the four farms uses synthetic fertilizers;

they distributed only organic fertilizers (composed of cattle manure). At the biodynamic

farms, preparation 500 (horn manure), which is cattle manure aged in horn for about

6 months, was sprayed (after stirring in water) on the soil in very low concentrations

(about 100 g/ha) twice a year. The diesel consumption required for the application of these

products was included in the agricultural-machinery-use life-cycle stage. The products

applied by the four farms to prevent the formation and diffusion of fungal infections, molds,

and pests, such as copper-based compounds, sulfur, and pyrethrin, are all allowed by the

organic and biodynamic agriculture standards. The farmers provided data regarding the

amount applied and details (name, brand) of the products. The nutrient composition of the

products was then obtained from the brand websites and catalogues in order to estimate the

net amount of N, P, K, Cu, and S that ended up in the vineyard. Pest-management products

were applied with water, which was also considered in this section of the inventory. Data

on waste from organic fertilizers and pesticide packaging were also collected.

2.4.3. Agricultural Machinery Use

This stage includes all the agricultural activities performed in the vineyard using

machinery that requires fuel combustion, such as mowing, shredding, sowing, drilling,

tillage, and the application of fertilizers and pest-controlling agents. It is important to

note that, on all the farms, vine prunings were hand-picked, mechanically shredded,

and left on the rows. While emissions from the decomposition of the prunings were not

considered, as these are gases previously absorbed by the plants, the fuel consumption of the

tractor/shredder was included in the study. Similarly, fuel consumption related to mowing

was accounted for, while emissions deriving from relative green manure decomposition

were excluded. Harvesting was not included as it is performed by hand on all the farms.

The amount (liters) of fuel (diesel and gasoline) burned for each activity was provided by

the farmers and converted into megajoules (MJ) based on the following fuel conversion

factors: 1 L of diesel = 35.8 MJ and 1 L of gasoline = 32.1 MJ.

2.4.4. Transport

The transport phase accounts for the moving of harvested grapes using a tractor with a

trailer from the vineyard to the winemaking facility. The amount of fuel consumed depends

on the tractor engine efciency, number of trips (which is related to the vineyard’s yield and

trailer capacity), weight of the trailer, and distance between the vineyard and the winery.

The transport data were expressed in ton-kilometers (tkm), a unit of measure commonly
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used to quantify transportation. The choice of using tkm instead of liters of diesel was

taken because the four wine producers were not able to provide reliable estimations of

the amount of fuel needed for transportation. The farmers also provided data regarding

the capacity and weight of their trailers (in kg), number of trips, and distance between the

vineyard and the winery, which varied from a minimum of 1 km (BD2) to a maximum of

4 km (ORG2). Three winemakers used trailers with a capacity of 3 tons, while BD1 used a

smaller trailer with a capacity of 400 kg. Therefore, BD1 performed the greatest number of

trips (29 return trips).

2.4.5. Winemaking

The winemaking stage includes all the activities and processes performed in the

winery, from reception of the grape to nal bottling and labelling. All processes performed

during winemaking, including destemming, pressing, racking, fermentation, pumping,

cleaning, refrigeration, and belt conveying, were taken into account, as they all require

the use of equipment involving the consumption of electricity. The winemakers provided

information regarding the maximum power demand and hours of utilization for each piece

of equipment used during the winemaking phase. The actual absorbed power value for

each device was assumed to be 80% of the respective maximum power. The electricity

consumption (kWh) was then calculated by multiplying the absorbed power (kW) times

the hours of use. This general assumption was made as no accurate data on the electricity

consumption in kWh were provided. Data regarding the percentage of energy supplied by

photovoltaic panels systems, if present, were also provided. The winemaking phase also

includes the preservatives and additives used during the process, water for cleaning the

equipment, and various packaging wastes produced during operations in the winery

2.4.6. Packaging Materials

The packaging stage considers all materials used in the life cycle, namely the glass

bottle, bottle cap, paper label, and aluminum-based polylaminate capsule. Two producers,

BD1 and ORG1, adopted a crown cork (2 g of steel) for their sparkling wine, while the

other two, ORG2 and BD2, used a conventional cap (6 g of natural cork). The production

and transport of the packaging materials were also considered in the study. As well, data

regarding waste from packaging material used at the farms were collected. A list of the

input data for the inventory of the four farms is reported in Table 2.

3. Results and Discussion

The results of the impact assessment for the four wineries are presented and the pro-

cesses or life-cycle stages that contributed most to the main impact categories are identied.

The impact categories assessed here included climate change (CC), ozone depletion (OD),

terrestrial acidication (TA), freshwater eutrophication (FE), marine eutrophication (ME),

human toxicity (HT), photochemical oxidant formation (POF), particulate matter formation

(PMF), terrestrial ecotoxicity (TET), freshwater ecotoxicity (FET), marine ecotoxicity (MET),

ionizing radiation (IR), agricultural land occupation (ALO), urban land occupation (ULO),

natural land transformation (NLT), water depletion (WD), mineral resource depletion

(MRD), and fossil fuel depletion (FFD). In addition, a comparison of the environmental

proles of the four systems is presented in relation to the impact categories to which they

contribute most.

3.1. ORG1

Results obtained for the ORG1 farm (see Table S1) show a disproportionately major

contribution to environmental impacts at a few stages of the life cycle. The packaging

materials stage constituted the main carrier of environmental impacts, with the relative

contribution ranging from 43.5% for MRD to 91.2% for the ULO impact category. On

average, the packaging materials stage accounted for 71.3% of the contribution for each

impact category. The fertilization and pest-management stage was recognized as the second
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most relevant source of environmental burden in most categories, with an average contri-

bution value of 15.7%. In particular, the organic fertilization and pest-management stage

contributed sensibly, with percentages between 22.5% to 38.7% for all impact categories

related to eutrophication, nutrient and chemical leaching, and ecosystem toxicology. The

other four life-cycle stages (use of agricultural machinery, vineyard materials, transport

and winemaking) showed a scarcely signicant percentage contribution to most of the

impact categories.

3.2. ORG2

Analogously to ORG1, results for ORG2 farm (see Table S2) show that the packaging

materials stage was the main contributor for most of the impact categories, with an average

contribution of 55.7%, ranging from a minimum value of 39.3% for HT to a maximum value

of 83.6% for ALO. The use of agricultural machinery represented the second most important

source of environmental impacts, accounting for an average contribution of 28.8%, with

high percentage values for the impact categories related to fossil fuel (diesel and gasoline)

production and combustion, such as CC, OD, HT, PMF, POF, ULO, ALO, MRD, and FFD.

The fertilization and pest-management life-cycle stage displayed an average contribution

that was much lower (9.1%), but with relevant percentage values for the FE (19.5%), HT

(23.3%), FET (22.3%), MET (23.4%), WD (15.7%) and MRD (27.1%) impact categories related

to the use of chemicals, nutrients, and water. Vineyard materials represented 13.8% of

the impacts for HT, while the winemaking phase accounted for 16% of the WD impact

category. The transport phase was the least-relevant phase, with relative contributions

being negligible for all ReCiPe impact categories.

3.3. BD1

The life-cycle impact assessment (LCIA) results obtained for the BD1 farm (see Table S3)

evidenced a disproportionately major contribution of the packaging materials to all ReCiPe

impact categories, at even higher levels than in the case ORG1. The packaging materials

stage showed percentage values of contributions ranging from 59.7% (MRD) to 95.8%

(ULO), with an average of 84.6%. The second most important source of environmental

impact was the use of agricultural machinery, which contributed to impact categories

related to the production and use of fossil fuels, such as POF, PMF, and MRD for 13.6%,

10.4%, and 19.3% of the impacts, respectively. However, the average contribution of this

phase was relatively low, at 8.4%. The fertilization and pest-management stage was the

third most relevant for BD1 and represented 12% of the impacts for HT, 10.1% for FET,

10.7% for MET, and 15.2% for MRD with an average contribution of 4.5%. The vineyard

materials, transport, and winemaking phases accounted for much smaller contributions for

every impact category.

3.4. BD2

LCIA results obtained for the BD2 farm (see Table S4) highlight that the packaging

materials stage accounts for an average contribution of 67.3% for the ReCiPe impact

categories, ranging from 42.5% (TET) to 87.4% (ALO). Fertilization and pest management

were identied as the second most important source of environmental impacts, with an

average contribution of 14.2%. This life-cycle stage contributed to 46.1% of the impacts for

ME and 56.4% of the impacts for TET. The use of agricultural machinery, associated with

the consumption of diesel, contributed mostly to CC (8.6%), OD (8.3%), FE (10.6%), POF

(13.8%), PMF (10.5%), ULO (20.7%), and MRD (19.7%). The vineyard materials represented

24% of the impacts related to HT, 11% for POF, and 12.4% for FFD, while the transportation

phase had negligible contributions to all impact categories.

3.5. Farm Systems Comparison

The characterization data are presented in Table 3, which summarizes data in the

Supplementary Materials. It clearly emerges that the overall environmental impacts were
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estimated to be higher for ORG1 and ORG2 compared to BD1 and BD2, with BD1 be-

ing associated with the lowest environmental impacts in most categories. From the data

comparison (see Supplementary Materials), the packaging materials appeared to play a fun-

damental role in the overall environmental prole of the products in this study, with bottle

production being the phase of greatest contribution to almost all impact categories. BD1

and BD2, both associated with lower impacts, used glass bottles weighing 415 g and 400 g,

respectively, whereas ORG1 and ORG2 used much heavier glass bottles, weighing 650 g

and 550 g, respectively, which inevitably contributed to their greater overall environmental

impact. Glass bottle production is indeed a high-energy-demanding industrial process

that contributes heavily to the FU total energy use, as well as global warming, HT, and

smog-forming and acidifying emissions. The high contribution of glass bottle production

to many environmental impacts is conrmed in the literature (see, e.g., [31,32,47]).

Table 3. Characterization results (data per FU: one 0.75 L wine bottle).

Impact
Category

Unit ORG1 ORG2 BD1 BD2

CC kg CO2 eq 0.8293273 0.9066404 0.5055981 0.5481429

OD kg CFC-11 eq 9.887 × 10−8 1.128 × 10−7 5.901 × 10−8 6.45 × 10−8

TA kg SO2 eq 0.0059614 0.0064259 0.0035809 0.0039387

FE kg P eq 0.0002178 0.0002434 0.0001131 0.0001241

ME kg N eq 0.0002908 0.0002474 0.0001226 0.0002373

HT kg 1,4-DB eq 0.3462381 0.4499326 0.1748647 0.2422486

POF kg NMVOC 0.0036964 0.0050868 0.0022524 0.0025582

PMF g PM10 eq 2.2709 2.7391 1.3713 1.5583

TET g 1,4-DB eq 0.3012 0.1961 0.1185 0.2517

FET g 1,4-DB eq 7.5408 8.9651 3.9959 4.8314

MET g 1,4-DB eq 7.3805 8.7856 3.8645 4.6479

IR kBq 235U eq 0.0634462 0.0640238 0.0371092 0.038953

ALO m2a 0.2210942 0.2519762 0.1382058 0.2170459

ULO m2a 0.0430685 0.0154729 0.0381184 0.0074012

NLT m2 0.0002304 0.9066404 0.0001223 0.0001626

WD m3 0.0089306 1.128 × 10−7 0.0053702 0.0043032

MRD kg Fe eq 0.0596891 0.0064259 0.0254155 0.0284801

FFD kg oil eq 0.249359 0.0002434 0.154225 0.1749101

CC, climate change; OD ozone depletion; TA, terrestrial acidication; FE, freshwater eutrophication; ME, marine
eutrophication; HT, human toxicity; POF, photochemical oxidant formation; PMF, particulate matter formation;
TET, terrestrial ecotoxicity; FET, freshwater ecotoxicity; MET, marine ecotoxicity; IR, ionizing radiation; ALO,
agricultural land occupation; ULO, urban land occupation; NLT natural land transformation; WD, water depletion;
MRD, mineral resource depletion; FFD, fossil fuel depletion.

Therefore, the main improvement actions adopted by the winemakers to reduce

environmental impacts should be focused on minimizing the weight of their glass bottles

as much as possible (see BD1 and BD2) and increasing the percentage of recycled glass

that the bottles are made of. Previous studies have largely demonstrated the relevance of

environmental benets from the provision of lighter glass bottles [8,29,32,48]. However,

although the use of a lighter bottle would represent a reasonable and feasible option that

could have important consequences for the reduction of indirect emissions, the choice of

the mass of the bottle by producers largely depends on marketing reasons, since a heavier

bottle ennobles the perceived quality of the product [49]. At the same time, it is well

known that the adoption of glass bottles with increased recycled content leads to lower
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environmental burdens [27] associated with bottle production, since fewer raw materials

are needed. As proposed by some authors [14,32,49,50], another viable way is the use of

alternative, less energy-consuming materials, mostly PET, aseptic carton, and bag-in-box.

However, the environmental consequences of using other materials are still debated and

consumers tend to prefer glass bottles, especially for high-quality wines [49], because glass,

by guaranteeing a higher hermeticity, can preserve the quality of wine for a longer time. In

addition, glass is perceived as being more sustainable from an environmental point of view

with respect to alternative packaging [51].

The agricultural-machinery-use stage and the fertilization and pest-management

stage were found to be the second most burdening phases. The former appears to be

highly relevant for ORG2, while the latter had a relatively higher impact for ORG1 and

BD2. Regarding the agricultural-machinery-use stage, the great impact of ORG2 can be

attributed to the high consumption of diesel and gasoline used in many mechanized

vineyard operations, such as mowing, shredding, and the application of fertilizers and

pesticides. Differences in environmental burden associated with organic fertilization and

pest management among the four farm systems were mostly related to the use of organic

fertilization products. Indeed, while pest-management products (mostly copper and sulfur)

were used by all farms, organic fertilizers were only distributed by ORG1 and BD2.

A notable result coming out from the characterization data is that the winemaking

phase was uninuential to the overall environmental prole of all four wineries. Indeed,

this phase had an average contribution for all impact categories of 2.4% for ORG1, 2.9%

for ORG2, 0.7% for BD1, and 2.9% for BD2. These results arguably relate to good energy

efciency, as the four wineries declared very low electric energy consumption (ORG1

6.4 kWh/hL, ORG2 5.5 kWh/hL, BD1 1.3 kWh/hL, and BD2 6.6 kWh/hL), while Fuentes-

Pila and Luis-Garcia [52] estimated the average electricity consumption in a medium-size

winery located in Italy, Spain, France, or Portugal to be equal to 11 kWh per hL.

Furthermore, to verify the environmental performance gap between organic and bio-

dynamic systems—mainly imputable to the weight difference between bottles, regardless

of the agricultural practice adopted—a comparison between organic and biodynamic was

performed considering only the phases related to the agricultural activities: “fertilization

and pest management” and “agricultural machinery use”. Although biodynamic and

organic viticulture are based on common principles, the viticulture stage still includes

practices that cause differences in the environmental prole. For nutrient management,

organic farming relies entirely on organic fertilizers, whereas biodynamic farming uses

biodynamic preparations and, in addition, organic fertilizers, if necessary. Regarding

pest-management treatments, both organic and biodynamic viticulture rely on the use of

non-synthetic fungicides and pesticides, such as copper and sulfur, allowed for viticulture

by organic standards.

Results obtained considering only the “viticulture stages” suggest that biodynamic

production causes less environmental impact than to organic (Figure 3). The main reason for

this reduction of potential impacts for biodynamic systems is related to the decrease in diesel

consumption and copper-based compounds in the eld. The biodynamic systems (BD1

and BD2) were accountable for lower environmental burdens for most impact categories,

with the ME and TET categories being the only two exceptions. In these two categories,

BD2, while being a biodynamic site, was responsible for potential impacts that were similar

to ORG1, and higher than BD1 and ORG2. This anomaly could be due to the use of

organic fertilizers (in addition to biodynamic preparations) in BD2′s vineyard. BD1, using

only biodynamic preparations (which contain a very small amount of cattle manure),

was associated with the lowest impacts in the ME and TET impact categories. In all the

other categories, biodynamic systems appeared to be responsible for much lower potential

impacts. In Gambellara, during the viticulture phase, BD1 accounted for environmental

impacts that were, on average, 66% lower compared to ORG1. Similar results were obtained

in Corno di Rosazzo, where BD2 accounted for an impact that was, on average, 46% lower

than BD1. This study, which focused only on one organic and one biodynamic winery
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in each of two locations, did not aim to investigate and compare the agricultural yield

of organic and biodynamic viticulture sites. However, yields can have a direct inuence

on the environmental impacts of agricultural production, since the consumption of land,

resources, and materials per FU decreases as yield increases. This consideration could

partially explain the environmental performance (see Figure 3) of the BD1 production

system having the highest yield among all the considered farmers (15,390 kg/ha). This

signicant yield is attributable to the location of BD1′s vineyards in plain areas, while

the other vineyards are all located on hillsides. On the other hand, BD2, even with being

the system that has the lowest yield (7692 kg/ha), still showed lower potential impacts

compared to the organic systems, ORG1 and ORG2.

Figure 3. Characterization results, considering only the “viticulture stages”. CC, climate change;

OD, ozone depletion; TA, terrestrial acidication; FE, freshwater eutrophication; ME, marine eu-

trophication; HT, human toxicity; POF, photochemical oxidant formation; PMF, particulate matter

formation; TET, terrestrial ecotoxicity; FET, freshwater ecotoxicity; MET, marine ecotoxicity; IR, ioniz-

ing radiation; ALO, agricultural land occupation; ULO, urban land occupation; NLT, natural land

transformation; WD, water depletion; MRD, mineral resource depletion; FFD, fossil fuel depletion.

Finally, to evaluate the relevance of the potential impacts associated with the systems

under study in the “viticulture stages”, the results of the normalization based on an external

approach (the total environmental impacts caused in a year by an average European citizen)

were performed. Despite the relevant differences in impact magnitude among the four

systems, it is clear that they show the highest contribution values for the same impact

categories. In fact, all four products mostly contributed to NLT, MET, FET, HT, and FE

(Figure 4). These categories reect the agricultural component of the study products, as

they are related to the production and use of fertilizers (FE, TA, and NLT), the production

of pesticides (FET, MET, and NLT), and the production and consumption of fossil fuels (HT,

FET, MET, and NLT).
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Figure 4. Comparative normalization graph with the ve most relevant impact categories, considering

only the “viticulture stages”. NLT, natural land transformation; MET, marine ecotoxicity; FET,

freshwater ecotoxicity; HT, human toxicity; FE, freshwater eutrophication.

4. Conclusions

The obtained results seem to indicate the ability of the LCA method to identify environ-

mental hotspots and distinguish between the two agricultural practices under investigation

from an environmental point of view. On the whole, biodynamic products seem to have

a lower impact than organic ones, regardless of the grape variety and geographical area

analyzed. Results obtained from taking only the “viticulture stages” into consideration

once again suggest biodynamic production causes less environmental impact than organic.

We believe the remarkable development in the biodynamic wine sector that we are

witnessing requires further investigation in order to conrm the results obtained in this

preliminary study, which considered only four farms and a single vintage. Since several

studies have shown that organic farming practices generally have lower impacts on the

environment per unit of area, than conventional agriculture (see, e.g., Meier et al. [13],

Falcone et al. [35], Tasca et al. [53] and Tuomisto et al. [54] for an extensive review), the

ultimate goal should be to evaluate whether biodynamic wine production is really envi-

ronmentally benecial per product unit, as opposed to organic (as reected in this study)

and conventional wine production. At the same time, the difculties we encountered and

the assumptions we had to make conrm some of the criticisms currently being raised

about the LCA methodology when applied to these types of farming. In particular, the

inability to capture some of the functions of these agricultural systems currently represent

the fundamental issue that LCA practitioners still need to fully address. Although LCA

arguably represents the most reliable tool available to assess the environmental impacts

of agri-food production, it is clear that this integrated approach still does not allow for a

complete understanding of the environmental performances of wine and all other food

we consume. The LCA methodology must be further improved so that it can adequately

provide recommendations to stakeholders and support both economic and environmental

policies in the future.
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