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Abstract

Due to climate change, the risk of spring frosts has increased and may rise further in the
near future. This is pushing winegrowers to adopt active spring frost protection methods
(ASFPMs) in their vineyard management practices. This study analyzes the potential
contribution of the most commonly used ASFPMs to the environmental impacts of grape
production in the Loire Valley region, using the Life Cycle Assessment (LCA) approach,
while considering local mesoclimatic conditions. The environmental offsets of ASFPMs are
modeled by comparing the viticulture stage impact with and without ASFPM technologies.
Furthermore, the present paper proposes an original approach to integrate potential yield
loss, simulating frost damage. This sensitivity analysis identifies the yield loss threshold at
which the different ASFPMs are environmentally compensated under various mesoclimatic
conditions. We show that the environmental contribution of instant ASFPMs varies most
significantly based on the number of frost hours, but generally remains the highest across
most environmental indicators compared to other impacts of viticulture, e.g., ranging from
35 to 92% for the climate change indicator. Wind machines contribute the least to the
viticulture stage, regardless of frost hour occurrence. However, even permanent solutions
have a significant impact on at least one environmental indicator, regardless of frost hour
occurrence. Additionally, the environmental offset analysis outlines that the yield loss
thresholds for ASFPM impact compensation are high, even for the most effective solutions
in a frost-prone context. Future research should include passive spring frost protection
methods and other types of vineyard management in LCA of the viticulture stage.

Keywords: environmental analysis; life cycle analysis; spring frost; winegrowing; extreme
events; viticulture practices

1. Introduction
Human activity has increased the probability of compound extreme events since the

1950s, based on evidence from observed changes [1]. Several extreme weather events are
expected to become more frequent due to climate change and to strongly impact global
agriculture activity. Among extreme events, multiple studies have shown an increasing
risk of frost damage in viticulture due to earlier budburst dates in various European
regions [2–4]. Over the past decade, spring frost events have become more frequent in the
Loire Valley region, particularly in exposed areas such as the bottom of the valley, resulting
in an increasing vulnerability due to global warming [5]. Various grape varieties of the
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region, such as Chenin Blanc, show a low resistance to frost and present an early bud
development. Concerning the future, not all studies agree on the trajectory of spring frost
risk in viticulture. Recent findings suggest that, for France, there may be no significant
change in spring frost risk during the second half of the 21st century compared to current
conditions [6]. However, some authors project an increased risk of frost damage in the
near future under different climate scenarios, particularly in the Loire Valley [7], as well as
in other French regions such as Champagne [8]. The evolution of spring frost risk under
climate change depends heavily on the model used to simulate budburst and remains highly
uncertain due to the limited precision of current grapevine budburst and dehardening
models [9]. Viticultural practices are expected to adapt in response to climate change [10]
and to growing social demand for environmentally friendly agricultural management [11].

Spring frost events have led to the development of several practices to protect peren-
nial crops, involving different management strategies. Two major categories of methods
have emerged: active and passive spring frost protection methods. Passive spring frost
protection methods involve preventive and agronomic actions, such as late pruning or
maintaining bare soil or short vegetation on soil during frost events. In contrast, active
spring frost protection methods (ASFPMs) require direct intervention during frost events,
often involving high resource consumption and significant human labor [12,13]. Among
ASFPMs, different strategies can be employed, such as heating, air mixing, dynamic heat
transfer, and other innovative solutions [12]. Among the existing technologies of ASFPMs,
five are the most commonly used in France—wind machines, sprinklers, candles, heating
cables, and heaters [14]—and one emerging method among others is tested: the winter
cover. All these solutions involve the consumption of fossil and/or mineral resources,
energy, and water, while also emitting pollutants and generating waste [13]. As a result,
the application of ASFPMs leads to several potential environmental impacts, from their
direct field emissions or end-of-life treatments. However, frost damage can strongly impact
the yield if no ASFPMs are applied. Consequently, yield loss could lead to higher potential
environmental impacts, due to the higher ratio between resources and energy use and the
pollutants emitted for a given amount of grapes produced.

Life Cycle Assessment (LCA) is the international reference in terms of environmental
assessment methodology, providing a comprehensive set of environmental impact cate-
gories for a given system [15]. Moreover, LCA has been applied to various agricultural
systems, with an increase in LCA case studies between 1998 and 2015 [16]. In the wine
sector, most LCA studies highlight the main sources of environmental impact, particularly
the viticulture stage, due to fuel, fertilizer, and pesticide consumption, as well as the pro-
duction of glass bottles for packaging [17,18]. Mechanical operations have been identified
as particularly relevant for climate change indicators [19]. Vineyard management in tem-
perate climates with oceanic influence requires a high number of field operations due to its
perennial nature, the need to manage soil under the vines, and its high sensitivity to fungal
diseases [20,21]. In a complete pathway of technical operations (PTO), which is defined
as the sequence of all annual technical operations required to manage a vineyard at plot
scale, fuel consumption primarily contributes to the following environmental indicators:
global warming, photochemical ozone formation, acidification, and fossil resource demand.
Fuel consumption, particularly fuel combustion, is a key factor in differentiating viticulture
systems, such as organic and conventional farming [22]. Fossil fuel consumption plays a
significant role in various environmental impact categories throughout the global wine
production chain [23]. Fertilizers can also play an important role in the global warming
and eutrophication potential impacts of the viticulture stage according to their natures and
applied quantities [21,24]. Additionally, the production and direct emissions of pesticides
often contribute the most in the ecotoxicity impacts when included in LCA studies [25,26].
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In LCA studies of viticulture, ASFPMs are not included in scientific and technical
papers as they can be qualified as exceptional practices. Their integration is challenging
because their use is directly dependent on mesoclimatic conditions and difficult to compare
due to the diversity of technologies involved [27]. One LCA study on annual apple
production incorporated wind machine use [28] and highlighted its significant contribution
in the overall fuel consumption of the annual production. In another environmental
assessment approach, the INDIGO method introduced an indicator that qualitatively
assesses ASFPM use in wine-growing activity [29]. In a recent LCA study, Baillet et al. [30]
compared the potential environmental impacts of ASFPM use, presenting their hotspots and
ranking their performances for seven environmental indicators in the function of frost event
occurrence in two French regions with different plantation densities and mesoclimates.
Concerning the evaluated environmental impacts of the study, the wind machines and
sprinklers had the best performances among the other ASFPMs, except concerning the
water consumption indicator for the latter. On the contrary, antifrost candles and fuel-fired
heaters showed the lowest performances and high variability depending on frost event
occurrences. However, the interrogation of the environmental share of these practices into
the overall grape production remains. Given the scientific literature on key environmental
hotspots in LCA studies of viticulture, investigating the potential environmental impact of
ASFPM use into a PTO appears to be particularly relevant and necessary in regions prone
to high spring frost risk.

The central research question of this study is: How does the application of different
types of ASFPM affect the environmental impacts of the grape production? A related sub-
question is whether protecting vineyards against spring frost leads to better environmental
performance when potential damage to the annual yield is taken into account. To explore
this, the present paper proposes a case study assessing the potential environmental share
of ASFPMs into a complete PTO in viticulture, using the LCA methodology. Finally, the
environmental impacts of PTO with and without ASFPM are compared through a sensitivity
analysis of yield loss to identify potential environmental compensation of ASFPM use under
a production year affected by frost events.

2. Materials and Methods
A representative PTO from the Loire Valley, along with several ASFPM technolo-

gies applied in the region, is coupled to assess the environmental contributions of the
ASFPMs. First, the data collection is presented, defining the evaluated PTO and ASFPM
systems. Then, the subsystems are introduced, describing the modeled LCA contribu-
tions and presenting the corresponding life cycle inventory for both systems. Next, the
emissions models, LCA software, and associated databases are outlined. Finally, the
overall assessment approach in this study is detailed, explaining the structure of the
environmental analysis.

2.1. PTO Case Study

The PTO data were collected through interviews with the winegrower in the Anjou
protected denomination, located in the Loire Valley region. The vintage was characterized
by a climate of warm temperatures, which led to an early harvest with low cryptogamic
pressure [19,31]. This PTO case study from the Loire Valley region includes the productive
and unproductive phases. The unproductive phases encompass the vineyard establishment,
trellis installation, the three unproductive years at the plantation of the vineyard, and its
removal at its end of life. The productive phase consists of all practices and operations
conducted from October to September on a vineyard plot of 2.3 hectares, representing an av-
erage productive year. The grape variety was Chenin Blanc for the production of dry Anjou
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Blanc Protected Denomination of Origin (PDO) wine. Concerning the unproductive phase
data, the winegrower described his practices for the vineyard installation and end of life
based on similar plots to the studied one. For the plot characteristics, the soil contained 15%
clay and the average slope was around 5%. The planting density was 4700 plants per hectare
and the plot was not artificially drained. However, heavy soil operations were realized at
the plantation stage and end of life of the plot, involving the use of a bulldozer and an exca-
vator. In total, 75 tons of cow fresh manure was used as a soil improver before the plantation
of the vines. The trellis was composed of treated pine posts at each row extremity, and gal-
vanized steel posts every 7 m linked with 4 galvanized steel wires per row. During the three
unproductive years, the soil was chemically weeded and tilled with nine pesticide applica-
tions, including antifungal treatments, and implying nine active substances. Concerning
the tillage management, seven mechanical and eight manual operations were conducted.
During the productive year, the soil was covered at 70% by natural grass and chemically
weeded at 30%. Mineral fertilizers were applied twice in 5 productive years while an organic
fertilizer and a calcium improver were applied once in 5 productive years. Additionally,
six phytosanitary treatments, including one herbicide, four fungicides, and one insecticide,
were applied involving twelve active substances. Finally, thirteen other mechanical and
five manual operations were conducted. The plot’s yield in 2011 was 3360 kg of grapes per
hectare. The inventory input flows of the PTO case study can be retrieved in Table S1 of the
Supplementary Materials.

2.2. ASFPMs of Loire Valley

The ASFPM data were obtained through fifteen interviews realized in 2023 in the
Loire Valley, involving twelve winegrowers, a manufacturer of winter cover, and two
winegrower advisors specialized in climate change adaptation. The ASFPM practices were
based on the frost event experience of interviewees and were not attached to a specific
year of application. The LCA methodology has been applied to ASFPMs following the
context-specific framework of Baillet et al. [27]. Application scenarios have been developed
to establish the necessary conditions for applying the ASFPMs based on interviews with
ASFPM users. To provide a contextual framework for ASFPM application in the Loire
Valley vineyard, mesoclimatic scenarios have been elaborated based on hourly weather
data collected between 2013 and 2023 from the INRAE weather station of Montreuil-
Bellay, located in the Loire Valley region. Hourly weather data include the temperature,
windspeed, and relative humidity. The ASFPM application is set between early April to
late May, representing the average frost risk period in the Loire Valley region. The life cycle
inventories of the modeled ASFPMs from the Loire Valley region can be retrieved in the
national French governmental platform of data [14]. Five technologies of ASFPMs have
been identified as the most used practices in France:

- Wind machines—these infrastructures mix air from higher altitude with the colder
air near the ground during spring frost events. Rather than significantly raising
temperatures, they slow the natural cooling process of the surface layer [32]. Wind
machines are available in both mobile (MWM) and fixed (FWM) models, with the
former serving as a semi-permanent solution and the latter offering long-term frost
protection. These machines can be powered by thermal engines (FWM1, FWM3,
FWM4, MW2), electric motors (MW1), gas engines (FWM2), or even connected directly
to a tractor’s power take-off. Wind machines are often used alongside antifrost
candles or small heaters filled with combustibles to enhance protection (FWM1, FWM2,
MWM1, MWM2). In some cases, a burner is placed in front of the machine to preheat
the air before it is circulated downward by the propellers (FWM4). However, trials
have shown inconsistent results in terms of temperature gain from this additional
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heating method [33]. These systems can be manually controlled or equipped with
automatic activation.

- Sprinklers (S), while originally designed for irrigation, are also used to coat vine buds
with water before temperatures drop below freezing. As the water freezes, it releases
latent heat, helping to maintain the bud temperature at 0 ◦C or above. Additionally,
the resulting ice layer provides insulation, preventing severe frost damage, generally
occurring from −4 to −1 ◦C depending on the phenological stage of the bud. While
sprinklers can be automated, their effectiveness depends on precise mesoclimatic
conditions and a continuous water supply, making automated activation potentially
risky. This method requires a permanent underground piping system along with a
semi-permanent overground irrigation setup.

- Antifrost candles (ACs), lit at the last moment, are used to warm the air around
vine buds. A large number of candles are required for effective protection, with
approximatively 350 candles per hectare in the Loire Valley, depending on frost
severity. This method requires continuous monitoring during use but offers a quick
and flexible solution, as no prior installation is needed before spring frost events.

- Heating cables (HCs) correspond to electric (HC1) or radiative (HC2) cables attached to
the vine wires close to the bud zone that generate heat through electrical conductivity,
warming the surrounding area within a 5 to 10 cm radius. They must be connected to
a control unit powered either by a generator or the national electric grid. This solution
can be semi-permanent, requiring full installation and removal before and after the
spring frost period, or partially permanent, where an underground system remains in
place and is connected to the national grid.

- Heaters are metal containers designed to burn fuel (H1), wood (H2), or peat (H3),
generating warmth to protect vine buds from frost. Each heater lasts for approximately
25 uses before needing to be replaced, with around 180 heaters needed per hectare in
the Loire Valley. Heaters must be installed before frost events and require continuous
monitoring during their application to ensure effectiveness.

Additionally, an emerging method has been included to this study:

- Winter cover (WC) is a protective layer that covers one or two rows of vines and
is secured to adjacent rows with elastics. Together, these layers form a cover over
the entire plot, helping to retain daytime warmth and prevent frost damage. The
plastic layer reflects the radiative heat from the soil toward the vines. If windspeed
exceeds 12 m/s, the winter protection needs to be folded around the vine trellis
wires to prevent damage to the elastic, cover, and trellis system. Such windspeed
combined with temperatures below 0 ◦C usually occurs only during advective frost.
Therefore, this semi-permanent system is primarily designed to protect vines against
radiative frost.

The analyzed ASFPMs of this study can be retrieved in Table 1, which presents
each studied technology with different common alternatives, such as different types of
energy resources.
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Table 1. Labeling of all analyzed active spring frost protection methods (ASFPMs) in the French Loire
Valley region.

Label Type of ASFPM Highlighted Detail

PTO Pathway of technical operations All technical operations applied during the annual production

AC Antifrost candles Petrol as a raw material

FWM1 Wind machine Fixed machine, diesel fuel, with small heaters

FWM2 Wind machine Fixed, gas fuel, with small heaters

FWM3 Wind machine Fixed, diesel fuel, without small heaters

FWM4 Wind machine Fixed, diesel fuel, with burner

H1 Heater Use fuel as an energy resource

H2 Heater Use wood as an energy resource

H3 Heater Use peat as an energy resource

HC1 Heating cable Electric heating with copper cable

HC2 Heating cable Radiative cable with light-emitting diode

MWM1 Wind machine Mobile, diesel fuel, with a small heater and generator

MWM2 Wind machine Mobile, diesel fuel, with a small heater

S Sprinkler 35 m3 of direct water consumption

WC Winter cover Non-woven polypropylene cover

2.3. PTO Subsystems

Concerning the PTO, fifteen subsystems are modeled within the LCA framework.
In the subsystem labeling, “NP” refers to the “non-productive phases”, which include
inventory data amortized over a 30-year period representing the vine’s lifespan. “P”
represents the “productive phases”, corresponding to data from one grape production year.
For occasional operations, the inventory data are amortized based on their frequency of
occurrence. Manual operations account for worker transportation between the farm and the
vineyard, as well as any tools used. Mechanical operations without inputs include the use
of machinery, implements, and fuel, along with their associated manufacturing processes,
depending on the nature and duration of the operation. The operations involving inputs,
such as treatments, chemical weeding, and fertilization, include the manufacturing and
transport of those inputs:

- Soil used by the vineyard: Covers the planted surface area and adjacent zones utilized
for tractor movement.

- NP trellis infrastructure and installation: Includes all materials installed in the vineyard,
along with the associated manual and mechanical operations required for installation.

- NP other operations: Encompasses all mechanical and manual operations conducted
in the young vineyard, including mechanical and chemical soil management, pruning,
other manual operations, phytosanitary treatments (including both active pesticide
ingredients and machinery operations), and fertilization (including both fertilizers
and machinery operations).

- NP pesticide emissions: Includes the on-field emissions of pesticide active ingredients.
- NP nutrient emissions: Encompasses on-field emissions of phosphorus and nitrogen.
- NP heavy metal emissions: Covers on-field emissions of cadmium, chromium,

copper, nickel, lead, zinc, and mercury resulting from fertilizer applications and
atmospheric deposition.
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- Other occasional operations: Includes mechanical and manual operations occurring
less than once per year, such as soil decompaction.

- Fertilizing operations: Covers the production of fertilizers and soil improvers used,
along with the associated operation for their on-field application.

- P nutrient emissions: Includes the same elements and applies the same models as
described in the subsystem “NP nutrient emissions”.

- P heavy metal emissions: Encompasses the same elements as the subsystem “NP
heavy metal emissions”.

- P mechanical soil management: Covers all machinery operations for soil tillage and
mechanical weeding.

- P manual operations: Includes worker transportation from the farm to the
vineyard plots.

- P other mechanical operations.
- P phytosanitary treatment operations: Encompasses the manufacturing and transport

of pesticides, along with the associated operations for their on-field application.
- P pesticide emissions: Covers the same elements as the subsystem “NP

pesticide emissions”.
- P harvest mechanical operations: Includes harvester, tractors, and trailer operations.

2.4. ASFPM Subsystems

The ASFPM’s LCA are modeled such as the following subsystems:

- Application: Encompasses direct emissions from water and energy consumption, as
well as their production processes, including extraction, treatment, refining, and fuel
combustion associated with equipment use.

- Equipment manufacturing: Covers the production and disposal of all equipment used
for ASFPMs, including paraffin for antifrost candles.

- Transport: Accounts for the transportation of materials.
- Implementation and removal: Includes all operations and resources required for

installing and removing the ASFPM in the field, along with the transportation of
human labor from the farm to the vine plot.

- Fold and unfold: Specific to the winter cover system, this refers to folding and unfold-
ing the cover when wind speed exceeds a critical threshold, risking damage to the
cover and vine plants. It only covers the transportation of human labor from the farm
to the vine plot.

The system boundaries extend from resource extraction to the end-of-life treatment
of the ASFPMs. The functional unit (FU) is initially defined as “using the ASFPM for one
hour to protect one hectare of vine crop”. The LCA is adjusted to include context-specific
factors, such as winegrowers’ application strategies and mesoclimatic conditions during
the spring. After these adjustments, the FU becomes the following “to protect 1 hectare
of vine crop during one hour of frost”. One hour of frost is defined as an hour when
the average temperature drops below 0 degrees during the spring period, as specified by
Poling [34]. Frost severity is not taken into account in the modeling; therefore, average
fuel consumption values are used, including peat, wood, paraffin, fuel oil, gas, and diesel.
For the winter cover system, the FU is defined as “protecting 1 hectare of vine crop with
1 fold and unfold operation”. This approach follows the framework established by Baillet,
Symoneaux and Renaud-Gentié [27], which details the integration of these context-specific
factors and the corresponding FU adjustments.
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2.5. Life Cycle Inventory (LCI) Direct Emission Models

- Phosphorus emissions are estimated based on fertilizer application and soil content
using the SALCA-P model [35].

- Nitrogen emissions are calculated with the IPCC method [36] for N2O, Brentrup [37]
for NH3, and Nemecek & Schnetzer [38] for NO3.

- On-field pesticide active ingredients emissions are calculated with the Pest-LCI
model [39]. This model accounts for the type of sprayer, the development stage
of the vine canopy, and the width of the non-treated zone.

- On-field heavy metal emissions of cadmium, chromium, copper, nickel, lead, zinc,
and mercury resulting from fertilizer applications and atmospheric deposition are
calculated with the SALCA heavy metals method [40].

- On-field CO2 emissions from lime, dolomite, and urea applications are calculated
based on the emission factors of the IPCC chapter 11 volume 4 [36].

- On-field combustion emissions are calculated with the Ecoinvent model from Nemecek
and Kägi [41].

The main on-field inputs and outputs of the LCI models can be retrieved in the
Supplementary Materials in Table S1.

2.6. LCA Software and Databases

The software SIMAPRO version 9.6 has been used to assess the ASFPMs and the other
technical operations of the viticulture PTO. PTO modeling has been applied following
the framework of Renaud Gentié et al. [42]. The databases Ecoinvent 3.10 (Cut-off) and
Agribalyse 3.1.1 have been used in the LCAs of the case study. Three characterization
methods have been applied to assess the PTO and ASFPM environmental indicators,
including Impact World + v1.29, Environmental Footprint (EF) 3.1, and ReCiPe (Hierarchist
perspective) 2016 v1.1. The midpoint indicators have been identified as the best suited for
a deep analysis of ASFPMs’ environmental share in the global environmental impact of
the viticulture stage. The results presented and discussed in the article are all indicators of
Impact World + v1.29. The corresponding charts of the other characterization methods can
be retrieved in the Supplementary Materials.

2.7. Global Environmental Assessment Approach

The global environmental assessment approach of the paper is presented in Table 2.
First, we analyze the environmental shares of the PTO subsystems without active frost
protection to identify hotspots in each assessed environmental indicator. Environmental
impacts are expressed per ha over a year of production. Next, we examine the overall
environmental impact of the PTO including ASFPMs to assess the ASFPM contribution in
the LCA of the global viticulture stage. Different levels of frost occurrence are analyzed
by evaluating the LCA of various PTO–ASFPM combinations to determine the variations
in environmental scores under different climatic scenarios. The environmental impacts of
these combinations are also expressed per ha over a year of production. We then compare
the environmental impact of the PTO with and without the inclusion of ASFPMs, incor-
porating simulated yield loss and expressing the environmental impacts per kg of grapes
produced. This analysis helps to identify potential environmental compensation based on
annual yield loss, assuming 100% efficiency of ASFPMs. The potential environmental offset
is calculated for each ASFPM technology under varying spring frost hour occurrences,
expressing the compensation in % yield loss equivalent of PTO environmental results.
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Table 2. Global environmental assessment approach of the present study. PTO: pathway of technical
operation; ASFPM: active spring frost protection method.

System Assessed Context Functional Unit Chart

PTO without ASFPM NR

To conduct 1 ha of
vineyard over one year of

production

Barplot of environmental
share of all PTO subsystems

(Figure 1)

ASFPM within a PTO 11 h frost/year

Barplot of environmental
share of ASFPM subsystems
(climate change short-term

indicator) (Figure 2)

ASFPM within a PTO

11 h frost/year Heatmaps of environmental
share o for all indicators

(Figure 3A–C)
5 h frost/year

1 h frost/year

PTO with ASFPM 11 h frost/year

To produce 1 kg of grapes

Environmental impacts per kg
of grapes produced (Figure 4)

PTO without ASFPM yield loss range from
0 to 100%

Environmental impacts per kg
of grapes produced depending

on yield loss in % (Figure 4)

PTO with ASFPM

11 h frost/year Heatmaps of the
environmental compensation
for all indicators (Figure 5A–C)

5 h frost/year

1 h frost/year

 

Figure 1. Environmental share overview of all subsystems from a complete pathway of techni-
cal operations (PTO) without active spring frost protection methods (ASFPMs) using the Impact
World + characterization method. The functional unit is defined as managing 1 ha of vineyard over
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one year of production. The non-productive (NP) and productive (P) years are considered. The
following PTO subsystems are included: soil used by the vineyard—surface area occupied by the
vineyard; NP trellis infrastructure and installation—manufacture, transport of human labor, and in-
stallation of the trellis infrastructure; NP other operations—operations during the unproductive stage
including machinery manufacture, transport of human labor, and diesel combustion; NP pesticide
emissions—emissions of active substances from pesticide application during the unproductive stage;
NP nutrient emissions—emission of nutrient from fertilizing operations and soil storage during the
unproductive stage; NP heavy metal emissions—heavy metal emissions from pesticide and fertilizing
operations during the unproductive stage; other occasional operations—including mechanical and
manual operations occurring less than once per year; fertilizing operations—accounting for machin-
ery manufacture, transport of human labor and diesel consumption; P nutrient emissions—emission
of nutrient from fertilizing operations and soil storage during the productive stage; P heavy metal
emissions—heavy metal emissions from pesticide and fertilizing operations during the productive
stage; P mechanical soil management—accounting for diesel consumption, transport of human labor,
and machinery manufacture; P manual operations—accounting for the transport and equipment of
human labor; P other mechanical operations—diesel consumption, transport of human labor, and
machinery manufacture; P phytosanitary treatment operations—diesel consumption, transport of
human labor, and machinery manufacture; P pesticide emissions—emissions of active substances
from pesticide application during the productive stage; P harvest mechanical operations—diesel
consumption, transport of human labor, and machinery manufacture during harvesting.

Figure 2. Environmental share of active spring frost protection method (ASFPM) technologies in a
complete pathway of technical operations (PTO) for the climate change short-term indicator using
the Impact World + characterization method. The functional unit is defined as managing 1 ha of
vineyard over one year of production under 11 h of spring frost. AC: antifrost candles, petrol as
raw material. FWM1: wind machine, fixed, diesel fuel, with small heaters. FWM2: wind machine,
fixed, gas fuel, with small heaters. FWM3: wind machine, fixed, diesel fuel, without small heaters.
FWM4: wind machine, fixed, diesel fuel, with burner. H1: heater, fuel as energy resource. H2: heater,
use wood as energy resource. H3: heater, use peat as energy resource. MWM1: wind machine, mobile,
diesel fuel, with small heater and generator. MWM2: wind machine, mobile, diesel fuel, with small
heater. HC1: heating cable, copper cable. HC2: heating cable, radiative cable with diode. S: sprinkler,
35 m3 of direct water consumption. WC: winter cover, non-woven polypropylene cover.
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Figure 3. Global environmental share of active spring frost protection methods (ASFPMs) within a
complete pathway of technical operations (PTO) using the Impact World + characterization method.
The functional unit of the three charts is defined as managing 1 ha of vineyard over one year of
production under (A) 1 h of spring frost (B) 5 h of spring frost, and (C) 11 h of spring frost. The
environmental indicators are ranked in descending order based on their total contribution across all
ASFPMs. AC: antifrost candles, petrol as raw material. FWM1: wind machine, fixed, diesel fuel, with
small heaters. FWM2: wind machine, fixed, gas fuel, with small heaters. FWM3: wind machine, fixed,
diesel fuel, without small heaters. FWM4: wind machine, fixed, diesel fuel, with burner. H1: heater,
fuel as energy resource. H2: heater, use wood as energy resource. H3: heater, use peat as energy
resource. MWM1: wind machine, mobile, diesel fuel, with small heater and generator. MWM2: wind
machine, mobile, diesel fuel, with small heater. HC1: heating cable, copper cable. HC2: heating
cable, radiative cable with diode. S: sprinkler, 35 m3 of direct water consumption. WC: winter cover,
non-woven polypropylene cover.

Figure 4. Environmental impacts of a complete pathway of technical operations (PTO) expressed per
kg of grapes produced in function of yield loss (%) using the Impact World + characterization method.
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The red solid line “PTO” represents the complete PTO without active spring frost protection method
(ASFPM), under varying levels of yield loss. The colored dash lines represent PTO that includes
ASFPM application under 11 h of spring frost. These scenarios assume 100% protection efficiency,
and therefore no yield loss. All LCA results for PTO with ASFPMs are expressed per kg of grapes
produced, assuming no yield loss. The green dash line “PTO-S” corresponds to PTO with sprinkler,
the orange dashed line “PTO-WC” to PTO with winter cover, the blue dashed line “PTO-FWM1” to
PTO with fixed wind machine with heaters, the purple dashed line “PTO-HC1” to PTO with heating
cables, the brown dashed line “PTO-H2” to PTO with wood-burning heaters, and the black dashed
line “PTO-AC” to PTO with antifrost candles.

 

Figure 5. Environmental compensation of pathway of technical operations (PTO) using active spring
frost protection methods (ASFPMs) assessed with the Impact World + characterization method. The
environmental compensation is evaluated by comparing a complete PTO with ASFPMs (assumed to
prevent yield loss entirely) to a PTO without ASFPM application, where various levels of yield loss
are simulated. The functional unit for the PTO-ASFPMs is expressed in kg of grapes produced over
one year of production under (A) 1 h of spring frost, (B) 5 h of spring frost, and (C) 11 h of spring frost.
The heatmap results are expressed in % of yield loss relative to the PTO without ASFPM application.
“PTO-S” corresponds to PTO with sprinkler, “PTO-WC” to PTO with winter cover, “PTO-FWM1” to
PTO with fixed wind machine with heaters, “PTO-HC1” to PTO with heating cables, “PTO-H2” to
PTO with wood-burning heaters, and “PTO-AC” to PTO with antifrost candles.

3. Results
3.1. Environmental Shares of the PTO Without ASFPM

The overall environmental shares of the PTO subsystems without ASFPM application
are presented in Figure 1. The subsystem “P nutrient emissions” shows the highest impact
across the following indicators: climate change (both short and long term), mainly driven
by N2O emissions, accounting for 34%; terrestrial and freshwater acidification, mainly
due to ammonia emissions, representing 36% and 70%, respectively; freshwater and ma-
rine eutrophication, caused by nitrate and phosphate emissions, contributing 35% and
91%, respectively; and particulate matter formation, mainly due to ammonia emissions,
accounting for 57%. The “soil used by the vineyard” subsystem is the main contributor
to the indicator of land occupation biodiversity, due to the direct occupied land of the
vine plot. The “fertilizing operation” subsystem shows the strongest impact on mineral
resource use, accounting for 81%, as well as ozone layer depletion, representing 26%, and
ionizing radiation, contributing 30%, mainly due to the production of mineral fertilizers.
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The subsystem “NP trellis infrastructure and installation” has a high contribution for the
human toxicity cancer indicator, accounting for 64%, and the fossil and nuclear energy use
indicator, representing 24 %, mainly due to the production of steel trellis posts. The subsys-
tem “NP other operations” contributes the most to the water scarcity indicator, accounting
for 55%, due to the water use during irrigation in the nursery stage. Diesel consumption
from the mechanical operations of PTO subsystems, particularly due to combustion, con-
tributes the most to the photochemical oxidant formation and fossil nuclear energy use
indicators, accounting for 60% and 39%, respectively. Additionally, it has a significant
impact on climate change (short and long term), accounting for 23%. The subsystem “P
pesticide emission” shows the highest impact on freshwater ecotoxicity, accounting for 59%.
The subsystem “NP heavy metal emission” contributes the most to the human toxicity
non-cancer indicator, accounting for 74%, primary due to the high input of mercury in
soil. These results are consistent with the EF3.1 method shown in Figure S1, except for the
resource use of minerals and metals indicator, where most of its impact is sourced from the
subsystem “NP trellis infrastructure and installation”. These results are also in line with
ReCiPe 2016 (H), as Figure S2 shows similar trends to the different viticulture’s subsystems.

3.2. Environmental Shares of ASFPM into the PTO

Following the overall environmental shares of the PTO subsystems, the assessed
ASFPMs are incorporated into the PTO at varying frost hour frequencies, reflecting different
levels of usage intensity.

The climate change short-term impact of a PTO including ASFPM application is
presented in Figure 2 to highlight the environmental share of ASFPMs within a year of
production. The FU is defined as managing 1 hectare of vine crop during a production year,
with 11 h of spring frost. The environmental contribution of ASFPMs ranges from 17%
to 92% of the PTO’s climate change impact, depending on the ASFPM technology used.
The “ASFPM application” subsystem has the highest share in the climate change indicator
for all ASFPMs, except for the electric cables HC1, radiative cables HC2, and the winter
cover WC, which generate most of their climate change impact from the manufacturing
and waste treatment of ASFPM equipment. The contributions of the ASFPM’s subsystems
are not discussed further in this study, as the focus is on the overall environmental share
of ASFPMs within the complete viticulture stage. However, additional insights into the
contributions of ASFPM subsystems under varying spring frost hours can be retrieved in
Baillet et al. [30] for various potential environmental indicators.

The environmental shares of ASFPMs within the PTO across all potential environ-
mental indicators are presented in Figure 3. The FU is defined as managing 1 hectare of
vineyard, with 1, 5, or 11 spring frost hours, as shown in Figure 3A–C, respectively. In
Figure 3, the environmental indicators are ranked in ascending order based on the total
contribution of all ASFPMs for each indicator.

The marine eutrophication indicator is the least impacted by ASFPMs, with a minimum
contribution of around 0.05% from FWM2 under 1 h of frost, and a maximum contribution
of around 3.6% from AC under 11 h of frost. The environmental share of ASFPMs for the
land occupation biodiversity indicator is also low, except for H2, which contributes to 15%,
36%, and 53% under 1, 5, and 11 h of frost, respectively.

The mineral resource use indicator is mainly impacted by the use of AC and H1 when
frost occurrence exceeds 5 h. However, under a low number of frost hours, HC2 contributes
the most to this indicator, accounting for 7% regardless of frost occurrence. When 11 h of
frost occurs, the environmental shares of AC and H1 in the mineral resource use indicator
are 30% and 17%, respectively. All other ASFPMs contribute less than 10% to this indicator,
regardless of frost occurrence.



Sustainability 2025, 17, 7835 14 of 23

Regarding the terrestrial acidification indicator, AC, H1, and H3 show relatively high
contributions when frost hour occurrences are high, each accounting for more than 30%.
HC2 contributes a significant 17% to this indicator, regardless of frost hour occurrence. For
the remaining ASFPMs, the environmental share is relatively low, except for H2 under
11 frost hours, where it accounts for 17%.

Concerning freshwater eutrophication, HC2 shows a constant high contribution of
58%, regardless of frost occurrence. This is due to its equipment manufacturing, and
particularly to the light-emitting-diode manufacture. When frost hour occurrence in-
creases, the contributions of H1, H2, and AC in this indicator increase up to 23%, 37%, and
23%, respectively.

Regarding the ecotoxicity indicator, HC2 contributes 44%, regardless of frost hour oc-
currence. When frost hour occurrence is high, H1, H2, H3, and AC show a high contribution
of 53%, 46%, 55%, and 45% to this indicator, respectively.

Concerning the human toxicity cancer indicator, AC and H1 present a contribution of
63% and 46%, respectively, under 11 h of frost. Under high frost hour occurrences, H2 and
AC show the highest contributions to the particulate matter formation indicator, accounting
for 74% and 52%, respectively. S has a very high contribution to the water scarcity indicator,
accounting for 87% under high frost hour occurrences. HC2 and WC constantly contribute
60% and 48%, respectively, to this indicator, regardless of frost hour occurrence.

For the ozone layer depletion indicator, H1 and S contribute over 50%, regardless of
frost hour occurrence.

Concerning freshwater acidification and land transformation biodiversity, AC, H1, H2,
H3, and HC2 each contribute more than 50% when 11 frost hours occur.

For the ionizing radiation indicator, HC1 and HC2 show the highest contribution,
exceeding 90% when 11 frost hours occur.

In both the climate change long and short-term indicator, AC, H1, H3, HC2, and WC
contribute more than 50%, regardless of frost hour occurrence. When 11 frost hours occur,
AC, H1, and H3 show very high contributions, exceeding 85% in both climate change
indicators. These indicators present a similar pattern among the ASFPM technologies
within the PTO.

For the photochemical oxidant formation indicator, fixed wind machines using diesel
as a fuel resource, along with an additional burner, have a significant environmental share
of 33%, when the frost hour occurrence is high. All types of heaters and candle show the
strongest environmental share for this indicator, accounting for more than 74% under high
frost hour occurrences. Additionally, HC2 and HC1 maintain stable, high environmental
shares of 50% and 28%, respectively, regardless of frost hour occurrence. FWM2 shows the
lowest contribution, ranging from 5% to 17%, depending on the number of frost hours.

Concerning the fossil and nuclear energy use indicator, wind machines contribute
between 25 to 44% when 11 frost hours occur, depending on the types of wind machines.
Additionally, H1 and AC remain the highest contributors to this indicator, accounting for
92% and 95%, respectively, when 11 frost hours occur. FWM3 shows the lowest environ-
mental share, contributing between 11% and 29%, depending on the frost hour occurrences.

Similar results can be retrieved in Figures S3 and S4, presenting the EF3.1 and ReCiPe
environmental indicators, respectively. The absolute values of the potential environmental
impacts of PTO with different types of ASFPM can be retrieved in Table S2, based on the
following FU: managing 1 hectare of vine crops under 1, 5, and 11 h of spring frost. The
absolute value of the global environmental impact of PTO without ASFPM is presented in
the first rows of the table. The climate change long-term indicator is omitted, as it shows
similar results to the climate change short-term indicator. Additionally, the human toxicity
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indicators are not presented due to high uncertainties in the LCA of ASFPM use, as outlined
in Table S3 of the Supplementary Materials.

3.3. Uncertainties Analysis of PTO with ASFPM Application

The uncertainty analysis of the PTO-ASFPMs can be retrieved in Table S3 of the
Supplementary Materials. The FU of this analysis is defined as managing 1 hectare of vines
over one year of production, under 11 spring frost hours. The uncertainty analysis was
performed using Monte-Carlo simulation based on 1000 runs.

Among all impact categories, the highest uncertainties are observed for water scarcity,
human toxicity, ionizing radiation, and land transformation biodiversity. These indicators
have the highest coefficients of variation (CVs) making comparisons between PTO–ASFPM
scenarios challenging. The average CV values for these indicators are as follows:

- Water scarcity: 4371 m3 world eq.
- Human toxicity (non-cancer): 3501 CTUh.
- Homan toxicity (cancer): 535 CTUh.
- Ionizing radiation: 72 Bq C-14 eq.
- Land transformation biodiversity: 60 m2yr arable.

In contrast, marine eutrophication, land occupation biodiversity, climate change, and
terrestrial acidification show the lowest uncertainties with CVs as follows:

- Marine eutrophication: 0.48 kg N eq.
- Land occupation biodiversity: 2.15 m2yr arable.
- Climate change: 3.81 kg CO2 eq.
- Terrestrial acidification: 4.27 kg SO2 eq.

The other environmental impacts can be compared across the PTO–ASFPM scenarios,
revealing significant differences between ASFPM applications. Nevertheless, the envi-
ronmental impacts of mineral resources, freshwater ecotoxicity, and ionizing radiation
indicators between the PTO-FWM and PTO-MWM types are not significant, due to their
CV relative to the differences in their indicator scores.

Although the toxicity and water scarcity indicators exhibit high uncertainty, they
remain important to assess in viticulture due to their relatively high potential contribution
compared to other human activities, as well as their relevance to the relationship between
winegrowers and the public. The same reasons apply, to a lesser extent, to indicators such
as climate change, eutrophication, particulate matter, and acidification. Regarding the
environmental impacts of ASFPMs, their notable and increasing contributions to fossil and
energy use, photochemical oxidant formation, and ionizing radiation further emphasize
the importance of including these indicators in the assessment.

3.4. Environmental Offset of ASFPM Use into a PTO with Potential Yield Loss

Following the contribution analysis of all ASFPMs within a complete PTO, this section
compares PTO with ASFPMs to PTO without them, where the latter includes yield losses
due to frost events.

Figure 4 presents the environmental impacts of a PTO with and without the application
of six different ASFPMs. One representative technology from each ASFPM category is
examined in detail, based on the most commonly used ASFPMs in the region [43]: the wind
machine (FWM1), the winter cover (WC), the antifrost candles (AC), the heaters (H2), the
sprinkler (S), and the heating cables (HC1). The FU is modified to express the potential
environmental impacts per kg of grapes produced within the year under 11 spring frost
hours. The six ASFPMs are assumed to be 100% efficient in protecting the vineyard from
spring frost events, meaning no yield loss is attributed to PTO using ASFPMs. The context-
specific LCA framework differentiates antifrost technologies based on their operational
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strategies and the user’s expertise. Although ASFPMs are rarely 100% effective during
frost episodes, this maximalist and egalitarian assumption was nevertheless retained for
this study due to a lack of references on ASFPM effectiveness. Indeed, quantifying their
effectiveness in identical topographical and climatic conditions is extremely challenging. In
contrast, for PTO without ASFPM, a simulated yield loss ranging from 0 to 100% is applied.
Figure 4 identifies the yield loss percentage at which the potential environmental impact of
each ASFPM technology is offset by its protective effects within one year of production.
Figures S5 and S6 in the Supplementary Materials present the environmental impacts using
the EF3.1 and ReCiPe methods, respectively, for the same systems.

Figure 5 is a synthetic heatmap presenting the yield loss percentage at which the
potential environmental impacts of applying each ASFPM are compensated. In other
words, it indicates the yield loss percentage at which the environmental impacts of PTO
with ASFPMs (represented by dotted lines in Figure 4) intersects with the environmental
impact of PTO without ASFPM (represented by the solid red line in the same figure). It
shows three heatmaps, corresponding to 1 (Figure 5A), 5 (Figure 5B), and 11 (Figure 5C)
frost hours occurring between the start of April and the end of May. At 11 h of frost,
PTO-AC achieves environmental compensation at a yield loss exceeding 50% for the
following environmental indicators: fossil and nuclear energy use freshwater ecotoxicity,
human toxicity cancer, photochemical oxidant formation, climate change short term, land
transformation biodiversity, freshwater acidification, and particulate matter formation.
For PTO-H2, the following environmental indicators are offset at a yield loss exceeding
50%: land occupation biodiversity, particulate matter formation, freshwater acidification,
ionizing radiation, climate change short term, photochemical oxidant formation, and fossil
nuclear energy use. PTO-HC1 shows environmental compensation at over 50% yield loss
for the following indicators: fossil and nuclear energy use, and ionizing radiation. For PTO-
S, environmental offset above 50% yield loss is observed for the indicators of photochemical
oxidant formation, water scarcity, and ozone layer depletion. PTO-WC demonstrates
environmental compensation exceeding 50% yield loss for fossil and nuclear energy use,
climate change short and long term, regardless of frost hour occurrence. Concerning PTO-
FWM1, all indicators are offset by less than 30% yield loss, except for the photochemical
oxidant formation and fossil and energy use indicators which are offset by over 30% when
11 frost hours occur. The marine eutrophication indicator is offset by less than 5% yield
loss for all PTO with ASFPMs, regardless of frost hour occurrence. Conversely, fossil and
nuclear energy use is the hardest indicator to offset for PTO-AC and PTO-WC. The ionizing
radiation indicator is also difficult to compensate for PTO-HC1, and PTO-H2, especially
when frost hour occurrence is high. Additionally, the water scarcity indicator is the most
critical indicator for PTO-S, showing a compensation level exceeding 85% when 11 frost
hours occur. Figures S7 and S8 of the Supplementary Materials present the corresponding
synthetic heatmaps based on the EF3.1 and ReCiPe characterization methods, respectively.

4. Discussion
ASFPM applications significantly contribute to the overall environmental impact of

the viticulture stage, encompassing both productive and unproductive phases of grape
production. In the viticulture stage and the context of the studied case, nutrient emissions
and diesel consumption have a major impact on various environmental indicators, includ-
ing climate change, acidification, eutrophication, and particulate matter formation. These
findings are consistent with those of Rouault et al. [22] and Arcese et al. [23]. Ecotoxicity
indicators are primarily driven by phytosanitary emissions during the productive stage, in
line with previous studies [25,26]. Phytosanitary emissions are highly sensitive to the num-
ber of treatments applied and the active substance used, while diesel consumption largely
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depends on the number of mechanical operations carried out. Additionally, water scarcity
indicator is most impacted by the nursery stage due to the high irrigation demands, as EU
regulation does not allow irrigation of vines in productive stage in the Loire Valley region.
The establishment phase, particularly the manufacturing of trellises and poles, shows a
high contribution to various LCA indicators, which aligns with the findings of a recent
study assessing the overall environmental score of vineyard management in Germany [18].

Depending on the ASFPM type and the frost hour occurrences, the ASFPM contri-
butions fluctuate significantly across various environmental indicators. For example, in
the fossil and nuclear energy use indicator, antifrost candles’ contribution ranges from
61% for 1 h of spring frost to 91% for 11 h. Additionally, when spring frost lasts 11 h, the
contribution of different ASFPMs to the viticulture stage varies widely, from 25% for a
mobile wind machine to 95% for fuel-burning heaters. These variations highlight the impor-
tance of informing winegrowers’ decision for selection of the most suitable ASFPM, while
considering the mesoclimatic context and thus its application frequency. Moreover, instant
ASFPMs show greater contributions and variation across most environmental indicators
within the viticulture stage compared to permanent ASFPMs. These findings align with
the comparative LCA of ASFPMs from Baillet et al. [30]. The absolute values in Table 2
further emphasize the differences between PTO–ASFPM systems. Under 11 frost hours,
PTOs combined with instant solutions show an additional order of magnitude than other
PTO–ASFPM systems, particularly in indicators such as climate change, fossil and nuclear
energy use, ozone layer depletion, freshwater acidification, freshwater eutrophication,
particulate matter formation, and water scarcity. All PTOs combined with a permanent
antifrost solution show a high order of magnitude for at least one environmental indicator,
except those using wind machine technology. ASFPMs that show significant differences
in environmental contributions under varying climatic conditions are highly sensitive to
energy and resource consumption during their on-field operation.

The sensitivity analysis of PTO with and without ASFPM, considering theoretical
yield loss, provides original and valuable insights into the potential environmental com-
pensation of ASFPM application. Under 11 frost hours, several PTO–ASFPM combinations
show a very high environmental offset, making ASFPM application impact difficult to
compensate. This is particularly evident for instant solutions, such as antifrost candles and
wood-burning heaters, under high frost hour occurrences, even with optimal operational
strategies. Conversely, PTO combined with winter cover shows stable environmental
compensation across several indicators, regardless of frost occurrence. PTO using heating
cables, however, shows higher impacts in certain indicators, such as fossil and nuclear
energy use, ionizing radiation and most of the toxicity indicators, compared to winter
cover, while showing lower scores in other indicators, independent of frost occurrence.
These findings highlight the significant environmental impacts of ASFPMs within PTOs,
demonstrating how resource-intensive practices can substantially affect the overall en-
vironmental performance of the viticulture stage. Additionally, the results indicate that
all environmental indicators are significantly affected by at least one type of ASFPM, ex-
cept for marine eutrophication, though the intensity of the impact varies depending on
frost occurrence.

Comparing ASFPM environmental contributions within a complete PTO to other stud-
ies is challenging due to limited published research in this field. However, the LCA study
by Milà i Canals [28] also includes ASFPM application in its environmental assessment
of apple production, using a mass-based functional unit over a full production year. This
study incorporates two ASFPMs, wind machines and sprinklers, applied from mid-August
to mid-November in two different locations in New Zealand. The results show significantly
higher energy consumption in ASFPM-applied systems, particularly for sprinklers, than the
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other apple production systems. Moreover, ASFPMs play a key role in the photochemical
oxidant formation, ecotoxicity, and global warming indicators, as these impacts are primar-
ily driven by the high energy consumption required for their mechanization operations.
Although wind machines and sprinklers, as evaluated in Milà i Canals [28], are among
the least impactful ASFPMs in terms of climate change, mineral resource use, fossil and
energy use, human toxicity (cancer), acidification, and land use indicators according to
Baillet et al. [30], both studies highlight the importance of including ASFPMs in the envi-
ronmental assessment of agricultural systems. Additionally, the significant environmental
contributions of ASFPMs within the PTO in this study align with the findings of Viveros
Santos et al. [44], which mentions the high carbon footprint of wood-burning spring frost
protection methods in vineyards.

However, assuming 100% efficiency for all ASFPM types may underestimate the
environmental impact of PTO–ASFPM systems, potentially favoring less efficient methods
by minimizing their impacts per kg of grapes compared to the most efficient ones. Yet, no
common framework exists to assess ASFPM effectiveness, making comparisons difficult,
as their performance depends on various external mesoclimatic factors [45]. Additionally,
this assumption underestimates the thresholds of the potential environmental offset by
assuming a 100% yield saving. Furthermore, this study considers optimal strategies for
ASFPM use; however, inefficient use of these systems can not only fail to prevent frost
damage but can also lead to significant financial and environmental costs. Additionally,
grape yield is influenced by various external factors such as pest and disease frequency,
drought, precipitation, and more. Identifying the portion of yield saved due to frost
protection practices is thus both challenging and uncertain. Nevertheless, expressing the
impact per saved bud could offer additional insights for comparing ASFPM practices within
similar external conditions (mesoclimate, plot structure, topography, vegetal material).
Moreover, measuring the temperature differential around the buds during frost events,
with and without the use of ASFPM, could serve as a valuable complementary indicator
alongside the LCA results, or potentially be integrated directly into the FU.

In this study, ASFPM LCAs account for frost duration but not frost intensity [14,27].
However, including intensity parameters could influence the potential environmental
impacts, as some ASFPMs may be less effective against severe frost events [45] and others
may consume more energy and resources at lower temperatures. For instance, sprinklers
provide better protection against intense frost than heating-based ASFPMs [46]. Even
within a single ASFPM type, such as wind machines, efficiency varies depending on the air
mass mixing altitude and whether it occurs vertically or horizontally [47]. Several external
factors affect ASFPM performance, complicating comparisons due to a lack of standardized
evaluation protocol. Still, various studies agree that passive spring frost protection methods
are the most effective and cost-efficient [12,48].

Since most passive protection methods are agronomic and preventive field operations,
such as late pruning, mowing, maintaining bare ground, selecting optimal plantation
sites, or choosing resilient plant varieties, their environmental impact is predictably lower
than the ASFPM ones. However, assessing a complete PTO that integrates these practices
alongside ASFPMs would provide a more comprehensive evaluation. Moreover, evalu-
ating additional PTO types with the assessed ASFPMs could provide valuable insights,
enhancing confidence in the environmental contributions of ASFPMs during the viticulture
stage. Additionally, considering the indirect consequences of ASFPM application, such as
the increased frequency of phytosanitary treatments due to sprinkler use, could signifi-
cantly impact various environmental indicators in an LCA of PTO systems. Incorporating
these parameters would offer valuable insights for a holistic assessment of PTOs under
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mesoclimatic pressures, as winegrowers face increasing challenges that require adaptations
and changes in their practices.

In this study, the frost risk period begins at the start of April and ends on the last day
of May, covering two full months of potential ASFPM application. However, considering
global warming scenarios coupled with phenological models, the length of the frost risk
period is expected to increase at varying intensities, depending on grape variety and previ-
ous winter conditions [4]. A comparison of the environmental impacts between historical
and future PTO–ASFPM systems would provide valuable insights. Prospective LCAs
could integrate relevant background and contextual data for future PTO–ASFPM systems,
following the recommendations of Arvidsson et al. [49], while considering future meso-
climatic conditions as in the LCA framework of Viveros Santos et al. [44]. This approach
would help to identify potential impacts of the future viticulture stage under future climatic
and market scenarios, allowing a comparison of global environmental changes with the
current attributional LCA of PTO–ASFPM systems. Additionally, adapting the framework
of Baillet et al. [27] to include prospective LCAs would enable the integration of potential
emerging technologies into environmental comparisons. Regarding the environmental
performance of the actual assessed ASFPMs, this would be particularly relevant to identify
potential innovative sustainable practices. Nevertheless, adapting this framework may
be challenging, as spring frost phenomena occur at a very localized scale, which may not
be accurately represented by current climatic models. Additionally, while using hourly
climatic data is relevant for assessing the absolute values of LCA impacts, it is not easily
applicable for climate projections and would require additional adjustments.

To address the potential sustainability issues of ASFPMs within a PTO to decision-
makers, integrating additional indicators into the LCA would be valuable, such as a planet
boundaries concept [50,51], endpoint indicators [52], and single score [53]. These concepts
involve aggregation, weighting, and normalization transformations that could simplify
the handling of LCA results for non-LCA practitioners. Additionally, economic concerns
remain a key constraint in decision-making. Incorporating economic and organizational
indicators would provide valuable insights by identifying trade-offs and synergies among
environmental, feasibility, and economic dimensions. Notably, following the potential offset
analysis presented in this paper, economic compensation linked to yield loss variation could
be explored. This may offer additional further valuable insights, highlighting potential
synergies or trade-offs between economic viability and environmental sustainability.

5. Conclusions
This case study highlights the environmental contributions of using ASPFMs within

a complete PTO in viticulture across different spring frost contexts. The study presents a
full LCA of the PTO, including the environmental contribution of ASFPM over a full grape
production year. The main environmental shares of both PTO and ASFPMs are analyzed
and compared under different mesoclimatic conditions. Then, the environmental impacts
of PTO with and without ASFPM are compared under different mesoclimatic conditions,
with a simulated yield loss range, to assess the potential environmental compensation of
ASFPM use.

The findings indicate that ASFPMs significantly contribute to the overall environmen-
tal footprint of the PTOs, even in a low-frost-risk context, highlighting their importance
in integrating them in LCA of agricultural systems. The environmental contributions
vary greatly depending on the type of ASFPM used within the PTO and the mesoclimatic
context. Instant ASFPMs, such as antifrost candles and heaters, exhibit considerably higher
environmental impacts compared to permanent solutions, such as wind machines and
sprinklers. In many cases, instant ASFPMs emerge as the primary contributors to the
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environmental impacts across various environmental indicators, including fossil and nu-
clear energy, climate change, and acidification. These impacts escalate with increasing
frost hours, thereby significantly amplifying the overall environmental performance of the
PTO. While permanent ASFPMs show lower impacts, they still contribute substantially,
especially in a frost-prone context, and should be included in comprehensive LCAs of
PTO in viticulture. Among all ASFPMs, wind machines show the lowest environmental
impacts and demonstrate the greatest potential for environmental compensation across
most environmental indicators. However, the environmental compensation threshold of
ASFPMs, although considered as exceptional practices, are significantly high, particularly
in frost-prone contexts.

This study contributes to better understanding the global environmental performance
of the wine sector in areas exposed to extreme climatic events, where energy- and resource-
intensive measures are often required. Future research should explore prospective LCA
approaches for exploring potential sustainable and innovative practices in frost-prone
contexts. Additionally, including additional factors to link ASFPM efficiency and frost
intensities should enable a more refined LCA assessment between PTO–ASFPM systems.
Including future climate change scenarios would also be valuable in assessing the long-term
sustainability of the wine industry in regions of increasing frost risk. Finally, translating
LCA outcomes into more accessible environmental indicators, while integrating economic
and organizational indicators, could significantly improve decision-making support in
viticulture practices.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/su17177835/s1. The Supplementary Materials include
details about the absolute values of the LCA results, the life cycle inventory of the pathway
of technical operation, and all the LCA figures using two additional characterization methods,
EF3.1 and ReCiPe 2016 (H). The following figures and tables can be found in the document:
Figure S1: Environmental share overview of all subsystems from a complete pathway of techni-
cal operations (PTO) without active spring frost protection methods (ASFPMs) using the EF3.1
characterization method. Figure S2: Environmental share overview of all subsystems from a complete
pathway of technical operations (PTO) without active spring frost protection methods (ASFPMs)
using the ReCiPe 2016 (H) characterization method. Figure S3: Global environmental share of active
spring frost protection methods (ASFPMs) within a complete pathway of technical operations (PTO)
using the EF3.1 characterization method. Figure S4: Global environmental share of active spring frost
protection methods (ASFPMs) within a complete pathway of technical operations (PTO) using the
ReCiPe 2016 (H) characterization method. Figure S5: Environmental impacts of a complete pathway
of technical operations (PTO) expressed per kg of grapes produced in function of yield loss (%) using
the EF3.1 characterization method. Figure S6: Environmental impacts of a complete pathway of
technical operations (PTO) expressed per kg of grapes produced in function of yield loss (%) using
the ReCiPe 2016 (H) characterization method. Figure S7: Environmental compensation of pathway
of technical operations (PTO) using active spring frost protection methods (ASFPMs) assessed with
the EF3.1 characterization method. Figure S8: Environmental compensation of pathway of technical
operations (PTO) using active spring frost protection methods (ASFPMs) assessed with the ReCiPe
2016 (H) characterization method. Table S1: Inventory inputs and outputs of the PTO case study from
the Loire Valley region. Table S2: Summary environmental score of PTO with and without ASFPM
application. Table S3: Monte-Carlo uncertainty analysis of PTO systems (with and without ASFPM)
with the Impact World + characterization factors (95% confidence interval).
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