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Abstract: The increased cost of labor in modern viticulture stemming from the nature of operations
that require physical strength and precision, coupled with labor shortages, poses a significant con-
straint in facilitating and scheduling seasonal activities. Therefore, autonomous collaborative robots
present a potential solution for achieving sustainable development objectives and decreasing opera-
tional expenditures in agricultural operations. The current paper presents an economic assessment of
collaborative robots (or cobots for short) in comparison to conventional labor for four different culti-
vars in Greece in a lifecycle costing methodological framework. The selected cultivars are Asyrtiko,
Cabernet Sauvignon, Merlot and Tempranillo, which are cultivated by two private wineries in the
area of interest. All the relevant expenses of their annual production were distributed to agricultural
operations, and eight scenarios were developed to compare conventional and cobot practices. The
results indicate the great potential of cobots regarding specific viticultural operations such as weed
control, pruning, herbiciding and topping. The adoption of cobots in these operations has the poten-
tial to contribute to sustainable agriculture by reducing labor costs and addressing labor shortages,
while also increasing the efficiency and precision of these tasks. Nevertheless, the defoliation and
tying operations appeared to be inefficient in most cases in comparison to conventional labor practices.
Overall, the annual equivalent costs could be reduced by up to 11.53% using cobots, even though the
projected lifetime of the cobots plays a significant role in the cost-effectiveness of autonomous robotic
labor in viticulture. In conclusion, cobots could be instrumental in the Greek viticulture, integrating
innovation and high-quality products toward sustainable agricultural development.

Keywords: capital service cost; collaborative robots; cobots; discounted cost; farm management;
lifecycle costing; viticulture

1. Introduction

The Mediterranean ecosystem includes several wine regions due to favorable climatic
parameters for viticulture [1]. Table grapes, raisins, wines and spirits enhance the economic
importance of viticulture in the Mediterranean basin, as over 75% of the total area under
vines in the EU is located in that region [2]. The diversity of commodities from viticulture
is further capitalized on by Chaikind [3], underlining the importance of wine not only as
an investment good but also as a contributor to modern economic theory. Furthermore,
the entertainment and tourism industry can be heavily related to the magnitude of local
wine industries [4]. Therefore, viticulture plays a significant role in several sectors of the
economy, enhancing its importance via manifold entrepreneurial ventures. Regarding both
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wine production and consumption, the EU today is facing declining interest due to COVID-
19 pandemic changes in lifestyles, preferences between younger and older generations
and other uses of grapes (e.g., vinegar, production of other beverages, etc.) [5]. However,
long-term projections regarding the EU wine sector are optimistic, increasing the export
value of the zone by 0.5% every year until 2031. In addition, agricultural land covered by
vineyards is not expected to expand and the increasing trend of exports will be covered
by quality products such as organic, protected designation of origin (PDO), and protected
geographical indication (PGI) wines, as well as new varieties that have been adapted to
climate changes [5].

Sustainable management of agricultural systems requires a holistic and multidisci-
plinary approach to efficiently use water, energy resources and inputs [6]. The required
multifaceted management strategies call for environmentally friendly practices, reduced
usage of agrochemicals and rational water management in order to balance the economic
and environmental requirements. In particular, the climate targets of the European Green
Deal integrate ambitious goals which are in dire need of a multithreaded approach to
agricultural policy and a rational approach to farmers’ attitudes [7]. This attitude is the
key to managing the transition to a sustainable future, although the economic motivation
is a major actor in farmers’ decision-making. In this context, the farm-to-fork strategy,
which is at the heart of the EU Green Deal, focuses on strengthening the efforts to tackle
climate change to protect the environment and to preserve biodiversity while ensuring
a sustainable livelihood in terms of income [8]. The pricing of wine is a significant factor for
both consumers and producers; however, variations in profitability among farm holdings
in the European region primarily stem from the designation and geographical origin [9].
In addition, agricultural management that integrates innovative precision viticulture tech-
niques could highlight the differences in relation to environmental impact [10], although
innovative initiatives entail economic impacts as well.

Management costs for the entire lifecycle of grape production differ significantly
among vineyards due to different cultivation practices (e.g., harvesting operations, capital
service cost and overheads) and planting and training techniques. More specifically, con-
siderable cost differences could be related to skilled labor or the maintenance of dry-stone
walls, as reported in Giano dell’ Umbria, Perugia, and Lamole, Firenze, respectively [11].
Of course, the expenses related to irrigation, energy consumption and agrochemicals are
of the utmost importance in vineyard management, especially in a commodity market
currently stressed by the war in Northeastern Europe after the long-term effects of the
pandemic. Nevertheless, agronomic measures (e.g., optimized regulated deficit irrigation)
could improve efficiency and yield quality, taking into account the limiting conditions and
climate change implications [12]. In this context, a credible methodological framework
should be followed to provide a holistic economic assessment of agricultural practices
in viticulture.

Lifecycle Costing (LCC) is a methodological approach that distributes the costs an-
alytically to specific processes and products in order to identify the best practices and
hotspots related to farm management. An evaluation of economic performance in southern
Italy utilizing an LCC approach revealed that the conventional espalier system was the
most economically feasible option compared to combinations of organic, conventional
and gobelet systems [13]. Through the integration of the LCC and VIKOR multicriteria
method, Falcone et al. [14] determined key economic challenges in the planting phase and
operating costs, particularly with regard to labor costs. Internal and external environmental
costs were calculated for table grape cultivation in Italy, highlighting the trade-offs in
wastewater reuse via an integrated Lifecycle methodological framework [15]. In this sense,
the importance of the Lifecycle Assessment (LCA) framework is discussed in terms of quan-
tifying external impacts and converting them into monetary units by a study carried out by
Wageningen Economic Research [16]. The existence of tradeoffs between environmental
and economic performance is thoroughly depicted by Roselli et al. [17] regarding early,
delayed and normal harvesting production models regarding the Italian table grape sector.
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A key element of the abovementioned studies is the identification of hotspots in wine-grape
production systems via an LCC approach, which is linked to specific labor operations (both
machine and human).

Targeted automation in viticulture can increase the share of winemaking in the econ-
omy with strategic codevelopmental benefits not only for agriculture but also for the
secondary and tertiary sectors as a service provider. Nevertheless, sustainability assess-
ments mainly focus on the environmental component, neglecting social and economic
impacts [18]. Within this framework, the management practices that are heavily affected by
economic factors (due to subsidiary measures or plain profit) should develop an equilibrium
among the environmental, economic and social aspects. Precision viticulture integrates
management strategies, which typically involve the application of uniform-based field
measurements [19]. However, precision agriculture practices may produce dubious results
for specific agricultural tasks (such as harvesting, pruning, sprinkling, etc.), especially
when critical manual skills based on experiential knowledge are required. The motivations
for automating skillful viticultural tasks include quality consistency, a lack of skilled labor
during seasonal demand, the mitigation of environmental pollution, and a reduction in
expenditures for spraying pests. The literature regarding automation in field crop produc-
tion via integrating autonomous operations is rather limited [20]. Autonomous robotic
operations are mainly focused on weeding operations [21–23], while McCorkle et al. [24]
illustrated the potential economic benefits of autonomous robotic labor in comparison to
human labor for selected vineyards in Texas, USA.

Therefore, the aim of the current study is a holistic economic assessment following
an LCC approach of four vineyard production plans based on different cultivars located
in the region of Eastern Macedonia-Thrace, Greece. In particular, this study focuses on
the agricultural operations performed conventionally and by cobots in order to compare
their performance and highlight the potential trade-offs while also covering a literature
gap regarding the implementation of LCC in autonomous viticultural operations. In
this study, the lifespan of cobots is considered as well, since their resilience to adverse
weather conditions and potential failures are yet to be fully elucidated and remain subject to
investigation. This study is innovative in its examination of viticultural operations carried
out by cobots, as well as in its use of an LCC approach to account for the potential costs
of relevant cobot practices over a three-year period, expressed in annual equivalent cost.
The layout of this work is as follows: Section 2 includes the four subsections presenting
the case study area, the economic assessment methodology, the inventory analysis and
a brief description of the cobots. Section 3 presents the results regarding the economic
assessment of the cobots in viticulture. Section 4 discusses the contribution of the present
study and compares the results to similar studies. Finally, Section 5 summarizes the main
ideas behind cobots in viticulture and highlights potential future research.

2. Materials and Methods
2.1. Study Area

The agricultural land under consideration is located in the region of Eastern Macedonia
and Thrace and covers 2227 hectares, which corresponds to 3.5% of the total agricultural
land under vines in Greece. Nevertheless, the region of Eastern Macedonia and Thrace saw
the third largest increase, at +5.4%, in agricultural land devoted to vine cultivation between
2015 and 2020 among all the regions of Greece. Therefore, the region integrates a raising
trend for viticulture, whereas the main wine grape variety is the Sauvignon Blanc (16.8% of
the region’s vineyards) [25].

The first winery of the study, i.e., Ktima Pavlides (KP), is a quality-orientated wine-
producing estate that includes 60 ha of vineyards producing white, rosé and red wines
of recognized quality that best express the characteristics of their respective terroir. KP is
currently producing at least seven PGI-labeled wines that are matured and marketed both
nationally and internationally. The second winery, i.e., Nico Lazaridi (NL), is also a quality-
orientated wine-producing estate that includes at least 80 ha of vineyards, producing
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a plethora of labels under four different protected geographical indications (PGI) marketed
both nationally and internationally. Since both studied wineries are quality-oriented, the
crop load on the vines is strictly regulated in all studied cultivars/cases at ≤10 tn/ha
via the management of vegetative/reproductive balance with consecutive pruning and
crop-load reduction applications following the development of the vines across a vintage.
In addition, a regulated deficit irrigation (RDI) process is implemented in both wineries
via drip irrigation coupled with integrated pest management (IPM). In Table 1, the basic
vineyard management practices that are implemented within the above framework are
presented at both KP and NL in a chronological order throughout each vintage.

Table 1. Vineyard management practices calendar following the phenological development of vines
for the two studied wineries.

Indicative Time of
Season (Month)

Vines’ Phenological Stage
(Respective Modified BBCH

Scale No)
Management Practice Details

January Dormancy (00, 01) Winter pruning Following the employed bilateral
cordon (Guyot) system

February Dormancy (eco
dormancy) (02)

Soil fertilization once every 3
years/integration in soil of

pruning residues

March Pre-emergence (03, 05) Vine trellising and
training operations

Setting the vines onto the
trellis system

April Bud emergence/vegetative
growth (07–30) Budding/between-row weeding ≈50% of emerged buds removed

May

Vegetative
growth/reproductive

development/flowering
(31–50)

Plant protection applications/Vine
trellising and training

operations/start of defoliation

Fungicide sprays/biological control
of pests via mating

disruption pheromones

June Flower fertilization, fruit set
(55–70)

Plant protection applications/Vine
trellising and training opera-

tions/defoliation/vine topping

Leaves from the grape clusters’
emergence zone are removed

July Grape growth stages/start of
veraison (70–80)

Plant protection applications/vine
topping/crop load reduction

Topping stops unnecessary height
growth of vines/crop load on the

emerged clusters is reduced in
balance with defoliation

August Completion of veraison
(80–90) Grape harvest From the middle of the

month onwards

September Grape and vine maturity
(80–90) Grape harvest

October Start of leaf discoloration
(90–93)

Vine resting period/soil N
enrichment when necessary

November Start of leaf shedding (93) Between-row tillage operations

December Vines enter dormancy
Start of partial pruning as a

pre-treatment to the forthcoming
winter pruning

As stated above, the current case study focuses on two separate wineries located at
a relatively close distance to the viticultural area of Drama, where several PGI-labeled
wines are produced. Two cultivars/cases have been selected from the vineyards of each
winery (Table 2), whereas the selected wineries/estates implement conventional vineyard
management techniques. The terroir of the wineries’ area can be described as terraced hills
within a valley at around a 200 m elevation under Mediterranean climatic conditions with
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continental features. The topsoil type across all studied vineyards ranges from sandy loam
to loamy clay, generally of medium composition.

Table 2. Details of location, cultivars and vineyard set-up of the two studied wineries.

Winery Coordinates
(HGRS87/EGSA87) (Lat, Lon) Elevation Cultivars/Rootstocks Planting

Distance/Vines ha−1

Ktima Pavlides
winery (KP) 41.200400 N, 23.953084 E 200 m Tempranillo/110 Richter

Asyrtiko/1103 Paulsen
2.2 × 1.2

3780

Nico Lazaridi
winery (NL) 41.127832 N, 24.275972 E 190 m Cabernet Sauvignon/SO4

Merlot/SO4
2.5 × 1.2

3330

2.2. Collaborative Robots in Agriculture

The production of high-quality agricultural products requires critical manual skills
based on experience. The current study is based on a project named “Technology for
Skillful Viniculture (SVtech)”, for which the goal is the development of an integrated (in
the sense of multiskill integration) innovative system for the optimal co-operation of a team
of wheeled robots equipped with sensing electronics to perform manifold viticultural
operations. Furthermore, the wheeled robots are equipped with arms on which appropriate
tools may be attached and handled by robotic hands and/or grippers. The (ground) team of
robots navigates using a map drawn based on images supplied by a drone. The objective is
the massive automation of manual viticultural tasks with the long-term goal of minimizing
the human presence in the vineyard during the production process. The collaborative robot
(or cobots for short) technology is based upon the interaction and co-ordination of robots
and humans during production [26]. Cobots are wheeled robots equipped with sensing
electronics, as well as arms, to which robotic arms and/or grippers are attached for handling
the appropriate tools. The (ground) team of robots is provided with navigation maps by
a drone to automate the massively manual viticultural tasks [27] in the context of the fourth
industrial revolution of agricultural production, namely, “Agriculture 4.0” [28], as well
as in the context of “Agriculture 5.0” [26], which pursues the co-operative integration of
humans with robots/machines.

Operations of interest in viticulture are classified into the following four basic cat-
egories: (i) cutting, including pruning, weeding, defoliation, harvesting and topping;
(ii) spraying; (iii) tying; and (iv) decision making, e.g., for pattern recognition and pro-
duction forecasting. The system includes a drone and four properly equipped wheeled
robots. The drone captures the geographic data (see digital images of the vineyard) in
order for the high-computing base station to calculate the optimal path for the wheeled
robots through the vineyard [29]. Each skilled robot (master) has at least one robotic arm
equipped with a robotic hand attached to it, as well as various electronic sensing devices,
including cameras, while each slave robot has up to one robotic arm equipped with a grip-
per attached to it. A skilled robot (master) performs skillful viticultural tasks, either alone
or co-operatively with another skilled robot in the selected viticultural tasks, e.g., in tying,
whereas a slave robot transports the materials produced by the work of a skilled robot,
e.g., it transports grapes (during harvest), leaves (during defoliation), etc. In addition,
a skilled robot (master) can direct the robot carrier (slave) if needed. Further information
about the skilled (RB-EKEN) and assistant (RB-VOGUI) robots can be found in Robotnik
Automation [30]. Some technical specifications for the two selected robots are shown in
Figure 1.
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Figure 1. Technical specifications in mm of the (A) RB-EKEN and (B) EB-VOGUI robots [30].

The robots communicate via the base station, which is also the control center. The
cobot technology is based on the interaction and coordination between robots (Figure 2) and
humans acting in the production. The robots have built-in LiFePo4 technology batteries
inside their shell to meet their operational needs. The actions that reduce the battery
lifetime are movement on the field and the use of sensors and computing systems, as well
as powering of the telecommunication systems with the base station. The study integrates
two types of robots, and the purchase cost was EUR 80,000 and EUR 150,000 for the RG-
VOGUI and the RB-EKEN, respectively. An accurate estimation of the robots’ lifetime and
functionality is a difficult task; therefore, the base lifetime of the two selected robots was
set at 15 years, following the estimations of farm machinery costs [31].
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Figure 2. Schematic depiction of skilled robot with one robotic arm.

2.3. Economic Assessment Methodology

The economic impact of agricultural production is a crucial component of sustainable
European policy, as 39.1% of the total land area in the European Union is utilized for
agriculture [32]. LCC is a methodological framework that allocates the total cost of a product
or an activity and distributes it equally over its lifecycle [33]. In addition, LCC is considered
a more clear and simple method when compared to LCA, which is based on databases.
Financial data are tangible and can be extracted easily at any time by various methods
of qualitative and quantitative research. Unlike emission-related data that require ideal
conditions and expensive equipment to measure, economic data are more easily accessible
and can be targeted to selected areas. The International Organization for Standardization
(ISO) provides two different perspectives regarding LCC [34]:

• LCC considers the cash flows or costs, i.e., all the relevant costs (externalities and
income, if included in the system boundaries) arising from the acquisition phase to
the final disposal of a product or procedure;

• LCC compares alternatives or projects future costs for a single project, portfolio or
component over a specified period of analysis.

The development of LCC begins around the mid-1960s with the work of MJ Epstein,
measuring corporate environmental performance [33]. It is clear that LCC predates LCA
with separate and distinct conceptual foundations and methodological approaches [35].
Since 1990, numerous research studies have been conducted with the objective of develop-
ing the LCC methodological framework for the construction industry and/or incorporating
an environmental perspective. The tripartite of environmental, economic and social sustain-
ability was enhanced over the past decade, developing an integrated lifecycle Sustainability
Assessment (LCSA). Apart from the economic impact assessment of buildings [36], LLC
was extended to business models and their supply chains [37]. Furthermore, LCC has been
introduced to farm management and to bioenergy production [38,39]. Currently, LCC is
one of the most important methodological approaches for assessing economic impacts in
a variety of areas related to food waste management [40], the management of integrated
product systems [41] and wastewater reuse [42].

The economic life of vineyards extends over 15 years, whilst farming costs are differ-
ent due to irregular agricultural operations and weather conditions over time. The true
representative annual estimates (considering all cash flow variations, investment costs and
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revenue during the lifecycle of agricultural crops) can be calculated following an LCC ap-
proach [39,43]. Especially for the economic assessment of table and wine grape production,
LCC is considered an appropriate and credible methodological framework, especially in the
Mediterranean basin [13–15,17,44–46]. The LCC approach hinges on the allocation of fixed
and variable costs to the whole lifetime of cultivation and several project evaluation indices
that can be estimated if needed. Net Present Value (NPV) is calculated as the difference
between the discounted present value of revenue (cash inflows) and the discounted present
value of costs (cash outflows) over a time period, as follows:

NPV =
n

∑
t=0

DIt − DOt

(1 + i)t (1)

where DIt denotes the discounted annual inflows, DOt is the discounted annual outflows, i
is the discount rate and t is the number of time periods. Although NPV identifies the most
profitable option among all the alternatives, the current project focuses on the identification
of the cost and efficiency of the cobots in vineyards. In this context, the discounted costs
(DCs) are calculated following a similar mathematical formula that considers only the
outflows [13]:

DC =
n

∑
t=0

DOt

(1 + i)t (2)

Therefore, the cost calculation of vineyards under varying labor operation manage-
ment techniques can be analyzed, emphasizing the differences between the on-field activi-
ties and the inputs. The discounting rate was set at 4%, since other studies use this value
for similar investments, following the condition of the market as well as the risk to the
wineries [17,47]. The cost-related information for the selected vineyards was thoroughly
documented and inputted into the Activity-Based Costing software (ABC©) v.2.1.2.0 [48],
a package for analyzing the costs of investment projects in agriculture. ABC© has been
widely used in manifold agricultural projects [39,49,50], integrating a similar scope to
Activity-Based LCC and illustrating comprehensiveness and effectiveness [51]. In viticul-
ture, Activity-Based LCC consists of several agricultural operations and the assignment of
all the relevant costs (inputs, land rent, wages, etc.) to the respective activity as follows:

TCi = ∑ Copi + ∑ Clandi + ∑ Coveri (3)

where TCi is the total costs for each cultivar i, Cop represents the aggregate costs for the
respective agricultural operations (namely: fertilization, irrigation, pruning, weed control,
herbiciding, topping, tying, defoliation and harvesting), Cland is the cost of land ownership
and Cover includes all the relevant overheads (e.g., replacement of irrigation hoses). The
agricultural operations listed above are formulated by an assortment of relevant inputs,
which are described by the following equation:

Copi = ∑ Mi + ∑ RMi + ∑ Li + ∑ ENi (4)

where EN represents the costs of energy consumption, L is the cost of human labor, RM
accounts for the raw materials and M is the capital service cost of machinery usage for
the cultivar i. Capital service costs for farm equipment can play a significant role in the
formulation of the total annual equivalent costs, especially for a project such as SVtech, in
which cobots substitute conventional labor. Capital service cost integrates the equivalent
costs of maintenance, insurance and purchase costs throughout the lifetime of each piece of
machinery equipment. Apart from the above-mentioned, capital service cost includes the
average annual interest cost for the asset j (AICj), which is calculated as follows:

AICj =
PCj + SCj

2
× ir (5)
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where PC is the purchase cost of the equipment j, SC is the salvage cost and ir is the interest
rate. Profit or loss for the total investments is calculated as follows:

PLi = SAi + SUi − TCi (6)

where PLi is the profit or loss for each vine growing system i, SAi represents the revenue
from the sales of the products and SUi depicts the subsidies received for complying with
the Common Agricultural Policy (CAP) framework regarding Direct Payments for farmers.
Finally, in order to measure and compare productivity, a broad agricultural productivity
metric is chosen that accounts for the contributions of inputs to the production of each
scenario [52]. Total factor productivity (TFP) can be expressed scientifically as the quotient
of the aggregate output generated and the aggregate input utilized in systems with multiple
inputs and outputs [53]. Outputs (O) and inputs (I) are typically aggregated in monetary
terms [54], and the TFP mathematical formula is expressed as follows by the acceleration of
total agricultural output relative to inputs for a specific time period (t):

TFPi =
Ot

0
It
0

(7)

2.4. System Boundaries and Inventory Analysis

The present study restricts the analysis to a three-year lifecycle of the selected vine-
yards during their full production stage by including all the relevant agricultural activities,
namely, fertilization, harvesting, spraying/herbiciding, tipping, etc. The idea behind the
three-year threshold is documented in order to highlight the critical stage of the consecutive
production stage, in which the robotic labor is performed via manifold tasks, developing
the studied system boundaries (Figure 3). Nevertheless, this approach has limitations, and
the main issues are related to the absence of the relevant planting, training and disposal
stages in the analysis. Data regarding the establishment cost are important, especially for
vineyards, though the objective of this study is a comparison between conventional and
cobot labor within a holistic framework. Moreover, the cost of acquiring a cobot service
system is currently not accessible to the majority of wineries as this type of service is not
yet commercially available, making it impossible to determine its cost.

The survey focuses on all the scenario combinations of a) four grapevine cultivars,
namely, Asyrtiko (A), Cabernet Sauvignon (C), Merlot (M) and Tempranillo (T) and one
training system, namely, Guyot, as well as the b) conventional (C) and cobot (CB) factors
among the robots on the field: “Asyrtiko Conventional” (AC), “Asyrtiko cobot” (ACB),
“Cabernet Sauvignon Conventional” (CC), “Cabernet Sauvignon cobot” (CCB), “Merlot
Conventional” (MC), “Merlot cobot” (MCB), “Tempranillo Conventional” (TC) and “Tem-
pranillo cobot” (TCB). Table 3 shows an inventory of the main parameters for each scenario
as well as the main differences among them in terms of technical parameters.

A questionnaire was compiled for data acquisition following Mourad et al. [55] along-
side the formulation of an economic inventory, integrating necessary aspects for the ABC
software [39], such as capital service cost of machinery, wages, etc. The questionnaire was
filled out by the agronomists of the wineries, who provided data for the specific vineyards
integrated into the SVtech project, regarding a land area of up to 3 ha. Adhering to the
LCC methodological framework, economic data was collected with a focus on the oper-
ations performed over the selected life cycle of the vineyards. To minimize uncertainty,
the production years of 2019, 2020 and 2021 were selected for analysis, despite the fact
that these years occurred during the height of the COVID-19 pandemic. According to the
agronomists of the two selected wineries, the pandemic did not have any significant impact
on their production phases. The analysis sheds light on the capacity of cobots to enhance
the economic viability of the Greek wine-growing industry through their demonstrated
resilience. The collected economic data concerned specific aspects such as yield output
(kg/ha), land rent (EUR/ha), inputs (EUR/kg), wages (EUR/h), machinery usage (EUR/h),
overheads (EUR/ha), electrical energy (EUR/kWh), and diesel and petrol (EUR/L). Elec-
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tricity prices were acquired from the Eurostat statistics reports [56], with an average price
of EUR 0.3042 per kWh, whereas the prices of the petroleum products were acquired from
the European Commission [57], calculating an average of 50 Weekly Oil Bulletins in 2022.
The average price for automotive gas oil (diesel oil) was set at EUR 1.8703 per liter, and for
eco-super (petrol), it was set at EUR 2.0554 per liter.
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Table 3. Economic inventory analysis.

Parameter Unit AC ACB CC CCB MC MCB TC TCB

General details
Irrigation water m3/ha 820 302 317 792
Number of vines vines/ha 3780 3300 3300 3780
Land rent EUR/ha 200 150 150 200

Inputs
Fertilizer 10-10-10 kg/ha 30 30 30 30
Fertilizer 12-12-17-2 kg/ha 125 125 87.5 87.5
Fertilizer 30-0-15 kg/ha 100 100
Olive residues kg/ha 1100 1100
Poultry manure kg/ha 244 244 940 940
Fungicides and Herbicides kg/ha 25 25 15.44 15.44 11.5 11.5 25 25

Energy
Electricity kWh/ha 1450 1506.82 580 626.78 600 644.32 1300 1349.46
Diesel l/ha 255 121 111.8 68.95 142 55.5 255 121
Petrol l/ha 40 20 20 40

Labor
Human labor h/ha 447.5 97.5 308.66 88.49 401.25 182 450 106
Tractor h/ha 32.5 15.5 23.7 11.03 32.75 7.5 30 14
Other machinery h/ha 65.5 33.12 71.2 25.23 83.75 22.97 62 27.65
cobots h/ha 309.6 291.3 288.99 299.13
cobots’ accessories h/ha 272.48 263.89 263.35 269.33
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3. Results

The economic performance of four grape cultivars was evaluated using an LCC
analysis, computing all production costs that are relevant and comparing the conventional
approach to cobot scenarios. The results regarding acreage, annual yield and total costs for
three production years and for several categories per scenario are summarized in Table 4. In
particular, the eight formulated scenarios were compared regarding the basic parameters of
the four cultivars, such as acreage and annual yield, are presented. The results demonstrate
that conventional scenarios exhibit high labor costs, while cobot scenarios entail high
machinery costs, which was anticipated. More specifically, human labor costs exceeds 50%
of the total cost for the CC and MC scenarios, whereas in the corresponding cobot scenarios,
the human labor costs are reduced to less than 30% of the total cost. Nonetheless, the
capital service cost of the machinery is increased in all scenarios involving the cobots, but
the overall cost of cobot scenarios is consistently below the equivalent cost of conventional
scenarios. Moreover, the energy costs are lower in all the cobot scenarios when compared
to the respective conventional scenarios due to the fact that the tractors (using fossil fuels)
are substituted by the more energy-efficient cobots.

Table 4. Economic results for the selected acreages in total.

Scenarios Acreage
(ha)

Annual Yield
(tn/ha)

Human Labor
(EUR)

Machinery
(EUR)

Energy
(EUR)

Total Cost
(EUR)

AC
2.90 9.63

5426.63 1431.59 2900.70 16,211.41
ACB 1243.38 4937.42 1999.55 14,632.85

CC
2.20 5.32

3794.05 493.00 938.63 7535.40
CCB 1212.93 3122.59 722.17 7367.40

MC
2.40 5.05

5702.66 720.53 1174.08 9952.75
MCB 2718.22 3324.98 740.23 9138.91

TC
1.90 8.02

3562.50 865.07 1813.76 9803.83
TCB 872.10 3011.99 1226.49 8673.08

Presumably, the differences in Table 4 regarding the total costs are mainly due to
the allocation of economic resources to the alternative cost categories. The economic
analysis of the selected scenarios to the six main input categories, namely, energy, labor,
land, machinery, overheads and raw materials, provides an enhanced perspective on the
cost allocation of each scenario. Figure 4 shows the impact of each input category on the
respective scenario in annual equivalent costs, while the land, overheads and raw materials
categories obtain similar values for paired scenarios. The pattern is repeated in all cobot
scenarios, highlighting a significant reduction in human labor costs, whereas the energy
costs are decreased to a lesser degree. Furthermore, the expenses related to the operating
costs of the machinery play a significant role in the cobot scenarios, although the total
cost per hectare is lower in all the cobot scenarios in comparison to the conventional ones,
especially for the TCB and ACB (−11.53% and −9.74%, respectively). Nonetheless, the
potential cost savings from the implementation of cobots in viticultural operations are
significant for both MCB and CCB scenarios, resulting in a decrease of 8.18% and 2.23% in
total costs, respectively, compared to their conventional counterparts.

As explained above, the major differences among the scenarios depend on the number
of human labor hours, the capital service cost of the machinery, and energy consumption.
Having said that, the allocation of the costs to the respective viticultural operations could
result in useful conclusions regarding the sustainability of cobots in agriculture. The ABC©

software segments the expenses into operations for the whole lifecycle of the project and
transmutes them into the annual equivalent costs. The cost operation analysis integrates
important aspects and neglects land rent and overheads, focusing on viticultural practices,
which are the core of the current study.
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In this context, Figure 5 depicts the operation analysis bar plot in EUR/ha, as exported
by the ABC software and illustrated by RStudio 2022.07.1 + 554 [58], for the Asyrtiko sce-
narios. Obviously, tying, pruning, irrigation and fertilization are the most cost-demanding
activities for AC, while defoliation exceeds the operation cost in comparison to the con-
ventional scenario for ACB. Nevertheless, weed control, tying, pruning and herbiciding
are the activities that could be performed by cobots, lowering the expenses to a signifi-
cant degree. In particular, savings from the relevant operations for ACB are weed control
at 194.22 EUR/ha, tying at 75.17 EUR/ha, pruning at 71.74 EUR/ha and herbiciding at
35.90 EUR/ha. For the Cabernet Sauvignon scenarios (Figure 6), weed control, pruning
and herbiciding are the major aspects for the cost reductions between the CB and CCB
scenarios, achieving −242.96 EUR/ha, −93.74 EUR/ha and −80.74 EUR/ha, respectively.
However, all the other operations performed by cobots (topping, tying and harvesting)
present increased expenses in comparison to the CC scenario.

The agricultural practices regarding the Merlot cultivar include an extra operation
(weed control/spraying) in weed control, which involves an added on-field spraying
operation with selected herbicides. The current practice could be performed by cobots
generating a cost reduction of 45.53 EUR/ha, as shown in Figure 7. Nevertheless, the
tying, harvesting and defoliation operations are considered uneconomical for the MCB
scenarios in contrast to MC. The subsequent bar graph (Figure 8) accentuates the feasible
cost reduction associated with the Tempranillo cultivar, showcasing the most substantial
economic deviation as depicted in Figure 4. Indeed, all the relevant operations performed
by cobots (TCB) achieve lower costs in comparison to the conventional operations (TC),
except for the defoliation.
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As illustrated by the operation analysis bar plots, the capital service cost of the ma-
chinery and the human labor costs are the main economic factors of annual viticultural
production for the selected cultivars. In the present study, the lifespan of cobots is of
considerable importance; however, the robustness to environmental conditions and the
likelihood of malfunctions are still uncertain and warrant further investigation. Therefore,
the framework of the discounted costs during the three years of the production phase was
compared, integrating different lifecycles for the cobots, as explained below with reference
to Table 5.

Table 5. Difference between the values of the discounted costs considering the lifecycle of the cobots.

Lifecycle of
Cobots

Asyrtiko
(AC-ACB)

Cabernet Sauvignon
(CC-CCB)

Merlot
(MC-MCB)

Tempranillo
(TC-TCB)

Discounted
Cost (EUR/ha)

Deviation
(%)

Discounted
Cost (EUR/ha)

Deviation
(%)

Discounted
Cost (EUR/ha)

Deviation
(%)

Discounted
Cost (EUR/ha)

Deviation
(%)

5 years −3531.25 −22.76% −4281.02 −45.04% −3495.45 −30.37% −3052.02 −21.31%
15 years
(base) 1510.57 9.74% 211.91 2.23% 941.03 8.18% 1651.54 11.53%

25 years 2478.82 15.98% 1072.88 11.29% 1792.60 15.58% 2554.97 17.84%
35 years 2870.69 18.50% 1421.62 14.96% 2137.65 18.57% 2920.87 20.40%

When assuming a short lifetime for the cobots (5 years), conventional practices are
considered superior choices since the margin for discounted costs is negative for all respec-
tive cobot scenarios. Despite this, the integration of cobots in viticulture has the potential to
significantly reduce the expenses of farm management, provided that the cobots have a lifes-
pan exceeding 15 years. In a three-year framework, the least economic impact is illustrated
in the Cabernet Sauvignon scenarios, in which the CCB scenario saves 211.91 EUR/ha
in comparison to the CC scenario. The most favorable scenario for integrating cobots in
viticultural production involves considering a lifespan of 35 years for the cobots when
dealing with the Tempranillo cultivar. The discounted cost discrepancy between TC and
TCB is 2920.87 EUR/ha, demonstrating a deviation of 20.40%. Nonetheless, the lifetime of
the cobots is a significant factor when regarding the sustainability of a project substituting
conventional labor in viticulture.

In order to measure and compare productivity among the selected scenarios, the TFP
indicator was implemented. In Table 6, a summary of findings on TFP and the respective
deviations between the corresponding scenarios are presented regarding the selected
production period. TFP growth rose for all the scenarios, and the main reason for this is the
implementation of on-farm automation, information and data management from cobots.
Cobots minimize the time required for farmers to operate the farm, thus achieving higher
scores for TFP.

Table 6. Total factor productivity (TFP) indicator and deviations among scenarios.

Scenario TFP Deviation (%)

AC 1.55
10.78%ACB 1.72

CC 1.39
2.28%CCB 1.42

MC 1.10
8.91%MCB 1.19

TC 1.56
13.04%TCB 1.76

The reduction in cost resulting from labor savings had a notable effect on the AC and
TC scenarios, as demonstrated by the deviation of TFP, which exceeded 10% (10.78% and
13.04%, respectively). However, the Merlot scenarios (MC and MCB) displayed the lowest
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TFP, indicating an imbalanced ratio between inputs and outputs. This low measure of
productivity was attributed to a significant decrease in total production due to hail in 2021.
As a result, this specific cultivar was removed in 2022.

4. Discussion

In Greece, the total agricultural land used for wine grape cultivation slightly increased
by 1.7% from 2015 to 2020, whereas the area dedicated to raisin vineyards decreased
by 3.1% during the same time period. Regarding the total area and categories of grape
vines, 22.1% of viticulture is dedicated to PDO wines, 63.1% to PGI wines, 11.4% to
other wine types, and 3.5% to vines for grapes and wine consumption [25]. Obviously,
viticulture is a major actor in the Greek production plan, aligning with the EU policies for
quality over quantity products. The introduction of autonomous robots has demonstrated
promising potential [59], and Greek viticulture is moving in this direction. The assimilation
of knowledge and innovative technologies should formulate the cornerstone of autonomous
multipurpose robotic operations in viticulture [60]; therefore, the economic performance of
an innovative system as such is a novelty presented by the current study.

The economic analysis indicates that the TCB and ACB scenarios resulted in the lowest
total cost per hectare when analyzed in a framework of LCC, followed by the MCB and
CCB scenarios. However, the significant aspects of cobot integration into viticultural
production pertained to operations such as weed control, pruning, herbiciding and topping.
Autonomous weeding practices are operations considered to be cost-effective alternatives
to conventional practices, as reported by other studies [21,22]. McCorkle et al. [24] reported
potential positive economic returns for pruning and topping operations in vineyards, which
align with the corresponding operations in the present study. Nevertheless, the defoliation
and tying operations have generated higher costs in comparison to conventional practices
that are carried out manually. The identification of objects (usually leaves) and tying the
shoots of a vine are time-consuming operations for cobots, increasing the robot’s operation
time as well as the capital service cost.

As stated by Pradel et al. [61], robotic solutions in viticulture should be tested from
different perspectives, and the lifetime of the technology is one of them. Assuming that
cobots have a lifecycle of 15 years, the tying and defoliation operations are not cost-effective
in most of the investigated cases. Nevertheless, if the lifecycle of cobots is prolonged to 25 or
35 years, the results have indicated that total costs could be reduced by a significant margin.
The progress in technology and the development of autonomous cobot labor in viticulture
showcase the interplay between learning and physical depreciation over the long term. The
concept “learning by doing” refers to an increase in productive efficiency that results from
the acquisition of experience through the production of goods or services [62]. The concept
of “learning by doing” was formally modeled for the first time by Arrow [63] in a pursuit
of a theory of economic growth that did not rely on the assumption of exogenous changes
in productivity as the primary driving force. The increasing knowledge and experience
regarding agricultural operations of cobots can be quantified by cumulative investment,
referred to as accumulated software capital. As a result, the cost of replacing a new cobot is
reduced due to this inherited legacy as accumulated software capital. The viewpoint of
accumulated software capital has the potential to decrease production costs even further,
warranting the possibility of further research over time.

This study is mainly focused on the full production phase of viticulture, neglecting
the disposal, training and planting phases, which correspond to significant expenses as
well [17]. The integration of cobots throughout the entire lifecycle of vineyards could be the
next step of economic assessment, as the available literature in this area is limited. There
are few economic studies regarding robotics in agriculture, and experience related to cobots
in agriculture is limited [20]; hence, the primary objective of this study was focused solely
on the production phase.
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5. Conclusions

This study analyzed the economic performance of various agricultural activities per-
formed by cobots, and to the best of our knowledge, such an examination has not been
previously conducted in the literature. The study has revealed that the integration of
cobots in viticulture can decrease the overall cost of yearly production while underlining
the significance of the lifespan of crop robots and the possibility of failures. In addition,
the integration of cobots in viticulture has the potential to increase productivity, as the
reduction in labor costs can boost growth in TFP [54]. Furthermore, the transition from tra-
ditional labor techniques to cobots may generate systemic impacts on operations analysis,
reducing the costs of operations, such as weed control, pruning, herbiciding and topping,
while decreasing the cost-effectiveness of operations such as defoliation and tying. The
quality of robotic work should meet the higher standards of viticultural production since
the majority of the produced grapes are meant for PDI and PGI wine production. Neverthe-
less, marketing activities regarding the promotion of Greek wine by the industry and the
Greek Ministry of Rural Development and Food remain vague and are without an export-
oriented management plan, making it difficult into integrate innovative technologies to
viticultural production.

Value-added activities are limited, and branding is not the strong point of the Greek
wine industry abroad, although the development of an autonomous service performing
agricultural operations could give the boost that is needed. In addition to the establishment
of a financially supported international promotion and distribution channel by the Greek
ministry, the combination of wine tourism with holiday destinations could greatly enhance
the competitiveness of the Greek wine industry at the macroeconomic level [64]. Cobots in
agriculture could lower production costs and increase the competitiveness of the whole
Greek wine-making industry toward seizing opportunities on an international level and
enhance the dynamic of wine exports [65].

Future studies could integrate the market price fluctuations of different wines in
a mathematical programming decision-making model under conventional and cobot op-
eration constraints, in order to identify the optimal production plan for each winery.
Ultimately, production efficiency can be estimated through the application of a data envel-
opment analysis (DEA) with the aim to distinguish and rank decision-making units based
on their efficiency.
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